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ABSTRACT

In this thesis project a lignocellulosic biorefinery which produces a big
number of useful biochemicals was designed and integrated. Part of this thesis project
took place in collaboration with EPFL (Ecole polytechnique fédérale de Lausanne), in
Lausanne.

The finite source of the fossil fuels, as well as their major contribution in the
increase of GHG emissions, led the developed countries to seek out for alternative
renewable energy sources. One of the most effective and abundant source of this kind,
is the lignocellulosic feedstock. For this reason, wheat straw, which belongs to this
category, was used as feedstock for the designed biorefinery. Its main components are
cellulose, hemicellulose and lignin, to which wheat straw disintegrates through a
complex organosolv pretreatment process.

Each process included in the biorefinery was designed and simulated in Aspen
Plus V7.2, by taking into consideration their properties and the bioconversion
technologies through which they are produced. After the full completion of the
process design of the biorefinery, thermal, mass and economic data were extracted
from the simulation results and were used for the energy integration of the biorefinery

The energy integration of each process in a biorefinery is extremely important
in order to ensure big energy savings in the final plant. In this thesis project, the
energy integration was estimated with two different approaches.

Firstly, Osmose, a linear programming program, was used, which was
developed in EPFL. This program provided the ability to calculate the size of the
defined additional utilities for each chemical path of the biorefinery. Additionally, the
possible profitability of each final product was calculated. The energy savings for the
integrated chemical paths were also calculated.

For the second approach, a program based on the transshipment model
developed by Papoulias and Grossman was created in GAMS. This time, each process
was integrated individually. However, the important difference is that during this
process, the most cost-efficient utility combination, through a series of utility
combinations, is pointed out. The Grand Composite Curves for each process were
designed. Again, the energy savings for each integrated process were indicated.
Through the comparison of the results of these two methods, useful conclusions can
occur regarding the profitability the energy requirements of the final products.
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EKTETAMENH IIEPIAHYH (Abstract in Greek)

Xmv mapovoo OwmAopatiky epyocic, Oo oyedwotel kot Bo  ohokAnpwOel
evepyelokd évo ProdwMotiplo 10 omoio mapdyel ypnoipa Proynukd mpoidvia,
Kuplog yio T odvheon Promlactikdv. Mépog g epyaciag avthg exkmovinke og
ocvvepyoosio pe to tavemiotio EPFL oty Awldavvn.

H mnenepoopuévn owbeoyudomro metpelaikddv mnydv kobdg kot 1 cofopm
emPapovvon tov TEPPAAAOVTOC amd TIG EKTOUTES O10EE1diov Tov GvOpoaKa, Ol OTOlEg
opeilovtal Kupimg oTNV Koot TV 0PUKTAOV KOVGIL®V, 00YNCOV TIS OVETTUYLEVEG
YOPEG OTNV avalNTNon VE®V EVOALUKTIKOV Tydv evépyelas. Ta televtaia ypovia,
wWwitepn pvela yivetar otn ypnon Popdlog yuo v mopaymynq Plokovcipov Kot
Broynukov. Ta kopro opéAn mov pmopel va Tpocdmacel N gvupeia 614000m T€TO10V
gldovg teyvorloyidv otn Propnyovic €ivol TPOTIGTOG 1 OVAVEDGCIUN QUOT| TNG
Bopalog, kaBmdg kol o1 UEIWUEVEG EKTOUTEG oepiV TOv Bepuoxkmmiov KaTd TNV
enefepyaciag g, o€ oyéon Ue To 0pvkTd KAAopata. Ta kidopato Popdlog mwov
YPNOUOTOOVVTO aPYIKE ¢ TPAOTN VAN cvumepteddupavay dpvio, Coyapn, AMman Kot
QLTIKA €Aoto, TO OTOi0 OUMC ONUOVPYNCE U0 OVTOYWOVIOTIKN OYEC0N UETOED TNG
Brounyaviog tov Prodwietpiov kot g Propnyaviog tpoeipmy. I'a 1o Adyo avtd
Eexivnoav va ypnotpomoovvtal myes Popdlog devTEPNS YEVIAS, Ol Omoies Ogv
amotelobv emAoyn Yo tpoen. H wvplo xoatnyopio g O0e0TEPNG YEVIOG Kot 1)
TEPLocOTEPO VIOoYKOUEVY, €ivar M Propdlo Aryvokvttapikng Pdomng, Omwg ot un
Bpooiueg kaAMépyeleg, 10 Qyvpo, TO KoAaumoékt kot 1o EOA0. To kowd
YOPUKTNPIOTIKO OA®V QLTOV TOV TNYOV EVEPYEWNG Elvar OTL amoTeAovvToL amd Tpio
Booctkd SoKA YOPAKTNPICTIKA: TNV KuTTopivr, TNV HrKvttapivn ko ) Atyvivy. H
apOovia tétolwv mydv Propdloc eivor évag amd TOovg AOGYOLG TOL TPOTIUATOL T
YPNOWOTOINoT  Ayvokuttopivng ®g mpadTn VAN  evdg  Prodwhotnpiov Qg
BrodwAnompio, opiletal (o EpYOGTAGLOKT] LOVADO TOPAYWOYNG 1) OTTO10. OAOKANP®VEL
dupopeg depyacieg petatponng g Propdalag oe Prokadoyo, Proynukd mpoidvra
KoL 100

To mpmdto Wpdypo mov mpémer va Kaboplotel Katd TO GYESGUO €VOC
BrodwAtompiov givon 10 €id0¢ Ko 0 TpoOTOC TpoeneEepyaciog e Propdlog, KAt Tov
amotelel pia Waitepo KootoPdpa dadikacio. Avtd sivor ko €va amd to Pactkd
petovektuato g Propdlog. H odvBeon ko m amobrkevon mpdT®V LVAOV 0md
Bopdla eivor mo mepimhokn amd to metpéaro. Eniong, n mpdteg vieg e Propalog
elvar mo drbomapteg and Tic meTperdiKés. To yeyovdg dpmg 0Tt 1 a&lomoinon tétolmv
mmyov evépyslog pmopel va Bertidost aoOntd v mototnto {ong, amAd petatpénet
AVTA TO TPOPANLOTO GE TPOKANGELS Y10 TV EMGTILOVIKT] KOWVOTNTA.

210 GLYKEKPIUEVO PBLOSTLAIGTIPLO TOV GYESIAGTNKE, MG TPMTN VAN €164 YETOL
T0 GTAYV, TO OTOi0 VIOKEITAL GE i Proynukn tpoenesepyacia e T Ponbeia 0wy,
N omoia oyedtdotnke amd v etaupeia CIMV ot F'odria. ‘Enetto, tpocdiopictnke 1
KatdAANAN Te)VoLoYia petatpomng e Propdlag avdloya pe o emBounto mpoiov. Ot
teyvoloyieg avtég ywpilovtor oe dvo peydheg katnyopieg, TG Oeppoynuikég
(mupdivom, aeplomoinom, k.4.) ot Tig Proymukés (Cdpmon, avaepofio yoveyn,
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VOPOALGN, VOPOYOVMON). XT0 CLYKEKPIUEVO ProdwAinomplo Ba epappoctel Evag
GLUVOLACUOG TMV TOPATAVE TEYVOLOYIDV.

210 oyedalopevo ProdtwAotniplo mopdyovtol odpopa Tpoidvta, Kabe Eva
amd Tta omola. €xel ¢ MPMOTN VAN £va omd To Tpio Pacikd KAAGHATO TNG
AMyvokvttapikng Popalag: ™ Ayvivn, ™ yAvkoln (vdpoAvduevn kuvttapivin) N
EvAoln (voporvduevn nukvttopivn). Eeapudlovrag ot Aryvivn tayeio mopodivon,
TAPAYOVTOL QUIVOMKA OAtyopepn kot Prokdppfouvvo, to omoio petd amd Evrovn
mopoéAvon pe mapovsio o&uyovov, petatpémetol oe evepyd avBpoka. O evepydg
dvOpakag eivor 100VIKOS Y100 TO QIATPAPIGHO TV OTOPANTOV KOl TV TOEKAOV
ANUIKOV amd emBuunTd Tpoidvta, gite VYPA gite aépia.

Ta mpoidvTo TOv TAPAYOVTOL Y¥PNCILOTOIDOVTAG OC TPMTN VAN TN YALKOIN
elvar ko ta meprocotepa. To véhov-66, éva ynuikd to omoio dtokpiveror yior
ANUIKN Tov 6TafepodtTa, elvan éva and avtd. H yAvkdln vrdkertor oe {Opuwon ko
LETATPENETAL GE CAKYOPIKO 0&D, TO OTOI0 LE TN GEPA TOV VIPOYOVAOVETAL GE AOUTLKO
0&0, 10 omoio TEAIKA UETA Omd TOAVUEPIGUO UETAUOPOMVETAL GE VALAoV-66. Emiong,
TOPAyoVTaL TOAVOAUIdI TV omtoimv 1 doun Paciletor 6NV aAviidpaon CLUTVIKVOCNG
HETOED L0G OUIVOLLADOG Kot TOL PopavooEuAkol 0&€og (2,5-FDCA). To ymukod avtod
mopayetor pEcm g Copmong g S-vdpopeévuedovropovpeovpding (5-HMF) n
omoio dnuovpyeital HEC® TG aPLOGT®ONS TG YAVKOLNG. Tétolov €ldovg moAvpEP
GLVOVTOVV TOAAEG EQUPUOYEG ot Propnyovia Tov mAaotik®v. 'Eva dAlo Ploloyikd
moALOUIO0 7OV Topdyetor o€ avTd TO PlOdSWAMCTAPO Eival TO  POLPOVIKO
noAvodvrévio (PEF) péow tov molvpepiopov 2,5-FDCA  oe ocuvvdovaoud pe
atBvAevoyAVKOAN, 1 omoia TPOoKHTTEL O VOPOYOVWON TG YAVKOING. To molvuepég
PEF eivar wkavd va aviikataotiost endélo 10 evpémg dadedopévo miaotikd PET.
Téhog, mocdtTo 16000pPitn MOPdyeTOl UECH KOTAALTIKNG OQLOPOYOVMOONS TNG
copPrtéAng, mov pe T GEPd TS dNUoLVPYNONKE HEG® VOPOYOVOSNS NG YAVKOING. O
oocopfitng mov mapdydnke, elcdyeton wg npocheto oto PEF, k1 €161 donpiovpyeiton
10 evioyvpévo morvpepés, PEIF.

Ta mpoidvta mov mapdyovtar omd ) EVAOIN eivar GoEdS Aydtepa, OALY
e&loov yproa ot Propunyavio. I'a wapdderypa, T0 SUCOKVAVIKO d1PaIVLAOUEDAVIO
(diisocyanate) mopdystor HEC® UOG KOTOADTIKNG aviidpaong omd 710 3,5-
owebvAicolaloio (furamine) kou pmopel va ypnowyomombel yoo v Topoyoyn
moAvovpedavav  elactopepmv. To debvMcosaldAo onpovpyeitor amd TV
avTIOPOON OUUOVIOG LE POVPPOVPAAT, 1| OTTOI0L TPOKVTTEL LEG® TNG OLPLOATMONG TNG
&uaolng. Téhog, m EuAtdin vmdkerton oe (duwon vy v mopayoyn 1,2.4-
BoutaverploAng, m omoio vitpomoleiton ywoo TNV Topaywyn tpwitpikng 1,2,4-
BovtaveTptong.

OMlec o1 moapamdve Oepyociec povrelomombnkoav oto Aspen Plus V7.2
AapBavovtag vwoy”n TG W10TNTEG Kot NG Oepikég Tovg avtoyés, Kabmg Kot Ta Opla
Aettovpyiog TOV HOVAO®V TOL YpNoIHoTOmONKaY Yoo TI OVTIOPACES UETOED
SLPOPETIKMOV YNUKOV KOl Y10, TOVG Olayoplopovs pypdtov. Emiong, oe OAeg Tig
dlepyasieg, M MOCOTNTO TOV TAPAOTOV VAD®V 7OV OTEPPITTE TO GUGTNUA,
AVOKVKA®VOTAY GTNV  TPOPOOOGio. HE OKOTMO TNV 000 TO OLVOT WEYOADTEPN
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eEowovounon. Movtehomoidvtog diepyacieg 10 mpdypoppo avtd, vanpse M
duvatodTTo EEAYOYNG TOV EVEPYELNK®V Kot palikdv teoluyiov yio kdbe depyacia,
KaOMG Kot OIKOVOLK®V 0E00UEVOV TTOV APOPOVV TO TAYL0 KOGTOG TNG KAOE Log.

E&loov omupavtikn Opmg elval Ko 1 evepyeldky OAOKANPp®OT NG Kdabe
dtepyaciag mov akoAovbel petd tov apykd oyedacud g, kabmg pe Tov Tpdmo avTo
€E0KOVOLLOVVTOL TEPAOTIOL TOGA EVEPYELNG. ZTN OUTAMUATIKY] OVTT, £YIVE EVEPYELOKN
OAOKANPMOOT TV SEPYAGIOV TOV PlodtwAnatnpiov pe 00O SOPOPETIKES TPOGEYYIGELC.

Apykd, ypnowomomOnke £va TPOYPOULO YPOUUKOD TPOYPUUUATIGHOD, TO
Osmose, to omoio katackevdomke 010 EPFL og po miateoppa tov Matblab, kot to
omoio teAel akdpo vd Peitimorn. Méoa amd T0 GLYKEKPIUEVO TPOYPOLLLO, TO KAOE
ANUIKO povomdtt TG dtepyacioc oAokAnpwOnKe gvepystakd Bewpmvtog 6Tl T0 GVVOAO
NG TOGOTNTOG TV EVOLAUEC®V TPOIOVIMV TOL TOPAYOVTIOL, KOTAVOADVETOL Y10, TV
TAPOUYOYT TOV TEMKOV TTpoidviov. Etot, dtamotddnkav 1o péyebog twv evepyelokmv
AVOYKOV Y100 TNV TOPUy®YN ToL KaBevog TeAKod Tpoidvtog Eexmplotd, COUPOVA [E
T1g Oepuéc ko yuypéc mapoyés mov opiokav. Extdg amd avtd, vroroyiomnke 10
TOavO KEPOOC OV UMOPEl VO AMOPEPEL 1 TTOpaywYN TOV KAOe mpoidvtog (TeAkoD
whvta), AauBdvovtoc vmwoyn To KOGTOG TOV TPOTOV VAOV KOl TNV T TOV
TPOIOVIOV KOl TOV TOPATPOIOVTOV OV givor Safécia TPOog TAOANCT 6TV oyopd.
Oeopndnke OTL M ekdoTOTE OYOpPd UTOPEL VO OmOPpoPNoEL OAN TNV TOCHTNTA
ANUIKOV OV TopdyeTot amd to PlodwAotiplo. Almotdinke 0Tl T0 HOVO EMKEPOES
TPOIoV Mtav 10 VAAov-66. TéNog, Kataypdenke 1 evepyslokn ££01KOVOUNGN Yol TO
K6Oe OAOKANPOUEVO YNUIKO LOVOTIATL.

H debtepn mpocéyyion g evepyelokng OAOKANPMONG TV JEPYACIDOV TOL
BrodwAlompiov €ywve katackevalovtag €va mpdypappe oto GAMS pe Bdon to
povtélo petapoptwong (transshipment model) mwov €yer avamtvyBel amd ToLC
Papoulias ko1 Grossman kot Baciletor ovclaotikd otn pébodo Linnhoff. Avti
Qopa, kdaBe Oepyacio mov meprlapPaveTar 6to PlrodwMotiplo  OAOKANp®OONKE
evepyelokd Eeymprotd. H Paocwn Sweopd Opmg eivor 0t T0 TPOHYpPOUUO TOV
KOTOOKEVAOTNKE EMETPEYE TNV EVEPYEWNKY] OAOKANpwON g kdbe depyaciog yia
TOALOVG SPOPETIKOVS GLVOLOCUOVS BEPUD®V TOPOYDV KOl TOV LTOAOYIGUO TOL
BéATIOTOV OWKOVOHIKA GUVOLAGLOD. ZVYKEKPIUEVA, TO 3 EMIMESN ATUAOV LYNANG
mieong ko ta 4 emimeda Yuypov TOPoYdV mov emMAEXONKav Euevav otabepd yio
OAovg ToVG GVVOVOGHOVS. Ta emineda aTu®Y TOV EVAAALGCOVTOV OVA TPLAOES TV 6,
péong Kot younAng mieong. Amd OAOVG OLTOVG TOVG GLVOVACUOVS, TEMKE OTN
BéAtioTn Mon mpoékvyav ta emineda atpumv otig Oeppokpaciec 160 C, 120C ko
100°C. H Abon diver emiong to péyebog e kabe mopoyng mov amarteitor yo Kabe
depyasio. EmmpocBitmg, 1o mpodypappa oto GAMS £€rpele kot pia gopd HOVO e TN
Bepudtepn Kot ) yoypdTepT Bepun Tapoyn, £T61 AGTE Vo KaTooKevaotel 1o Meydio
Xovleto I'paonua yuo kabe depyacia. [Idveo oe kKaOe ypdonua eaivovion to enimeda
Kol 10 péyefog TV BEATIGTOV TOPOYDV, £TCL OTIME OpioTNKAY Ao TO TPOYpappa. Kot
GE OLTN TNV TPOCEYYIoT, VLROAOYILETow M €vepyewnKky &Eotkovounon g Kabe
dtepyaciag, KaOdg Kol TO GUVOAIKO evEPYEINKO KOGTOG Y10 TNV TTAPUY®YN KOOEVOCS
amd T TEAKE TpoidvTal.
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Téhog, cvumepaivetal 6Tt eved to Osmose gival &va gdypnoto kot aSOmeTo
gpyodeio, o divel Tn duvatdTNTO TNG OVTOUATNG €VPECNG TOL MO OLKOVOUIKOV
GLVOLAGHOD EvepPYElOKDV TapoxdV. Emiong, 6 Aapufdvel vtdym tov 6Tl 1 evepyslokn
OAOKANP®OT TOV GUVOAOL €VOC YNIUKOD HOVOTATIOV OV &lval TAVTO EQIKT OGNV
mpaypotikdtnTa. Anladr, 10 yeyovog OtL €vo mPoidv YPNOIUOTOLEITAL Yloo TNV
TopAy®YN KAmolwov GAlov oto 1010 ProdwAlcthplo, 0 omnuaivel 0t Ppiokovral
aropaitmta o€ kovtivyy tomofesio. H petagopd evépyelag Aowmdv petald tovg Ha
NTOV TEYVIKA KOl OUKOVOULKA OVEPTKTT).

Ev kataxheidt, mpoteivetar 1 cuVEXIOT TG EVEPYELNKTG OAOKANPWOONG OLTOV
oV ProdtwAictnpiov 6To TANIGI0 Hog LVVoAkng Movédag, omov Bo Aapfavel yodpa
evaldayr Bepuomtog petald SQOoPETIKOV YNUK®OV povomotidv. Kdrtt tétoto Oa
EMUPEPEL OKOUO LEYOADTEPT] EEOKOVOUNGOT) EVEPYELOG KOL GUVETMS YPNULATWV.
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EENH OPOAOITA (English terminology translated in Greek)

1,2,4-butanetriol trinitrate
1,3-diazole

2,5-FDCA
3,5-dimethylisoxazole
5-HMF

acetic acid

adipic acid

ammonium hydroxide
biochar

cellulose

dehydration
diphenylmethane diisocyanate
energy integration
fermentation

glucaric acid

Grand Composite Curve
hemicellulose
hexamethylene diamine
hydrogenation
isosorbide

lignin

lignocellulosic biorefinery
linear programming
multiplication factor
PEF

PEIF

phenolic oligomers
pinch analysis

pyrolysis

refrigeration cycle
temperature intervals
transshipment model

1,2,4 — tpwvitpikn PobtaveTptoin
1,3 - 01alOAN

@OPAVOOELAIKO 0EL

3,5 - dyueBviico&aldAlo

5 - vopo&vpeduioPobpPobpdin
0oETIKO 0EV

aduTiKd 0&H

VOPOEEIDIO TOV app®VIOV
BrokapPovvo

KutTopivn

aQLOATOON

SUGOKVAVIKO O1PALVLAOUEDAVIO
EVEPYELOKT OAOKANpGN
{Oumon

COKYOPKO 0EL

Meydro XovOeto I'pdonua
NUKLTTOPIVN
e€apebuievodiapivn
VOPOYOVOOT

16ocopPitng

Myvivn

BlodwMotiplo Atyvokuttopikng faong
YPOUUIKOG TPOYPOLUOTIGHOG
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1. INTRODUCTION

1.1 General purpose - Incentives for the production of renewables

At the beginning of the century, scientific studies had shown that if the
greenhouse gases emissions continue to increase in the same pace, at the end of the
century the concentration of carbon dioxide in the atmosphere will be doubled. The
European Union has expressed its intention to reduce GHG emissions by 80% in
2050. Global warming has been associated with carbon dioxide emissions (GHG
emissions), largely originating from the combustion of fossil fuels. Thus, the negative
effect fossil fuels have on the climate and the finite nature of their availability
indicated the need of exploiting alternate clean energy sources. As a result, during the
last years, an effort is being made in the global industry for today’s crude oil-
refineries to be gradually replaced by equivalent bio-refineries, which will of course
produce equivalent products. Biomass is considered to be the most promising energy
source to mitigate the greenhouse emissions. The use of biomass as feedstock offers
unique advantages, since it is the only natural source that can provide feedstock both
for biofuel production and for the manufacture of chemicals and materials.
Conclusively, in the 21* century, the development of the bio-refineries technology has
been extremely rapid. In fact, the Ministry of Economic Affairs has defined some
very ambitious policy targets for biomass in the long term (2040), namely 30% fossil
fuel substitution in the power and transport section and 20-45% fossil-based raw
material substitution in the industrial sector. [3,4,7,8,11]

In this thesis project a biorefinery aiming for the production of chemicals will be
designed and integrated. During the designing of the biorefinery, the technologies
which have to be applied for the manufacturing of the products will be taken into
account, as well as the properties of the required chemicals. Subsequently, each
process which is included in the biorefinery will be integrated individually, by using
two different tools, one developed in EPFL and one developed in NTUA. The energy
savings in each case are going to be recorded and the results which are given from
each tool are going to be compared. In addition, the most cost-efficient process for a
certain final product will be indicated.

The use of biomass as a replacement for petroleum of liquid fuels and industrial
organic chemicals would have immediate and far-reaching environmental benefits.

e Firstly, biomass resources are renewable. Most are annually renewable. This
means that the carbon exhausted into the atmosphere as carbon dioxide when
liquid fuels are burned would be recycled into new plant growth in the
following years’ crops. This factor alone will greatly improve air quality
worldwide, and directly address the issue of global warming as a result of
greenhouse gas emissions.

e Secondly, entire biomass resource needs are available domestically for many
countries. No imports are needed. In the United States for example, 360
million tons per year of non-fossil carbon raw materials are available to
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replace some, if not all, of the demand for petroleum for liquid fuels and
industrial organic chemicals.

e Thirdly, the assembly and refining of these resources will create a large
number of jobs, primarily in rural areas.

e Fourthly, the production and/or conversion of biomass resources to liquid
fuels and organic chemicals involves processing steps that usually reduce the
toxic burden associated with the petrochemical production of these products.

e Lastly, the required tonnage of carbon-rich biomass can be derived largely
through the recycling of biomass for example. This provides a very
economical input for the biorefinery. [11]

1.2 From 1% to 2"" generation biomass feedstock

Initially, the biomass feedstock which was used for the production of biofuels
included starch, sugar, fats and vegetable oil. The products deriving from these raw
materials were named first generation biofuels, the most popular types of which being
biodiesel, vegetable oil, syngas, biogas and bioalcohols. This generation of biofuels
has proven to offer some CO2 benefits and help to improve domestic energy security.
However, there is one fundamental disadvantage in the production of this kind of
biofuels. The feedstock needed for the production of first generation biofuels is also
used for the production of food. In June 2011, the World Bank in cooperation with
nine other international agencies published a report which advised to cease biofuel
subsidies, as the use of food stock for fuel production contributed to the increase of
food prices. In addition to that, the most popular type of first generation biofuels,
biodiesel, is claimed not to be particularly effective when it comes to the reduction of
GHG emissions. [6,8]

Therefore, emerging from the “food or fuel” debate, an alternative way of
production of biofuels had to be developed. This led to the development of second
generation biofuels, which are produced from cellulose which is a basic component of
woody biomass, agricultural residues and wastes. These materials are often associated
with lignin, and this is the reason why they are called lignocellulosic biomass, which
derives from the non-food available materials from plants. At the moment, the main
biofuels included in this category are bioethanol, Fischer-Tropsch diesel (FT-diesel)
or BTL (Biomass-to-Liquids), Bio-SNG (Synthetic Natural Gas) and Bio-DME
(Dimethyl Ether). Bioethanol is a substitute of gasoline and it is produced through the
fermentation of sugars extracted from the lignocellulosic feedstock. BTL, Bio-SNG
and Bio-DME can be used instead of diesel, in gasoline vehicles and in diesel vehicles
with some moderations respectively. They are produced from syngas which is
formulated through the gasification of the lignocellulosic feedstock. For the
production of BTL, syngas is transformed into liquid hydrocarbons, for the production
of Bio-SNG, syngas is transformed into methane and for the production of Bio-DME,
syngas is transformed into DME. [6,7,8]
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However, biofuels is not the only category of bio-products which appeals to
the world industry. The economy of the industry is depended on a big part on a
number of chemicals and products which derive from the oil and natural gas industry.
This is indicated by the fact that although only 4% of the crude oil inputs are used for
the production of chemicals, it accounts for almost 40% of its profit margins. Again,
the finite nature of fossil fuels, the availability of large amounts of biomass and the
low cost of the production of bioethanol, suggest that the use of biomass for the
production of chemicals holds a lot of potential. In some reports, it was estimated that
the world’s renewable chemical market is going to reach a level of 76.8 billion US
dollars by the year 2017 (Global Industry Analysts 2010). [7]

Another reason for the wide interest invested in the production of renewable
chemicals is the mild conditions under which their production is carried out and the
much lower impact on human health and environment in comparison to the
conventional chemicals. Similar to a petroleum refinery, a biorefinery has to integrate
conversion processes with the required equipment to biomass, with the aim of
producing high-value low-volume and low-value high-volume products.

According to an NREL (National Renewable Energy Laboratory) and PNNL
(Pasific Northwest National Laboratory) study, among the chemicals with the most
potential for success are 1,4-succinic, -fumaric and -malic acids, 2,5-furan
dicarboxylic acid, levulinic acid, 2-hydroxy proprionic acid, aspartic acid, glucaric
acid, glutamic acid, itaconic acid, 3-hydroxybutyrolactone, glycerol, sorbitol and
xylitol/arabinitol. [7]

During the last years, third and fourth generation biorefineries have been
developed by using as feedstock algae and vegetable oil/biodiesel respectively.
However, these kinds of biorefineries are still in the early stage of development.
Table-1 sums up the feedstocks which are used for each biorefinery generation
accompanied with some examples of products.

Table 1: Classfication of biorefineries based on their generation technologies

Generation ' Feedstocks Examples

First-generation biorefineries . Sugar, starch, vegetable Bioalcohols, vegetable oil,
oils, animal fats biodiesel, biosyngas, biogas
Second-generation Non-food crops, wheat ~ Bioalcohols, bio-oil, bio-DMF,
biorefineries straw, corn, wood, solid Biohydrogen, bio-Fischer-
waste, energy crop Tropsch diesel
Third-generation biorefineries Algae Vegetable oil, biodiesel
Fourth-generation Vegetable oil, biodiesel Biogasoline
biorefineries

Chapter 1 - Introduction 21






NATIONAL AND TECHNICAL School of Chemical Engineering
UNIVERSITY OF ATHENS Department of Process Analysis and
Plant Design

2. 2P GENERATION BIOREFINERIES
2.1 The Biorefinery Concept

A bio-refinery is described as a facility which integrates biomass conversion
processes and equipment to produce fuels, power, and value-added chemicals from
biomass. By isolating all the added value from the biomass feedstock in a bio-
refinery, the production of waste is reduced significantly, which results in the
reduction of the overall environmental impact. By the production of a variety of
products, these facilities can exploit the differences in biomass components and
intermediates, and maximize the value derived from the biomass feedstock.

HEAT
POWER
FUELS
CHEMICALS
FOOD

BIOREFINERY FEED
MATERIALS

BIOMASS
-

Figure 1: Endless possibilities of the biorefinery concept

Although the transition to a bio-refinery economy would require a huge
investment in new infrastructure to produce, store and deliver bio-refinery products to
end users, an approach like this is imposed by the current energy policies around the
world addressing environmental issues. Such policies include environmentally
friendly technologies that increase energy supplies and encourage cleaner, more
efficient energy use, as well as air pollution, the greenhouse effect, global warming
and climate change. [3]
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Figure 2: A schematic diagram of the biorefinery concept

As it is shown in figure-1, in a biorefinery, biomass can be processed into plastics,
chemicals, fuels, heat and power. Processing technologies are more advanced for
chemicals and fuels. The concept of a biorefinery is considered to be a very
innovative approach, since it can integrate different technologies to obtain maximum
value from biomass feedstocks by producing multiple value-added products. The
variety of feedstocks and possible conversion technologies is extremely large. [3]

Table 2: Classification of biorefineries based on their feedstocks

Feedstocks Products
Green biorefinery Grasses and green plants Ethanol
Cereal biorefinery  Starch crops, sugar crops and grains Biothanol
Oilseed biorefinery Oilseed crops and oil plants Vegetable oil and
biodiesels
Forest biorefinery = Forest harvesting residues, barks,  Fuels, energy, chemicals
sawdust, pulping liquors and fibers and materials
Lignocellulosic Agricultural wastes, crop residues,  Lignocellulosic ethanol,
biorefinery urban wood wastes, industrial bio-oil and gaseous
organic wastes products
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Table 3: Classification of biorefineries based on their conversion routes

Biorefinery Products

Biosyngas-based Syngas, hydrogen, methanol,
dimethyl ether, FT diesel
Pyrolysis-based Bio-oil, diesel fuel, chemicals,
oxygenates, hydrogen
Hydrothermal CH,, diesel fuel, chemicals
upgrading-based
Fermentation-based Bioethanol

Oil plant-based Biodiesel, diesel fuel, gasoline

Biorefineries can be classified based on their feedstocks or their conversion
routes. Tables 2 and 3 show the different categories of biorefineries according to these
two criteria. [3] The different kinds of biomass feedstocks, as well as the various
bioconversion technologies which are applied in a biorefinery will be discussed in the
following paragraphs.

2.2 Biomass utilization

2.2.1 Types of Biomass

The biomass feedstock of a bio-refinery can include non-fossilized and
biodegradable organic material originating from plants, animals and microorganisms.
Generally, it includes products, by-products, residues and waste from agriculture,
forestry and related industries, but also the non-fossilized and biodegradable organic
fractions of industrial and municipal solid waste. Gases and liquids recovered by the
decomposition of non-fossilized and biodegradable organic material are also included
in this category. Biomass is an energy source which is highly productive, renewable,
carbon neutral and easy to store and transport, and thus it has drawn worldwide
attention. [3]

There are several types of biomass which can be used for the synthesis of
biochemicals. However, the most promising source is the lignocellulosic feedstock.
The main reason is that lignocellulosic crops generally have very high GHG
efficiency, since they have lower input requirements and the energy yield per hectar is
much higher.

The three structural components of biomass are cellulose, hemicellulose and
lignin. Their formulas are CH; 4700383, CH; 640078 and C;oH;;0¢5 respectively.
Cellulose is a linear polymer composed of repeating anhydroglucose units, which are
bound together with B-(1,4)-glycosidic linkages. Cellulose is hydrolyzed to produce
glucose. Hemicelluloses are amorphous polysaccharides, like for example xylans,
glucans and galactans. Hemicellulose differentiates with cellulose in the way that it
does not contain only glucose units, but also a number of different pentose and hexose
monosaccharides. It also tends to be much shorter in length than cellulose. The
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pentose sugars from hemicellulose are a source of furfural and its derivatives and
numerous xylose products. [3,11]

Finally, lignin is a network polymer made up of multi-substituted, methogy,
arylpropane and hydroxyphenol units. The resulting thermosetting polymer serves as
the glue that holds the strands of cellulose and hemicellulose together in plant fibers
to provide structure and strength.

Together, the three polymers make up the largest biologically derived resource
on earth, the lignocellulosics. The lignocellulose structure is the basis of the semi-
rigid fibers found in all multi-celular plants. The structural difference between a corn
stalk, a tree, a flower stem and a piece of waste paper is the difference between the
relative amounts of cellulose, hemicellulose and lignin present and the shape and
length of the fibers formed by the interwined lignocellulosic chains. The abudance of
lignocellulosics is the basis for regarding them as the key input resources for the
biorefinery strategy. [3,11]

A lignocellulosic feedstock should grow on marginal land, a land which
cannot be used effectively to grow food. The more common lignocellulosic feedstock
is the miscanthus, the giant reedgrass, Jatropha and other seed crops, switchgrass,
short rotation coppice of willow and poplar, halophytes, rusby or Virginia mallow,
and more. But the most beneficial are the crop residues from energy crops like sugar
beet, sugar cane, energy cane and sweet sorghum.

Crop residues

Following the harvest of many traditional agricultural crops, like corn and wheat,
residues such as stalks, leaves and cobs, referred to as corn stover and wheat straw,
are left in the field. Part of these residues can be collected and used as feedstock in a
lignocellulosic biorefinery. Corn stover and wheat straw are the main crop residues
which are used for energy production. Corn stover has a greater potential than wheat
straw, since the later has lower energy content and also fewer tons of wheat straw can
be collected per acre than corn stover. [15]

The production of liquid fuels and industrial chemicals from biomass relies
mainly on the utilization of lignocellulosic feedstocks. These materials are available,
easily assembled and storable in large quantities. In addition, they have the potential
to be converted into products which are identical, or functionally equivalent, to
current petroleum base liquid fuels and industrial chemicals.

2.2.2 Biochemical pretreatment

Before anything else, the lignocellulosic biomass has to undertake a
biochemical pretreatment in order to be decayed into its three structural components:
cellulose, hemicellulose and lignin. If this stage is omitted, only the 20% of the
theoretical sugar yield of the lignocellulose can be exploited. Biomass materials are
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solids that include a sizable aqueous component. They also have a richly varied
chemical structure. This means that the goal of biomass utilization is, in part,
preservation of the intrinsic functional structures while depolymerizing the original
material. In general, initial treatment of biomass materials includes steps of drying
and physical size reduction. [8,11,12]

There are several different pretreatment techniques (physical or chemical) to
separate cellulose from its protective sheath of lignin and increase the surface area of
the cellulose crystallite by size reduction and swelling. Many of them have been
tested with the aim of settling in the more cost-efficient and harmless for the
environment.

1) Physical Pretreatment

2)

3)

a)
b)
c)
d)
e)

Milling and grinding

High-pressure steaming and steam explosion
Extrusion and expansion

High-energy radiation

Pyrolysis

Chemical Methods

a)
b)
©)
d)
e)
f)

g)

Alkali treatment (e.g. NH3;, NH4SO3, NaOH)

Acid treatment (e.g. H,SO4, HCI, H3POy)

Gas treatment (e.g. C1O,, NO,, SO»)

Oxidizing agents (e.g. H,O,, O3)

Cellulose solvents (e.g. Cadoxen, CMCS)

Solvent extraction of lignin (e.g. ethanol-water, benzene-ethanol, ethylene
glycol, butanol-water)

Swelling agents

Biological methods

a)

b)
©)

d)

Lignin-consuming  microorganisms  (fungi, e.g.  Phanerochaete
chrysosporium; bacteria, e.g. Nocardica sp.)

Cellulose-attacking microorganisms (fungi, e.g. brown rot)

Lignin and cellulose-attacking microorganisms (fyngi, e.g. ehite and red
rot)

Lingin and/or cellulose attacking insects (e.g. termites)

Chemical puling methods

Chemical and chemical-thermal pulping processes of lignocelluloses can be
divided into two main groups:

1) Processes with lignin and cellolignin as residues

a)
b)

Steam/pressure processes (autohydrolysis)
Hydrolysis with weak acids
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¢) Hydrolysis with concentrated acids or water-free acids
2) Processes with cellulose and cellulose/hemicellulose as residues
a) Alkaline pulping
b) Sulfate pulping
¢) Sulfite pulping
d) Organosolv process
e) Phenol process (Batelle)
f) Extraction with H,O (pressure, high temperature)

Thermal and mechanical methods were ruled out as carbon and energy costly (indirect
production of CO;). Chemical techniques on the other hand, raise different obstacles,
as the biomass is contaminated by producing biochemical inhibitors as by-products
and thus neutralization processes have to be added in the facility, which raise
significantly the cost of the biorefinery. Till now, the more advantageous pretreatment
method was achieved by the use of microorganisms. One of the main benefits of
microorganisms is that they can be activated under mild conditions, and as a result
there is no need in spending money in maintaining extreme pressure and temperature
conditions. This kind of pretreatment is called biochemical pretreatment and in the
contrary to chemical pretreatment, chemical by-products are not produced. [8,11]

2.2.3 Chemistries

A biomass conversion technology for the production of a certain product is
considered suitable if it meets the following criteria:

e [f the product is a fuel, it has to have a high and positive net energy value.
This term expresses the positive balance between the energy in the resulting
fuel and the energy used during the process.

e The mass ratio between the amount of the product and the amount of biomass
which is used for the production should be above 1.

e The net environmental effect of the overall process should also be positive, or
else there would be no point replacing a conventional petroleum product with
a product which does not reduce carbon dioxide emissions. [14]

The process chemistries used in the depolymerization of biomass materials
and their products are depicted in Fig. 5. These processes include:

2.2.3.1 Thermochemical conversion technologies

The energy that is contained in biomass can be exploited in various ways, such
as pyrolysis, gasification or liquefaction. Those methods belong to the category of
thermochemical processes.
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Pyrolysis

Pyrolysis is the first stage of any thermochemical conversion process and it is
applied to convert organic materials into usable synthetic fuels. This process includes
the treatment of biomass at moderate temperatures (300 to 600°C) in the absence of
oxygen to cause partial depolymerization of the material. The products resulting from
this process are a volatile hydrocarbon-rich gas mixture, bio-oil, char and ash.
[3,11,14]

x CeH100s + y C4Hs 9053 + z CoH10O02(OCH3), + ASH 2> aCH4+bHCH; O +¢ C(S) +
ASH (1)

In the above chemical reaction, the number of moles of each component which
are reacted is represented by the variables x, y and z. The number of moles of each
component which are produced is represented by the variables a, b and c¢. The prices
in which these variables will correspond each time depend on the composition of the
feedstock.

A differentiation in the temperature, the pressure, or the rate of heating in the
process can result in a quite different set of products. Slow heating rates tend to favor
production of volatile gases (CO, CO,, hydrogen, methane, ethylene), organic acids
and aldehydes, mixed phenols and char. High heating rates tend to minimize liquid
production and maximize gas production. [3,11,14]

Pyrolysis is considered to be the most efficient regarding the conversion of
biomass and thus the most promising method to compete with non-renewable fossil
fuel resources. This estimation is based on the fact that the liquid products which are
produced through biomass pyrolysis, such as crude bio-oil or slurry of charcoal of
water, outweigh other similar products in a variety of fields like transport, storage,
combustion, retrofitting and flexibility in production and marketing. [3]

Gasification

Gasification is a high temperature (>7007C) treatment of biomass in the
absence of oxygen but with addition of steam, and possibly CO,, to maximize the
production of synthesis gas (syngas), a mixture of H,, CO, CO; and CH4. Syngas is
the main output of this process. Along with syngas, volatiles and carbon dioxide are
produced. The chemical production of the gasification process is shown in equation 2.
[3,11,14]

a CH4 + b CH;90 + ¢ C(S) +d HQO(g) 2> [e H, +fCO]Syngas + g CHy + h CO,
(2)
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Syngas has more versatility than the conventional solid biomass. It can be
used directly as a fuel for the production of process heat and stream, or as a chemical
intermediate in the production of ammonia, methanol, and higher alcohols, organic
acids and aldehydes, synthetic gasoline (using Fischer-Tropsch processing) and
isobutene. It can also be used in gas turbine to produce electricity. Subsequently, this
kind of technology gives the opportunity to the industries to have at their disposal
clean fuel gases or synthesis gases. The main and very important use of this
technology is the reduction of the investment costs of biomass electricity generation
through the use of gas turbine technology. [3,11]

Thermochemical Liquefaction

The biomass feedstock for a liquefaction process is more likely to be in liquid
form. Thermochemical liquefaction, or else direct liquefaction, involves pyrolytic
processing with addition of H,, CO, CO; and selected catalysts to convert the biomass
into hydrocarbons, mixed phenols (from the lignin fraction) and light gases. The key
to commercial utilization of liquefaction processing is the separation and recovery of
the multiple products created during the liquefaction process. [3,11]

Hydrolytic Liquefaction

On the other hand, during the hydrolytic, or else indirect liquefaction, a variety
of catalysts is being used, in order to depolymerize polysaccharides into their
component sugars. These aqueous-phase reactions are used to provide basic polymers,
for example cellulose and fermentable sugars for further processing, or hexose and/or
pentose sugars for chemical conversion into other organic compounds. Some catalysts
which are appropriate for the hydrolysis of biomass into smaller fragments, are alkali
salts, like sodium carbonate and potassium carbonate, acids, or enzymes. The residue
of this process is affected greatly by the amount of lignin that is contained in the
feedstock. An increased content in lignin results in the production of increased residue
during liquefaction. [3,11]

2.2.3.2 Biochemical conversion processes

Biochemical conversion of biomass involves the use of bacteria,
microorganisms and enzymes to breakdown biomass into gaseous or liquid fuels, such
as biogas or bioethanol. The most popular biochemical technologies are anaerobic
digestion and fermentation. Anaerobic digestion is a series of chemical reactions
during which organic material is decomposed through the metabolic pathways of
naturally occurring microorganisms in an oxygen depleted environment. Biomass
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wastes can also yield liquid fuels, such as cellulosic ethanol, which can be used to
replace petroleum-based fuels. [35]

Anaerobic Digestion

Anaerobic digestion is the natural biological process which stabilizes organic
waste in the absence of air and transforms it into biofertilizer and biogas. Anaerobic
digestion is a reliable technology for the treatment of wet, organic waste. Organic
waste from various sources is biochemically degraded in highly controlled, oxygen-
free conditions circumstances resulting in the production of biogas which can be used
to produce both electricity and heat. Almost any organic material can be processed
with anaerobic digestion. This includes biodegradable waste materials such as
municipal solid waste, animal manure, poultry litter, food wastes, sewage and
industrial wastes.

An anaerobic digestion plant produces two outputs, biogas and digestate, both
can be further processed or utilized to produce secondary outputs. Biogas can be used
for producing electricity and heat, as a natural gas substitute and also a transportation
fuel. A combined heat and power plant system (CHP) not only generates power but
also produces heat for in-house requirements to maintain desired temperature level in
the digester during cold season. In Sweden, the compressed biogas is used as a
transportation fuel for cars and buses. Biogas can also be upgraded and used in gas
supply networks. [35]

Fermentation

Through the biochemical processing, microorganisms or/and enzymatic
reactions are used to convert a fermentable substrate into recoverable products.
Hexoses, particularly glucose, are the most frequently used fermentation substrates,
but pentoses, glycerol and other hydroxycarbons are also used. Fermentations are the
most commonly performed in aqueous solution, with the final products present in
modest concentration. [11] Fermentation is also being used extensively in the
biorefinery developed in this project. The basic fermentation process involves the
conversion of a plant’s glucose (or carbohydrate) into an alcohol or acid. Yeast or
bacteria are added to the biomass material, which feed on the sugars to produce
ethanol (an alcohol) and carbon dioxide. The ethanol is distilled and dehydrated to
obtain a higher concentration of alcohol to achieve the required purity for the use as
automotive fuel. The solid residue from the fermentation process can be used as
cattle-feed and in the case of sugar cane; the bagasse can be used as a fuel for boilers
or for subsequent gasification.

Chapter 2 - 2"° Generation Biorefineries 31



NATIONAL AND TECHNICAL School of Chemical Engineering

UNIVERSITY OF ATHENS Department of Process Analysis and
Plant Design
Hydrolysis

During the hydrolysis of lignocellulosic biomass enzymes (or other catalysts)
enable the sugars within cellulose and hemicellulose in the pretreated material to be
separated and released in order to be converted to several chemicals. The process
converting the biomass biopolymers to fermentable sugars is called hydrolysis. There
are two major categories of methods employed. The first and older method uses acids
as catalysts, while the second uses enzymes called cellulases. Feedstock pretreatment
has been recognized as a necessary upstream process to remove lignin and enhance
the porosity of the lignocellulosic materials prior to the enzymatic process. A new
generation of enzymes and enzyme production technologies are needed to cost-
effectively hydrolyze the cellulose and hemicellulose in biomass to free the sugars for
conversion. An effort is being made to identify the most productive, naturally
occurring enzymes and then use a variety of techniques to increase their efficiency.
Research objectives also include lowering the cost of the enzyme unit operation in the
sugar extraction process (saccharification). [37]

Hydrogenation

The catalytic hydrogenation of the dehydration sugars products (C5 and C6) is
mainly interesting because reaction products as 2-methylfuran, furfuryl alcohol (C5),
2,5-bis(hydroxymethyl)tetrahydrofuran and 2,5 dimethylfuran are very useful for
industrial applications such as polymer synthesis, solvents and production of
petroleum. Most of the catalytic systems reported in the literature for these
conversions are heterogeneous catalysts, only one nanoheterogeneous system in liquid
phase has been reported for the hydrogenation of biomass-derived compounds.
Indeed, colloids can give very interesting results in terms of activity and selectivity
under mild reaction conditions in organic and aqueous solvents [38].
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3. PROBLEM DESCRIPTION

3.1 Chemical Synthesis by Lignocellulosic Feedstock

Cellulose recovered from a lignocellulosic matrix using hydrolytic
liquefaction can be treated with several reagents to make materials such as cellulose
acetate, nitrocellulose and rayon. Xylose from hydrolytic depolymerization of
hemicellulose can be further reacted in the same process to make furfural. Furfural is
the starting point for a large family of derivative chemical and polymer products. For
example, the adipic acid and the hexamethylene diamine used in the original synthesis
of Nylon-6,6 were made by acid hydrolytic depolymerization of hemicellulose from
oat hulls, followed by chemical synthesis of the monomers and condensation
polymerization to form Nylon-6,6. [11]

There are several possible ways of using lignocellulosic biomass for
production of fuels and chemicals. Because the initial production steps involve solid
materials, preparation and handling of the raw materials is more complicated and
costly than using petroleum liquids. Also, biomass materials are more disperse and
less dense than petroleum. This means that assembly and storage of the raw materials
1s more complicated than for petroleum.

Finally, some of the biomass resources, notably crops and crop residues, are
cyclical in production. This means that storage and integration with other resources
are necessary in the design and management of a biorefinery complex.

However, these disadvantages are outweighed by the environmental benefits
of the lignocellulosic biorefineries and the abundance of their feedstock.
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Char/Ash Carbon black
Gasification
Syngas Ammonia
Pyrolysis Ethylene Methanol
Phenols Mixed alcohols

Organic acids

Synthetic
gasoline

Thermochemical
Liquefaction

Synthetic diesel

Lactic acid

Xyloses

Hydrolytic Hexoses
Liquefaction Ethanol
Acetone
Fermentation
Butanol

Furfural/derivatives

Fatty acid derivatives

[ Chemical

Esters/Biodiesel

Glycerol

Figure 3: Biomass-derived industrial organic chemicalsMultiplicity and complexity
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The lignocellulosic biorefinery which is going to be designed and integrated in
this thesis includes a lot of different chemical paths for the production of many
different biochemicals. Thus, the problem concerning the integration of this industrial
plant is characterized by high multiplicity and complexity.

" Blochar I s cyuated carbon

Lignin
e
oligomers
Glucarate Adipate Nylon
2,5- - ; ;
HMF FDCA Polyamide
‘BIOMASS Glucose
£ W—
thylene S
glycol
Sorbitol Isosorbide '—)m
Furfural Furamine Diisocyanate
Xylose
Butanetriol Trinitrate

Figure 4: A schematic graph of the chemical paths of the biorefinery

The competitive paths of the biorefinery are shown in Figure 3. (Biocore,2014)

During the design and integration of the above biorefinery, a lot of different
aspects have to be taken into consideration, and a huge number of decisions have to
be made, the most basic of which are:

e The kind of biomass feedstock which is going to be used.
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e The biochemical pretreatment method for the disintegration of the biomass
feedstock.

e Decide which bioconversion processes are going to be applied in the plant,
according to the desired products.

e QGather the essential information on in order to simulate the overall process in
an industrial scale with the aid of a suitable software.

e Use the energy and economic data extracted from the process design models
for advanced process integration of the biorefinery to minimize process energy
demand.

e Study the cost-efficiency of each product, according to energy consumption.

It is easily conducted that different chemistries will have to be integrated in this
biorefinery, thus it is very important to have gathered reliable information regarding
the bioconversion processes that concern the production of each product. The main
chemistries which are being applied in this certain biorefinery are pyrolysis,
fermentation, hydrolysis, dehydration, hydrogenation, amination and of course
polymerization.

The synthesis of a biorefinery is a big challenge and thus reliable data of
integrated and optimally designed flowsheets are needed. Having defined the
chemical paths of the biorefinery, it is important to make sure that the chemical
reactions which take place in each step are feasible. Then, by developing each
conversion in a continuous process, the economic feasibility of these chemical paths
is verified.

It is obvious that the analysis of a biorefinery cannot be focused only in one
analysis stage. A deep analysis and examination of the biorefinery paths proposes a
multi-stage analysis which offers significant results for the evaluation of the
biorefinery chemical paths. The main analysis stages are three: flowsheeting, energy
integration and economic evaluation.

Given a big set of bio- and thermo- chemical paths, there is the need to develop
and re-engineer the reaction-separation systems targeting to high purity high value
added products. For a sustainable solution, low operating and energy costs have to be
secured. In this scope, integration should be applied in any case to build energy
efficiencies and detect potentials for energy synergies. Economic analysis data are
also needed to evaluate profitability margins and secure economic feasibility paths.

3.2 Process Systems Engineering (PSE) Tools

As it has already been mentioned, it is not only about finding the most appropriate
and efficient technology that will be applied for the production of a certain product, it
is also about making the biorefinery cost-effective. This can mainly be achieved by
minimizing the capital operating and energy cost of the facility. The concept of an
integrated biorefinery, which consists of many different biomass conversion
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technologies, serves exactly this purpose: the improvement of the overall efficiency of
the system. The significance of Process Systems Engineering (PSE) tools for the
optimal design of processes is extremely important. Some of the most basic tools
included in this package are market analysis, techno-economic study, cost accounting,
pinch analysis, life cycle assessment (LCA) and supply chain (SC) analysis. [9,10] All
these stages of analysis can be combined to make a multi-stage analysis and evaluate
the best paths among competitive paths. In this assignment, this is going to be
achieved by integrating the biorefinery, using the pinch analysis method, and by
minimizing its operational and energy cost.
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4. METHODOLOGY

The main goal of this project is to optimize the operation of the “candidate”
processes and create a very good and thermodynamically based database of optimum
biorefinery processes. When a synthesis like this, which includes completed
flowsheets, mass and energy balances and economic data, has been built according to
reliable data and careful calculations, it is safe to continue synthesizing a sustainable,
integrated and even high profitable biorefinery. The multi-stage analysis which is
being applied in this project to synthesize a sustainable, integrated and even high
profitable biorefinery, incorporates flowsheeting, energy integration and economic
analysis and is presented in this chapter.

4.1 Process Flowsheeting

The process modeling of each chemical path of a biorefinery in an industrial scale
is a fundamental step in the design of an integrated biorefinery. Thus, the use of a
simulation tool which gives accurate and reliable results is extremely important.
Process simulation enables many different operating situations to be observed with
minimal outlay, allowing the equipment and plant to be designed to be safe and
efficient from the start.

In addition, simulation programs can also be used to optimize operating
parameters for existing plants. In this way industries are very often able to lower their
operating costs without the need for time-consuming and costly experiments on their
production facility. [19]

The software which covers the needs of the designer in a satisfactory way is
“Aspen Plus”. In this thesis the version “Aspen Plus V7.2” is going to be used for the
process modeling of this lignocellulosic biorefinery.

Aspen Plus solves the critical engineering and operating problems which arise
throughout the lifecycle of a chemical process, such as designing a new process,
troubleshooting a process unit or optimizing operations of a full process. The process
simulation capabilities of Aspen Plus enables engineers to predict the behavior of a
process using basic engineering relationships such as mass and energy balances, phase
and chemical equilibrium, and reaction kinetics. With reliable thermodynamic data,
realistic operating conditions and the rigorous Aspen Plus equipment models, they can
simulate actual plant behavior. [19]
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In order for a certain process to be developed, reactions and knowledge from
practitioners and experimental groups have to be taken into consideration. The major
European research project named Biocore, provided all the information needed to
simulate in an industrial scale the biorefinery shown in figure 4. This information
included the following:

. The chemical paths of the lignocellulosic biorefinery.

. The biomass feedstock which is being used.

. The biochemical pretreatment of the biomass.

. The biochemical conversion technologies that were applied in the biorefinery.
. The reactions and the auxiliaries needed for the production of the

intermediates final products.

When simulating a process in a flowsheet, the route which will be followed to
separate the products, by-products and waste from each other is equally important
with the one which will be followed for the creation of the product in the first place.
This means, that special attention has to be paid in the downstream process to secure
high quality of high value added end products. There are numerous ways to separate
the desired product from the rest chemicals, like evaporators, flash units or distillation
columns.

During the flowsheeting of a process, it is important to define realistic and
plausible circumstances under which a separation or a distillation of certain
components takes place. Of course, extreme temperatures of pressures should be
avoided as much as possible, as these results not only in high energy cost but also in
much higher equipment cost. Another important factor which should be taken into
consideration when a distillation column is designed is the temperatures of the
streams exiting the column. The temperature of each stream should not allow any of
its components to be disintegrated or transformed.

When the goal of separating the desirable product from the by-products, the waste
and the remained resources has been achieved, there is one more important step
before it can safely be said that the simulation procedure has been completed. This
includes the recovery of the resources which have not reacted or the auxiliaries which
were used to help the reaction, like the catalysts. If those streams are recycled back to
the feed, the amount of money which will be saved is quite important, as the industry
will have to buy a significantly lower amount of resources in order to satisfy its needs.
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4.2 Energy Integration

The theory of the energy integration of a process started to develop in the late 70s
and is now a well-established methodology in the field of the world industry. Linhhoff
is the one who developed the Pinch Analysis method, by which the energy used in
process industries is minimized. In other words, energy is being recovered and
minimum energy cost is being secured. Through the integration of a designed process,
a sustainable use of the resources and the energy can be indicated by redefining the
industrial unit. During this procedure, more energy efficiency opportunities come to
surface, which can be applied in a way that a chemical industry can be sustainable and
productive.

The main purpose is to calculate the energy savings and figure out the most cost-
effective process in the biorefinery designed above. Our main concern in this thesis is
the cost of the energy used in the plant and the potential reduction of it through the
energy integration of the processes.

Additionally, an effort was made to model this problem in a computer code. In
this way the selection of the best and most economic combination of utilities is
possible.

4.2.1 Defining the problem

In order to integrate each chemical path resulting in a final product, the osmose
tool by EPFL is being used, which is based on the basic methodology of pinch
analysis. In addition, a transshipment model of linear programming is being used for
the calculation of the minimum utility needs of each process. This model was first
formulated from Papoulias and Grossman (1983) and it is actually the basic heat
cascade idea of Linnhoff translated in a linear mathematical formulation, as an
optimization problem, in order to minimize the energy cost. [31] The results extracted
from this model are being compared with the energy results extracted from osmose.
The data regarding the energy cost of the utilities are used along with the rest
economic data of the processes (investment, operating costs) to define which the most
cost-effective process is.

Both methods constitute a linear programming problem, which in the first case is
going to be solved on a Matlab platform called Lua, and in the second case by
building the model in the GAMS program (General Algebraic Modeling System), in
order for the problem to be automated.

During the initial designing of a biorefinery a lot of crucial decisions have to be
taken, but the most important one is the choice of which products are going to be
produced, but also the processes through which this will happen. In the case of the
biorefinery which has been designed in this thesis the intermediate products have the
potential to be modified into a lot of different final products. Thus it is important to
define which intermediate products and in which amounts are going to be used for the
production of the final products.

Chapter 4 - Methodology 41



NATIONAL AND TECHNICAL School of Chemical Engineering
UNIVERSITY OF ATHENS Department of Process Analysis and
Plant Design

4.2.2 Modeling of a linear programming problem

Every problem which can be adjusted in a linear programming formula has the
following elements:

e the variables of the problem,

e the objective function that needs to be optimized,

e the constraints which have to be met in for a reliable solution of the problem,
e the parameters of the problem.

The variables of a problem are the elements which can be affected by the user.
The aim is actually to define the best possible prices for these variables. This is way
they are also called decision or control variables. In linear programming variables are
always continuous and non-negative.

The objective function is the criteria according to which the best prices of the
variables are defined. Each one takes a price in order for the objective function to be
maximized or minimized.

The constraints are linear relationships between the variables. They define the
range of the possible solutions.

The parameters are the data which are used as input in the problem. They are real
number which have the role of a factor of a variable in the objective faction or in the
constraints.

4.2.3 OSMOSE Tool

Before making any computation regarding for example the optimization or the
sensitivity analysis on an energy system, it is necessary to model it. However, in
many cases, several softwares (some professional and some not) have to be used,
what induces a lot of data transfer. An efficient and useful tool for the energy
integration and the estimation of the cost of each process in a biorefinery was created
in the “Industrial Energy Systems Laboratory”, in the Mechanical Engineering
Department, in EPFL and was used for the purpose of this thesis. It is called
OSMOSE and was developed in a Matlab platform called Lua.

The main purpose of OSMOSE tool is to manage in only one tool two basic steps
for the design of a process:

1. The modelization (Representation of an existing system)
2. The Computation (Calculations performed on the model)
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OSMOSE was first developed in the context of Bolliger’s work [32] and is now
the result of the ongoing research carried out by the Industrial Process & Energy
Systems Engineering (IPESE) group. Inside OSMOSE, energy integration is
performed. The techniques inside, allow to qualify an energy system with regard to
the minimal energy requirement. It also computes the units that are needed to satisfy
the heating and cooling demands of the process (e.g. boiler or cooling unit). Once the
energy integration has been performed, the system can be considered as being defined.
However, it may be interesting to define some values reflecting the performances of
the system. It is possible to program any function that computes the energy efficiency,
the costs or the environmental impacts [32].

MILP Problem Statement

Objective function: min 7C = (OC, + IC,)
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However, the same energy demands can be covered through different
combinations of steam pressures. The osmose tool does not yet allow the optimization
of the combination of utilities which can be applied in each process according to their
cost. The user can only define as input the number of the hot and cold utilities which
he prefers to use along with their prices. When the model runs, it presents the
minimum size of these utilities which is needed for the process along with the final
energy cost. This means it is extremely time consuming to try a big number of
different combinations and to compare the cost of each combination utility. A more
efficient way to define the cheapest combination of utilities is developed in the
Transshipment model, the methodology of which is analyzed in the following
paragraphs.
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4.2.4 Transshipment Model

In this chapter, the model which has been proposed by Papoulias and Grossman
will be analyzed. [39] According to this model, the heat capacity is transferred from
the sources (hot streams) to the sinks (cold streams). In order to be
thermodynamically sure that there can be a heat exchange between streams, this
exchange takes place through intermediate stations.

Temperature Intervals

The intermediate stations of the transshipment model represent the temperature
intervals in which the heat transfer between streams is applicable. In order for these
streams to be defined, firstly the hot and the cold streams of the process have to be
moved —DTpin/2 and +DTy,in/2 respectively. As DTyin, we define the minimum
temperature difference in which it is assumed that heat transfer is feasible. DTy
depends on the equipment which is used. With this shift of the streams it is ensured
that the minimum temperature difference will be respected even if heat transfer
between streams of the same shifted inlet and outlet temperature respectively occurs.
After the temperatures are shifted, the temperature intervals can be defined based on
the inlet temperatures of the process streams, the maximum and the minimum inlet or
outlet temperature streams, and the inlet temperatures of the additional utilities, if they
are between the range of the maximum and minimum temperature of the process
streams.

Analysis of the transshipment model

The transshipment model for predicting the minimum utility cost given an
arbitrary number of hot and cold utilities can be formulated as follows. First, it is
considered that there are k temperature intervals which are based on the inlet
temperatures of the process steams, highest and lowest steam temperatures, and of the
intermediate utilities whose inlet temperatures fall within the range of the
temperatures of the process steams. It is assumed that the intervals are numbered from
the top to the bottom. The schematic approach of the model is presented in figure 5.
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Figure 5: Heat flows in interval k

A process is assumed with H hot streams and C cold streams in which S hot
utilities (i.e. steams) and W cold utilities (i.e. fresh water) can be used. Then, the
following groups can be defined:

Hy. = {h | hot stream h which provides heat in temperature interval k}
Cr = {c| cold stream c which provides heat in temperature interval k}
Sy = {s | hot utility s which provides heat in temperature interval k}

Wi = {w | cold utility w which removes heat in temperature interval k}

Afterwards, the heat supply of the hot streams and the heat demand of the cold
streams in every temperature interval are calculated. This calculation is depended on
the shifted inlet and outlet temperatures of the streams, as well as the heat capacities
in combination with the temperatures which define the limits of the temperature

interval.

After these calculations, the known parameters of the problem are:

QHp,, : heat supply of hot stream h in temperature interval &
QC.¢ : heat demand of cold stream ¢ in temperature interval k
CS, : unit cost of hot utility s

CW;,, : wnit cost of cold utility w

and the variables of the problem are:
QS : heat supplied by hot utility s

QW,, : heat removed by cold utility s

R;. : neat residual exiting temperature interval k

Chapter 4 - Methodology 45



NATIONAL AND TECHNICAL School of Chemical Engineering
UNIVERSITY OF ATHENS Department of Process Analysis and
Plant Design

The model is described by the fellowing equations.

minZ = > €505, ~ > CW,QW,
el -~

s

S.t.

Ry —Ryg_q — Qs; + z on, = h}f;’ QHy, — :’_‘ QC.
=H,

weWy,

Y‘
Lu
SESK

CFCy,

where k=12, ... . K
QSs=>0,QW, >0,R, =0 wherek=1,...,K-1
RO =0’Rk = 0

The above objective function represents the total utility cost and aims in the
minimizing of this cost, while the equation below represents the heat balance around
each temperature interval k. This goal is achieved by maximizing the heat exchange
between the streams of the process, always in the boundaries imposed by the
restrictions and by using the utilities with the smallest cost where possible.

The full model written in GAMS can be found in Appendix B.

4.3 Economic evaluation

The calculation of the investment and operating cost of each process is a
fundamental step in order to proceed to the analysis which is going to be made in this
thesis. The investment cost is calculated with the help of the Economic Evaluation
add-in of Aspen Plus V7.2. Aspen Plus V7.2 can also estimate the investment and
operating cost of the designed facility depended on default and simulator data. This
tool contains built-in engineering and cost content to produce comprehensive and
accurate conceptual estimates. It enables the designer to rapidly and confidently
evaluate capital investment projects early in the design process, understand the
economic implications of engineering decisions and effectively manage the project.
[20] The Aspen Economic Evaluation will be used for the estimation of the
investment and operating cost of each process of the lignocellulosic biorefinery. The
investment cost which is calculated is mainly depended on the type and the capacity
of the unit. The calculation of the operating cost is not interely accurate, but it can
give us a sense of the magnitude of its value.
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S THE REAL LIFE BIOREFINERY

5.1 Introduction

Biocore provided the technology regarding the production of each of these
chemicals. In this information were included the chemical reactions and the
conditions in which they needed to take place (temperature and pressure), as well as
the solvents and the catalysts that were essential for the activation of the reactions.
The patented CIMV organosolv process which was simulated in Aspen Plus V7.2 was
also provided, according to which the biomass feed (wheat straw) was fractioned in
lignin, glucose and xylose. The production of each one of the products and
intermediates that derive from those three fractions of biomass will be simulated in
Aspen V7.2 in separate flowsheets. In the following section, the technology and the
logic behind the design of each chemical path will be developed.

5.2 Value Chain Paths

As it was mentioned before, bio-based materials require pretreatment by chemical,
physical or biological means to open up the structure of biomass. A very effective
technology regarding the biomass fractionation has been developed by the French
company CIMV (Compagnie Industrielle de Materiére Végétale). This patented
organosolv technology is owned and has been used by the Biocore project, in order to
extract biomass in the three main components, that being cellulose, hemicellulose and
lignin. This biochemical pretreatment technology is being used in this biorefinery,
too. In that way, biomass can be used most efficiently. In addition, the CIMV process
can use as feedstock not only cereal by-products, but as well as forestry residues or
short rotation woody crops. [4]

The content of cellulose in any type of biomass, rarely exceeds 50%. In order
for the process to be much more effective, the other main components of biomass
(hemicellulose and lignin) have to be extracted too. The CIMV organosolv technology
solves this problem. It is basically a pulping technique that uses an organic solvent to
solubilize lignin and hemicellulose. The main advantages of this technology are two:

e The first one, is the ability that is given to the designer to obtain relatively
high quality lignin adds value to process stream, otherwise considered as
waste.

e Secondly, organosolv solvents can be easily recovered by distillation, leading
to less water pollution and elimination of the odor that is usually produced by
other respective methods.

CIMV in France has developed a process in which wheat straw is treated with
acetic acid (30%), formic acid (55%) and water (15%) for 3,5 hours at 105 °C under
atmospheric pressure. The fibres that are obtained are screened and bleached. In these
conditions, the lignin is dissolved and the hemicelluloses are hydrolysed to mono and
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oligo saccharides. Organic acids are collected by concentration of the cooking liquor
and then lignin is precipated by adding water and high pressure flitration. [4]

Biocore optimized the extraction of cellulose, hemicellulose and lignin by
improving the CIMV organosolv process through process design and integration. This
resulted in a 90% exploitation of the biomass. The biomass feed that was used
initially in CIMV is wheat straw, but there were also used other types of feeds, such
as rice straw, hardwood and short rotation coppice poplar. However, to use a different
feed effectively, certain modifications were required to be made in the organosolv
process. [4]

In this lignocellulosic biorefinery, wheat straw will be used as feedstock. The
basic inputs and the outputs of the CIMV process are indicated in the following
figure.
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Figure 6: Graphic figure of the CIMV process along with the C5- and C6-Hydrolysis

The energy and the mass balances in this process where extracted from Aspen
Plus V7.2, along with an estimation of the investment and operating cost of the
process. These data are shown in Appendix A, in the tables 53 and 54. The respective
data of the C5 and C6 hydrolysis are presented in tables 55 and 56.
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In the biorefinery which has been designed for the purpose of this thesis a big
number of different bio-chemicals is being produced. In figure 6 the capacities of each
intermediate and final product of the biorefinery are being presented. All intermediate
and final products have above 99% purity, so it is safe to make the assumption that
the intermediate product which is used as input in the next process is pure.

1075,86 kg/hr 431,53 kg/hr

3047,06 kg/hr

Lignin 689,44 kg/hr

oligomers

3331,68 kg/hr 2198,63 kg/hr 3404,83 kg/hr

Glucarate Adipate Nylon

3919,49 kg/hr 3832,52 kg/hr 5603,06 kg/hr
P 2,5-
5771,54 kg/hr HMF 4 Polyamide
_ sl FDCA ¥
'BIOMASS Glucose
2397,75 kg/hr
4463,12 kg/hr
Ethylene E
glycol
3371,96 kg/hr 2684,12 kg/hr 4039,02 kg/hr
Sorbitol Isosorbide '—)ﬁ
1801,21 kg/hr 1820,54 kg/hr 2090,23 kg/hr
F | rami i n
2875,49 ke/hr urfura Furamine Diisocyanate
Xylose
2032,56 kg/hr 4387,18 kg/hr

Butanetriol Trinitrate

Figure 7: Chemical paths of the biorefinery along with the capacities of intermediates and final products

Lignin Products

In this industrial plant lignin is converted in activated carbon and phenolic
oligomers. Despite the fact that along with them, phenolic monomers are also
produced, the product which is of more interest at the time are phenolic oligomers.
Although phenolic monomers are valued chemicals for commodity products and
precursors of biofuels, phenolic oligomers found in bio-oil are non-volatile, viscous
and highly reactive, thus it is more difficult for them to be converted into useful
products. In addition, the yield of phenolic monomers is usually close to 10wt%,
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whereas phenolic oligomers constitute the majority of lignin derivatives (~30 wt%).
[21] For this reason, an effort is being made to find more effective ways to exploit
phenolic oligomers.

Activated carbon from bio-char is also been produced. Bio-char is a fine-
grained charcoal high in organic carbon and largely resistant to decomposition. It has
the ability to reverse soil degradation and create sustainable food and fuel production
in areas with severely depleted soils, scarce organic resources, and inadequate water
and chemical fertilizer supplies. [22] When carbon is oxidized (activated), it becomes
susceptible to absorption, the process of surface bonding for chemicals. This
characteristic is the main reason for the popularity of activated carbon, as it is ideal
for filtering waste and toxic chemicals out of liquids or gases. [23]

Cellulose Products

Glucose is being used as a resource for the production of the most products in
this biorefinery. It is obvious from figure 4, that during the production of the final
products deriving from glucose, there are also certain intermediates that are being
produced.

The production of glucaric (saccharic) acid and adipic acid are the
intermediate steps for the production of the final product, nylon-66. Nylon-66 is a
very desirable product, as it is chemically extremely stable. It is resistant to weak acid
and is only decomposed by strong mineral acid. Nylon-66 also has a good biological
resistance. Apart from its use in carpeting, clothing and tire cord, it is widely used in
bearings and gears due to its good abrasion resistance and self-lubricating properties.

Another significant path of glucose modification is the production of FDCA-
based polyamides. 2,5-FDCA which is produced by 5-hydroxymethylfurfural (5,-
HMF) is considered to be a very promising chemical, as it is the source of useful
FDCA-based polyamides through a condensation reaction between an amino group
and a carboxylic acid group, like occurring in FDCA. FDCA-based polyamides have a
lot of applications in today’s industry. Carpets, textiles, engineering plastics for
automotive production and electronic applications, are only some indications of the
huge potential of this kind of polyamides. [25]

There is also another way to produce bio-based polyamide and specifically
polyethylene furanoate (PEF) by polymerizing ethylene glycol and 2,5-FDCA. PEF is
ia a very promising replacement of PET which is used for manufacturing plastic
bottles and containers. It is evident, that the greater the share of the market covered by
this product, instead of the respective oil-based, the better for the environment. Till
now, major international companies, like Coca-Cola, have implemented PEF as a
resource in their production line.

The final route of conversion of glucose in this biorefinery includes the
production of isosorbide through sorbitol, in order for isosorbide to be added in PEF.
The new resulting and enhanced polymer is called PEIF [Poly(ethylene isosorbide
2,5-furandicarboxylate)]. The use of bio-based isosorbide as a polymer additive has
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the potential to reduce the amount of petroleum feedstocks used in the polymer
industry, lower emissions like carbon dioxide and offer a higher value-added
alternative for corn growers and other agribusiness. [27]

Hemicellulose Products

The third major component of biomass, xylose, is converted through two
different paths in this process. The first, results in the production of diisocyanate
(diphenylmethane diisocyanate) and the second in the production of trinitrate (1,2,4-
butanetriol trinitrate).

The first step in order to produce diisocyanate from xylose is the production of
furfural. Due to its unsaturated bonds and aldehyde group, furfural is a highly
versatile and key derivative used in the manufacture of a wide range of important
chemicals and its demand is rapidly increasing in different fields, such as oil refining,
plastics, pharmaceutical and agrochemical industries. [28] Afterwards, 3,5-
dimethylisoxazole (furamine) is produced from furfural in order for it finally to be
converted in diisocyanate. After diisocyanate is isolated, it can be used for
polyurethane elastomers (rollers, packing, rubber vibration insulators, synthetic
leather, etc.), spandex fibres and rubber shoe soles. [29] It is obvious that its
applications cover a wide range of the market industry, and thus it is essential to
develop a sustainable production process.

The second path of xylose conversion includes the production of the intermediate
product 1,2,4-butanetriol. This chemical is extremely useful in energetic compounds.
It can be nitrated to form the energetic material 1,2,4-butanetriol trinitrate, which is
less shock sensitive, more thermally stable and less volatile than nitroglycerin. [30]
The nitration takes place under the environmental conditions.
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6. PROCESS FLOWSHEETING OF BIOREFINERY PATHS

During the design and simulation of the production processes in Aspen Plus V7.2,
special attention was given in the following topics:

e The mass ratio of the resources in the feed was always aligned with the
stoichiometry of each reaction.

e The streams did not reach a temperature where any of the desireable products
would be decomposed irreversibly.

e The conditions under which the separation units functioned were feasible to be
achieved in the industry.

e The recycling of the resources was made sure to keep the mass balance of the
process steady.

6.1 Lignin based paths

As it was already mentioned, in this biorefinery, phenolic oligomers, biochar
and activated carbon are produced from lignin. The process which is being followed
along with the inputs and outputs of this process are indicated in the following figure.
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Figure 8: Process of the conversion of lignin to bio-char, activated carbon and oligomers

The lignin feed is pretreated with water and it is undertaking fast pyrolysis in
the absence of oxygen under atmospheric pressure and a temperature of 500°C. A
rapid quenching of the stream exiting the reactor can convert up to 75wt% of
feedstock into bio-oil. The water soluble fraction of bio-oil mainly consists of lignin
derived phenolic oligomers as well as phenolic monomers. [21] The phenolic
oligomers are isolated via a series of distillation columns.

On the other branch of the process, the bio-char which is produced along with
the rest of the solid components is divided from the liquids with the help of a cyclone.
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Then, the pyrolysis of bio-char, while gas is pumped in the reactor in the temperature
of 1000 C and in atmospheric pressure, results in the production of activated carbon.
The oxygenated gas inserts the reactor in such high temperature, in order for the
oxygen to bond in the carbon’s surface.

In tables 4 and 5 the thermal data and the input and output mass flows are
respectively presented.

Table 4: Thermal data of lignin process

No Stream Tin( °C) Tout ( C) Q (MW) | Description
1 500.00 400.00 -0.385 Hot
2 400.00 150.00 -0.993 Hot
3 98.90 25.00 -0.035 Hot
4 152.85 25.00 -0.085 Hot
5 192.00 25.00 -0.013 Hot
6 364.93 25.00 -0.147 Hot
7 -18.60 -19.60 -1.266 Hot
8 99.90 98.90 -3.739 Hot
9 153.85 152.85 -2.945 Hot
10 58.82 59.82 1.059 Cold
11 363.92 364.92 3.829 Cold
12 191.01 192.01 2.931 Cold
13 25.00 350.00 0.280 Cold
14 80.01 500 1.930 Cold
15 59.81 90.04 0.025 Cold
16 -19.60 166.67 0.136 Cold

Table 5: Mass balances of lignin process
Stream Name Layer Input/Output | Mass Flow (kg/hr)
lignin in 9.00
silicon- in 276.53
dioxide
potassium in 4.90
chloride
LIGCAKE water n 2421.79
acetic-acid in 154.13
formic-acid in 19.94
xylose in 148.48
citric-acid in 1474.58
solid lignin in 1.76
NITROGEN N2 in 8531.74
AIR N2 in 2301.248
02 in 698.7516
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STEAM water out 4000.00
SIO2+KCL SI1I02 out 276.53
KCl out 4.90
ACTIVATED act-carbon out 431.53
CARBON water out 2465.91
CcO2 out 2897.45
CcoO out 2280.97
GAS N2 out 8531.74
CcO2 out 208.84
CcoO out 157.31
CH4 out 43.40
WATER-WASTE water out 350.79
guaiacol out 17.04
oligomer out 1.060
water out 412.24
methanol out 34.40
acetone out 9.74
acetic-acid out 13.96
WASTE guaiacol out 41.52
syringol out 13.24
p-ethylphenol out 45.59
water out 13.02
guaiacol out 56.90
MONOMERS syringol out 54.97
p-ethylphenol out 4.89
oligomer out 5.06
OLIGOMERS oligomer out 689.44
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6.2 Cellulose based paths

Glucose is the source of the most final products in this biorefinery. The process
which is being followed as well as the bioconversion technologies applied in each
chain, beginning from glucose and terminating in a final product, is described below.

Glucaric acid production

Glucose is filtered through a series of filters in order to be purified and
afterwards, it is being dissolved in ammonium hydroxide and fermented to D-glucaric
acid (saccharic acid). The fermentation of glucose takes place in the pressure of 1 bar
and in the temperature of 30 ‘C. The main reaction taking place is the following:

Glucose + 1.50, = Glucaric acid + H,O

The amount of glucose which is not fermented into glucaric acid is recycled in
the feed of the process. The process of the glucaric acid production is shown in figure
8. In tables 6 and 6 the thermal data and the input and output mass flows are
respectively presented.

GLUCOSE
GASES
GLUCO. G —> susiil
) Flter 3| Fermentation
GLUCARIC ACID »
NH4+
I_} L LAle o >
NH40H
Figure 9: Process of the conversion of glucose to glucaric acid
Table 6: Thermal data of glucose to glucaric acid
No Stream Tin( °C) Tout ( C) Q (MW) | Description
1 200.00 30.00 -0.027 Hot
2 62.00 30.00 -0.195 Hot
3 29.99 25.00 -0.122 Hot
4 200.00 25.00 -0.284 Hot
5 198.00 25.00 -1.946 Hot
6 62.00 25.00 -0.065 Hot
7 62.00 25.00 -1.052 Hot
8 62.00 25.00 0.285 Cold
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9 24.60 20.00 0.001 Cold
10 15.00 30.00 0.009 Cold
11 25.00 30.00 0.024 Cold
Table 7: Mass balances of glucose to glucaric acid
Stream Name Layer Input/Output | Mass Flow (kg/hr)
glucose in 5771.54
water in 36045.08
solid lignin in 591.81
GLUCOSE dilactic-acid in 1518.70
Na+ in 158.27
OH- in 117.09
NH40H NH4+ in 83.49
OH- in 78.72
AIR N2 in 3964.66
02 in 13096.57
water out 720.90
1 glucose out 116.35
solid lignin out 591.81
dilactic acid out 1518.70
water out 25786.62
2 glucose out 55.99
Na+ out 126.61
OH- out 93.67
water out 6962.41
3 glucose out 55.44
Na+ out 25.32
OH- Out 18.73
water Out 350.62
GASES 02 Out 3181.08
N2 Out 13092.62
CO2 out 50.83
WATER water out 2533.18
glucose out 6.54
NH4+ glucose out 2533.09
Na+ out 6.33
OH- out 83.40
NH4+ out 83.49
GLUCARIC glucaric acid out 3331.68
ACID
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Adipic acid production

After the d-glucaric acid is isolated, it is hydrogenated along with hydrogen
bromide and acetic acid, in adipic acid. This hydrogenation occurs under a 30 bar
pressure and a temperature of 150 C. The reaction which takes place follows:

Glucaric acid + 4H, - Adipic acid + 4H,0

Adipic acid is separated from water and auxiliaries in a series of distillation
columns. The auxiliaries and the glucaric acid which is not consumed by the reaction
are being recycled to the feed stream.

ACETIC ACID
HBR
H1
HYDROGEN  / ] '\
WATER)
H2

ADIPIC ACID,

i @ » Hydrogenation ————»

H3 r
HBR + ACE?’!CAG’D@ GLUCARIC ACID

Figure 10: Process of the conversion of glucaric acid to adipic acid

In tables 8 and 9 the thermal data and the input and output mass flows are
respectively presented.

Table 8: Thermal data of glucaric acid to adipic acid process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 503.98 150.00 0.001 Hot
2 503.98 25.00 0.0004 Hot
3 99.65 25.00 -0.093 Hot
4 117.58 20.00 -0.103 Hot
5 -3.07 -4.07 -1.632 Hot
6 100.65 99.65 -6.857 Hot
7 118.58 117.58 -0.933 Hot
8 118.58 117.58 -0.388 Hot
9 240.01 241.01 2.766 Cold
10 121.64 122.64 5.979 Cold
11 351.95 352.95 1.244 Cold
12 502.98 503.98 0.056 Cold
13 20.00 150.00 0.010 Cold
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14 20.00 150.00 0.063 Cold
15 20.00 150.00 0.000 Cold
16 -4.07 150.00 0.036 Cold
17 117.58 150.00 0.098 Cold

Table 9: Mass balances of glucaric acid to adipic acid process

Stream Name Layer Input/Output | Mass Flow (kg/hr)
GLUCARIC glucaric acid In 3331.68
HBR+ACETIC HBR In 9.60
ACID acetic acid In 0.13
HYDROGEN H2 In 121.31
water out 1084.12
WATER acetic acid out 0.84
HBR out 0.01
adipic acid out 2198.63
ADIPIC ACID acetic acid out 0.84

Nylon-66 production

Finally, nylon-66 is produced through the reaction and polymerization of
adipic acid and hexamethylene diamine in a 1:1 feed ratio. The conditions under
which nylon-66 is manufactured are 30 bars and 240°C. The main reaction taking
place is presented below:

Adipic acid + Hexamethylene - Nylon-66 + H,O

It is then isolated through a series of steam stripping columns. During the
reaction the whole amount of acipic acid and hecamethylene diamine is consumed, so
there is no need for recycling.

HEXAMETHYLENED IAMINE
WATER
WATER +02 + N2
>
ADIPIC ACID Polymerisation
STE4M) WYLON-6,6
—>
_)

Figure 11: Process of the conversion of adipic acid to nylon-66

The thermal data and the input and output mass flows of this process are
respectively presented in the tables 10 and 11.
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Table 10: Thermal data of adipic acid to nylon-66 process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 150.00 25.00 -0.35 Hot
2 73.70 25.00 -0.03 Hot
3 78.89 25.00 -0.01 Hot
4 83.26 25.00 -0.002 Hot
5 20.00 240.00 0.27 Cold
6 20.00 240.00 0.26 Cold
7 15.00 150.00 0.03 Cold
8 15.00 150.00 0.01 Cold
Table 11: Mass balances of adipic acid to nylon-66 process
Stream Name Layer Input/Output Mass Flow
(kg/hr)
ADIPIC glucaric acid in 2198.63
HEXAMETHYLENEDIAMINE hexameth in 1748.26
WATER water out 469.80
STEAM 02 in 210.21
N2 in 692.30
STEAM 02 in 54.25
N2 in 178.66
water out 41.52
WATER+O2+N2 02 out 210.12
N2 out 692.05
water out 7.03
WATER+O2+N2 02 out 54.25
N2 out 178.67
NYLON-66 water out 23.71
nylon-6,6 out 3404.83

5-HMF production

Firstly, in order to produce FDCA based polyamides, glucose has to undergo a
catalytic dehydration with the aim to be converted in 5-hydroxymethylfurfural. [24]
The auxiliaries which are used for this process are acetonitrile, 1,3-diazole and the
solid catalyst molybdenum-trioxide. 5-HMF is synthesized through the reaction:

Glucose 2 5-HMF + 3H,0

5-HMF is isolated through a series of distillation columns and the auxiliaries

along with the amount of glucose that is not consumed are being recycled back to the
feed stream.
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Figure 12: Process of the conversion of glucose to 5-HMF

In tables 12 and 13 the thermal data and the input and output mass flows are
respectively presented.

Table 12: Thermal data of glucose to 5-HMF process

No Stream Tin( C) Tout ( C) Q (MW) | Description
1 154.08 120.00 -0.04 Hot
2 343.30 120.00 -0.01 Hot
3 120.00 78.37 -8.33 Hot
4 76.15 66.14 -1.80 Hot
5 343.30 120.00 -0.01 Hot
6 259.10 20.00 -0.57 Hot
7 205.91 25.00 -0.01 Hot
8 89.96 25.00 -0.32 Hot
9 78.25 77.25 -7.91 Hot
10 260.10 259.10 -0.63 Hot
11 77.16 76.16 -8.63 Hot
12 77.15 76.15 -364.74 Hot
13 67.13 66.13 -353.63 Hot
14 155.08 154.08 -0.42 Hot
15 258.44 259.44 8.35 Cold
16 342.30 343.30 0.63 Cold
17 153.74 154.74 8.69 Cold
18 80.06 81.06 364.79 Cold
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19 88.81 89.81 353.66 Cold
20 204.91 205.91 0.42 Cold
21 60.00 120.00 1.68 Cold
22 15.00 120.00 0.00 Cold
23 15.00 120.00 0.00 Cold
24 66.13 76.16 1.75 Cold
25 81.06 120.00 5.20 Cold

Table 13: Mass balances of glucose to 5-HMF process

Stream Name Layer Input/Output Mass Flow
(kg/hr)
GLUCOSE glucose in 5771.54
water in 147.32
ACETONITRILE acetonitrile in 4.45

1,3-DIAZOLE 1,3-diazole in 0.022
WATER water out 4371.11

LG LG out 80.05
5-HMF 5-HMF out 3919.48

2.5-FDCA production

Afterwards, 5-HMF is undergoing a catalytic fermentation with the help of
sodium chloride and the solid catalyst platinum-monosulfide under a pressure of 6.9
bar and a temperature of 22 C. Furandicarboxylic acid (2,5-FDCA) is produced. 2,5-
FDCA is produced according to the reaction:

5-HMF + 1.50, = 2,5-FDCA + H,0
Sodium chloride is neutralized and 2,5-FDCA is distillated from the by-products.

OXYGEN + WATER

WATER
GASES
>
NAOH 5 5-mea
HMF (100%) Filker |——»| Fermentation —»| Neutralisation _W
—>
NACL
Ha | >

PT/C

Figure 13: Process of the conversion of 5-HMF to 2,5-FDCA

The thermal data and the input and output mass flows of this process are
respectively presented in the tables 14 and 15.
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Table 14: Thermal data of 5-HMF to 2,5-FDCA process

No Stream Tin( °C) Tout ( C) Q (MW) | Description
1 117.48 22.00 -149.21 Hot
2 100.52 50.00 -5.38 Hot
3 50.00 25.00 -0.02 Hot
4 81.46 25.00 -63.50 Hot
5 143.29 25.00 -0.42 Hot
6 221.88 25.00 -0.07 Hot
7 229.65 228.65 -1.52 Hot
8 99.52 100.52 93.65 Hot
9 299.74 300.74 61.64 Hot
10 279.91 280.91 1.35 Hot
11 99.71 99.91 0.01 Hot
12 15.00 99.91 64.17 Hot
13 15.00 99.91 -0.01 Hot
14 15.00 99.91 0.17 Hot
15 -20 99.91 0.04 Cold
16 15 50 0.02 Cold
Table 15: Mass balances of 5-HMF to 2,5-FDCA process
Stream Name Layer Input/Output Mass Flow
(kg/hr)
5-HMF 5,HMF in 3919.49
WATER water in 88405.97
NAOH Na+ in 1428.98
OH- in 1057.19
OXYGEN 02 in 1282.90
HCL HCl in 2449.72
NACL NaCl out 3632.71
GASES water out 89967.04
HCI out 183.37
HFCA HFCA out 927.51
2,5-FDCA 2,5-FDCA out 3832.52

FDCA-based polyamide production

In the end, 2,5-FDCA is polymerized to an FDCA based polyamide. This
polymerization is catalyzed by an amine which is isolated and recycled in order to
minimize the cost of its purchase. The pressure in the reactor is 0.01 bar and the
temperature 220°C. The basic reaction happening is the following:

2,5-FDCA + Amine - Polyamide + 2H,0
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The FDCA-based polyamide is distilled from the water and cooled down to
environmental temperature.

AMINI
—> WATER
2,5 FDCA (100%) g
Polymerization
POLYAMIDE
—) —>
AMINT

Figure 14: Process of the conversion of 2,5-FDCA to FDCA based polyamide

The thermal data and the input and output mass flows of this process are
respectively presented in the tables 16 and 17.

Table 16: Thermal data of 2,5-FDCA to FDCA-based polyamide process

No Stream Tin( °C) Tout ( C) Q (MW) | Description
1 478.54 220.00 0.004 Hot
2 99.65 25.00 -0.08 Hot
3 478.53 25.00 -1.03 Hot
4 100.65 99.65 -0.58 Hot
5 477.54 478.54 0.67 Cold
6 15.00 220.00 0.96 Cold
7 15.00 220.00 0.67 Cold

Table 17: Mass balances of 2,5-FDCA to FDCA-based polyamide process
Stream Name Layer Input/Output Mass Flow
(kg/hr)
2,5-FDCA 2,5-FDCA in 3832.52
water in 1.07

AMINI amini in 2655.19

WATER water out 885.72

POLYAMIDE polyamide out 5603.06

Ethylene glycol production

There is also another way to produce bio-based polyamide and specifically
polyethylene furanoate (PEF), by the reaction and polymerization of glucose-derived
ethylene-glycol and 2,5-FDCA.

At first, glucose is hydrogenated under a pressure of 60 bars and a temperature
of 245 into ethylene glycol, which is then distillated and separated from the by-
products. The reaction according to which ethylene glycol is synthesized is following:

Glucose + 3H, = 3Ethylene glycol
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Figure 15: Process of the conversion of Glucose to Ethylene Glycol

After the reactor, a part of the water along with the gases (N,H») are separated
with a flash and are being recycled in the feed. There are some cases when Aspen
Plus V7.2 cannot close the mass balance if the whole stream is recycled back in the
feed. This is the case in this process, and this is why before recycling it, a small
amount of the stream (usually 10%) is split from the main current in order for the
mass balance to be acceptable for the software. In tables 18 and 19 the thermal data
and the input and output mass flows are respectively presented.

Table 18: Thermal data of Glucose to Ethylene Glycol process

No Stream Tin( °C) Tout ( C) Q (MW) | Description
1 155.01 25.00 -0.20 Hot
2 409.56 25.00 -0.18 Hot
3 506.72 25.00 -1.23 Hot
4 101.54 20.00 -0.43 Hot
5 190.38 20.00 -0.43 Hot
6 156.01 155.01 -0.84 Hot
7 117.89 116.89 -1.47 Hot
8 102.54 101.54 -0.74 Hot
9 410.56 409.56 -0.82 Hot
10 223.14 224.14 2.10 Cold
11 463.59 464.59 1.81 Cold
12 189.38 190.38 1.28 Cold
13 506.46 507.46 0.92 Cold
14 105.00 190 0.32 Cold
15 20.00 190.00 1.09 Cold
16 20.00 190.00 0.06 Cold
17 25.00 50.00 0.20 Cold
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Table 19: Mass balances of Glucose to Ethylene Glycol process

Stream Name Layer Input/Output Mass Flow
(kg/hr)
GLUCOSE glucose in 5771.54
water in 1961.81
HYDROGEN H2 in 1582.07
NITROGEN N2 in 1246.67
WATER(WASTE) water out 1141.40

ethylene glycol out 11.84
WATER water out 571.22
ETHYLENE GLYCOL ethylene glycol out 2397.75
PEF production

Next, the whole amount of ethylene glycol that was produced, reacts with the
whole amount of 2,5-FDCA that was produced in the previous chemical path. The
monomer which derives from this reaction (int-PEF) is polymerized through a series
of reactors under the pressure of 0.01 bars and the temperature of 220°C. [26] The
reactions that took place is indicated below:

2,5-FDCA + 2Ethylene glycol - (int-PEF) + 2H,0
(int-PEF) - PEF + Ethylene glycol
PEF is distilled from ethylene glycol, which is recycled in the feed.

2,5-FDCA

WATER

ETHYLENE GLYCOL |—;

Synthesis of
monomer

P

FEF

Polymerization —>»

ETHYLENE GLYCOL

Figure 16: Process of the conversion of 2,5-FDCA and Ethylene Glycol to PEF

In tables 20 and 21 the thermal data and the input and output mass flows are

respectively presented.
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Table 20: Thermal data of Ethylene Glycol and 2,5-FDCA to PEF process

No Stream Tin( °C) Tout ( 'C) Q (MW) | Description
1 99.11 20.00 -0.19 Hot
2 220.00 208.86 -0.90 Hot
3 55.65 25.00 -0.91 Hot
4 192.02 25.00 -0.17 Hot
5 100.11 99.11 -0.97 Hot
6 145.05 146.05 0.88 Cold
7 191.02 192.02 0.63 Cold
8 20.00 110.00 0.54 Cold

Table 21: Mass balances of Ethylene Glycol and 2,5-FDCA to PEF process

Stream Name Layer Input/Output Mass Flow

(kg/hr)
2,5-FDCA 2,5-FDCA in 3832.52
ETHYLENE GLYCOL ethylene glycol in 2397.75
WATER water out 884.64
ethylene glycol out 834.94
PEF out 4463.12

PEF int-PEF out 11.66

ethylene glycol out 35.87

Sorbitol production

The final route of the conversion of glucose in this biorefinery begins with the
hydrogenation of glucose into sorbitol (P=50 bar, T=190°C). The gases and the water
are separated from the main stream with a two-stage flash, whereas sorbitol is distilled
to be isolated from glucose. The reaction which took place is:

Glucose + H, = Sorbitol

Glucose is recycled in the feed. Part of the stream of glucose is removed for

the same reason which was mentioned in the ethylene glycol flowsheet.
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Figure 17: Process of the conversion of Glucose to Sorbitol

The thermal data and the input and output mass flows of this process are respectively
presented in the tables 22 and 23.

Table 22: Thermal data of Glucose to Sorbitol process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 154.83 25.00 -0.12 Hot
2 158.54 25.00 -1.02 Hot
3 451.73 25.00 -0.79 Hot
4 169.10 168.10 -0.76 Hot
5 404.03 403.03 -0.76 Hot
6 524.40 525.40 2.93 Cold
7 506.37 507.37 0.35 Cold
8 20.00 190.00 1.21 Cold
9 105.00 190.00 0.33 Cold
10 20.00 190.00 0.07 Cold
11 25.00 50.00 0.12 Cold
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Table 23: Mass balances of Glucose to Sorbitol process

Stream Name Layer Input/Output Mass Flow
(kg/hr)
GLUCOSE glucose in 5771.54
water in 1442.89
HYDROGEN H2 in 1753.74
NITROGEN N2 in 1385.23
GASES water out 326.66
H2 out 1716.28
N2 out 1385.23
WATER water out 1116.15

sorbitol out 12.66

SORBITOL sorbitol out 3371.96

Isosorbide production

Sorbitol is undergoing a catalytic dehydration under the pressure of 1 bar and
the temperature of 170 C for the production of isosorbide. Isosorbide was produced
through the following reaction:
Sorbitol + 2H,O = Isosorbide

The amount of sorbitol which is not converted into isosorbide, is recycled in

the feed.

SORBITOL (99%)

»

WATER
Wi L2 RS
Dehydration ISOSORBIDE
SORBITOL

Figure 18: Process of the conversion of Sorbitol to Isosorbide

The thermal data and the input and output mass flows of this process are
respectively presented in the tables 24 and 25.

Table 24: Thermal data of Sorbitol to Isosorbide process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 401.82 170.00 -0.07 Hot
2 158.77 25.00 -0.49 Hot
3 158.77 25.00 -0.08 Hot
4 159.77 158.77 -2.82 Hot
5 400.82 401.82 2.87 Cold
6 25.00 170.00 0.29 Cold
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Table 25: Mass balances of Sorbitol to Isosorbide process

Stream Name Layer Input/Output Mass Flow

(kg/hr)
SORBITOL sorbitol in 3371.96
WATER water out 644.29

1sosorbide out 25.13

sorbitol out 7.42

ISOSORBIDE water out 23.66
isosorbide out 2684.12

PEIF production

Now, an amount of isosorbide is going to be added to the same amount of feed
which was used for the production of polymer PEF, which was produced in the
previous chemical path from ethylene glycol and 2,5-FDCA. Let’s name this
enhanced polymer PEF by the name of PEIF [Poly(ethylene isosorbide 2,5-
furandicarboxylate)]. Whereas the feed of the process contains the whole amount of
the produced ethylene glycol and 2,5 FDCA, the amount of isosorbide which is
contained is the 93.12% of the amount which is produced, due to the stoichiometry of
the reaction. PEIF is synthesized according to the reaction presented below:

2 2,5-FDCA + Isosorbide + Ethylene glycol 2 3H,0 + PEIF
The monomer is polymerized and PEIF is isolated from water in a steam-

stripping column. The amounts of the resources which do not react are being returned
back in the feed.

FEED + WATER
WASTE ;
25-RCA
v
| WATER
ETHYLENE GLYCOL 4 Synthesis of —

R — Polymerisation P

ISOSORBIDE (99%) I 2 >

Figure 19: Process of the conversion of 2,5-FDCA, Ethylene Glycol and Isosorbide to PEIF
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In tables 26 and 27 the thermal data and the input and output mass flows are

respectively presented.

Table 26: Thermal data of Ethylene Glycol, 2,5-FDCA and Isosorbide to PEIF process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 260.00 25.00 -1.53 Hot
2 280.00 180.00 -0.12 Hot
3 213.49 25.00 -0.71 Hot
4 230.73 25.00 -0.23 Hot
5 25.00 260.00 0.52 Cold
6 25.00 260.00 1.26 Cold
7 25.00 260.00 0.40 Cold
8 260.00 280.00 0.07 Cold
9 25.00 300.00 0.78 Cold

Table 27: Mass balances of Ethylene Glycol, 2,5-FDCA and Isosorbide to PEIF process

Stream Name Layer Input/Output Mass Flow
(kg/hr)
2,5-FDCA 2,5-FDCA in 3832.52
ETHYLENE GLYCOL ethylene glycol in 2397.75
ISOSORBIDE 1sosorbide in 2499 .47
sorbitol in 6.91
water in 22.03
STEAM water in 911.64
isosorbide out 418.44
WASTE water out 665.94
ethylene glycol out 1718.77
1sosorbide out 332.15
ethylene glycol out 47.78
WATER water out 914.50
PEIF out 567.74
sorbitol out 6.71
PEIF PEIF out 4039.02
Chapter 6 - Process flowsheeting of biorefinery paths 73




NATIONAL AND TECHNICAL School of Chemical Engineering
UNIVERSITY OF ATHENS Department of Process Analysis and
Plant Design

6.3 Hemicellulose based paths

The process followed in each chain for the production of the intermediates and
final products by using xylose as a resource is described below.

Furfural production

In the first chemical path, xylose is undertaking an acid-catalyzed dehydration
by using sulfuric acid in 8 atmospheres and 180°C. The product of this dehydration is
furfural:

Xylose = Furfural + 3H,0

It is then separated from the by-products to be used as feed for the production
of furamine. The larger amount of the sulfuric acid is being separated in the first
evaporator and is recycled in the feed. The amount of sulfuric acid which exits the
second evaporator is very small, so it is not considered necessary to be recycled.

WATER
XYLOSE >
WATER
H2504 —l
2 FURFURAL
Dehydration
STEAM y 42504
—>

H2504

Figure 20: Process of the conversion of Xylose to Furfural

The thermal data and the input and output mass flows of this process are
respectively presented in the tables 28 and 29.

Table 28: Thermal data of Xylose to Furfural process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 180.00 25.00 -51.28 Hot
2 310.85 25.00 -0.02 Hot
3 92.98 25.00 -0.01 Hot
4 156.14 20.00 -0.12 Hot
5 120.38 119.38 -2.57 Hot
6 94.00 93.00 -0.07 Hot
7 25.00 180.00 0.32 Cold
8 25.00 180.00 37.92 Cold
9 25.00 171.62 12.36 Cold
10 309,85 310,85 0,82 Cold
11 155,18 156,18 0,10 Cold
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Table 29: Mass balances of Xylose to Furfural process

Stream Name Layer Input/Output Mass Flow
(kg/hr)
XYLOSE Xylose in 2875.49
H2S04 H2S04 in 153.66
water in 48425.44
STEAM water in 15886.25
H2S04 H2S04 out 126.58
furfural out 2.28
WATER water out 53.65
furfural out 20.96
FURFURAL water out 3.89
furfural out 1801.21

Furamine production

Afterwards, furfural reacts with hydrogen and ammonia (amination) to
produce furamine. This reaction occurs under the pressure of 90 atmospheres and the
temperature of 75 C and is shown below:

Furfural + H3;N + H, = Furamine + H,O

FURFURAL
FURAMINE
HYDROGEN :E >
Amination e
AMMONIA
1,4-DIOXANE

Figure 21: Process of the conversion of Furfural to Furamine

The thermal data and the input and output mass flows of this process are
respectively presented in the tables 30 and 31.

Chapter 6 - Process flowsheeting of biorefinery paths 75



NATIONAL AND TECHNICAL
UNIVERSITY OF ATHENS

School of Chemical Engineering
Department of Process Analysis and
Plant Design

Table 30: Thermal data of Furfural to Furamine process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 180.00 25.00 0.001 Hot
2 310.85 25.00 -0.03 Hot
3 92.98 25.00 -0.09 Hot
4 156.14 20.00 -0.36 Hot
5 120.38 119.38 0.01 Cold
6 94.00 93.00 0.002 Cold
7 25.00 180.00 0.35 Cold
Table 31: Mass balances of Furfural to Furamine process
Stream Name Layer Input/Output Mass Flow
(kg/hr)
FURFURAL water in 3.89
furfural in 1801.21
HYDROGEN H2 in 37.80
AMMONIA NH3 in 319.25
WATER water out 337.71
FURAMINE furamine out 1820.54
water out 3.89

Diisocyanate production

Furamine is isolated and is led to undergo a catalytic reaction with acetone for
the production of diisocyanate (P=20 atm, T=20C). Diisocyanate is produced through
the reaction:

2 Furamine + 2 Acetone = Diisocyanate + CO, + 8H,

FURAMINE
WASTE
WATER Catalytic Reation DIISO CYANATE
>
ACETONE

Figure 22: Process of the conversion of Furamine to Diisocyanate(MDI)

The thermal data and the input and output mass flows of this process are
respectively presented in the tables 32 and 33.
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Table 32: Thermal data of Furamine to Diisocyanate process

No Stream Tin( °C) Tout ( °C) Q (MW) | Description
1 93.33 92.33 -79.56 Hot
2 92.33 25.00 -3.18 Hot
3 337.55 25.00 -0.32 Hot
4 336.55 337.55 82.87 Cold

Table 33: Mass balances of Furamine to Diisocyanate process

Stream Name Layer Input/Output Mass Flow

(kg/hr)

FURAMINE furamine in 1820.54
water in 3.89

WATER water in 4229.23

ACETONE acetone in 2045.21

H2 out 136.04

water out 4233.15

WASTE furamine out 182.05
diisocyanate out 20.85

acetone out 1065.33

CO2 out 371.25

DIISOCYANATE diisocyanate out 2090.23

1.2.4-Butanetriol production

Xylose can be also converted in 1,2,4-butanetriol, which is produced by
fermentation of xylose under environmental conditions and is then isolated through a
series of distillation columns. The xylose residue is recycled in the feed. The basic
reaction for this process is indicated below:

Xylose = Butanetriol + CO,

coz
—>
XYLOSE
WATER
—)
WATER :
»| Fermentation
1,2,4-BUTANETRIOL
r 4
XYLOSE

Figure 23: Process of the conversion of Xylose to 1,2,4-Butanetriol
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In tables 34 and 35 the thermal data and the input and output mass flows are
respectively presented.

Table 34: Thermal data of Xylose to 1,2,4-Butanetriol process

No Stream Tin( °C) Tout ( C) Q (MW) | Description
1 441.93 20.00 -0.35 Hot
2 84.96 83.96 -306.31 Hot
3 84.88 83.88 -290.97 Hot
4 271.84 20.00 -0.48 Hot
5 440.93 441.93 317.54 Cold
6 270.84 271.84 291.32 Cold
7 -16.68 25.00 6.43 Cold

Table 35: Mass balances of Xylose to 1,2,4-Butanetriol process

Stream Name Layer Input/Output | Mass Flow
(kg/hr)
XYLOSE xylose in 2875.49
WATER water in 149449.33
CO2 CO2 out 703.59
water out 57.83
WATER water out 149391.49
CO2 out 139.34
1,2,4-BUTANETRIOL 1,2,4-butanetriol out 2032.56

Trinitrate production

Lastly, 1,2,4-butanetriol is nitrated in order to be converted in 1,2,4-Butanetriol
Trinitrate:
Butanetriol + 3HNO3; = Trinitrate + 3H,O
Trinitrate is separated from 1,2,4-butanetriol and from the water which is used
for the nitration, both of which are recycled to the initial feed.
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WATER
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Figure 24: Process of the conversion of 1,2,4-Butanetriol to Trinitrate

In tables 36 and 37 the thermal data and the input and output mass flows are
respectively presented.

Table 36:Thermal data of Xylose to 1,2,4-Butanetriol process

No Stream Tin( C) Tout ( C) Q (MW) | Description
1 98.04 20.00 -0.11 Hot
2 271.84 20.00 -0.02 Hot
3 98.04 25.00 -0.09 Hot
4 201.33 25.00 -0.15 Hot
5 99.04 98.04 -12.29 Hot
6 202.33 201.33 -0.21 Hot
7 201.00 202.00 1.11 Cold
8 270.84 271.84 0.21 Cold

Table 37: Mass balances of Xylose to 1,2,4-Butanetriol process

Stream Name Layer Input/Output | Mass Flow
(kg/hr)
1,2,4-Butanetriol 1,2,4-butanetriol in 2032.56
HNO3 HNO3 in 149449.1
WATER water out 379.99
HNO3 out 98.52
TRINITRATE trinitrate out 149391.49
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7. ECONOMIC DATA

It is also very important for the analysis that is going to follow to know the
prices of the intermediates and final products, as well as the auxiliary market prices
used in this biorefinery. The market prices of the intermediates and final products are
presented in table 38, while the market prices of the auxiliaries are presented in table

39. [36]
Table 38: Market prices of the intermediates and final products in euros/kg
Chemical Price(US dollars/kg) Price(Euros/kg)
Oligomers and Activated
Carbon 2.8 2.492
Furfural 1.32 1.175
Furamine(3,5-
Dimethylisoxazole) 1.5 1.335
Diisocyanate 2.5 2.225
1,2,4-Butanetriol 4.665 4.151
1,2,4-Butanetriol Trinitrate 2.3 2.047
Glucaric acid 1.4 1.246
Adipic acid 2.6 2.314
Nylon-6,6 2.5 2.225
HMF 10 8.899
2,5-FDCA 3.796 3.378
Polyamide 0.99 0.881
Ethylene Glycol 0.9 0.801
PEF 2.5 2.225
Sorbitol 0.615 0.547
Isosorbide 5.2 4.628
PEIF 2.7 2.403

Table 39: Market prices of the auxiliaries used in the processes in euros/kg

Chemical Price(US dollars/kg) Price(Euros/kg)

Fresh water 0.001 0.001
Glucose 0.5 0.44
Xylose 2.5 2.20
Ammoniumhydroxide 0.61 0.54
Acetic acid 0.6 0.53
HBR 13 1.14

Hydrogen 0.0015 0.0013
NaOH 0.83 0.73
Oxygen 6.27 5.51
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Amini 52 4.57
Nitrogen 8.5 7.46
Sulfuric acid 0.32 0.28
Hexamethylene 2.75 2.41
Ammonia 0.65 0.57
Acetone 3.065 2.69
Nitric acid 0.45 0.40
Acetonitrile 7.67 6.74
1,3-diazole 95 8.34

The investment cost of each process was calculated with the help of the Economic
Evaluation add-in of Aspen-Plus V7.2 and it is presented in million euros in table 40.

Table 40: Investment and operating cost of each process in million Euros

Process Investment Operating
Cost(million | Cost (million
Euros) Euros/yr)

CIMV 27.46 56.50

Acivated 10.08 2.90
Carbon+Oligomers

Furfural 17.96 17.96
Furamine 8.18 2.84
Diisocyanate 47.66 7.15
1,2,4-Butanetriol 421.75 46.5
Trinitrate 15.16 4.41
Glucaric acid 3.17 0.94
Adipic acid 4.07 0.69
Nylon-66 42.40 0.87

5-HMF 40.29 191.9

2,5-FDCA 36.39 41.99
Polyamide 2.04 1.51
Ethylene Glycol 7.35 2.69
PEF 3.38 1.78
Sorbitol 4.75 1.59
Isosorbide 3.26 1.02
PEIF 5.28 1.62
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8. ENERGY INTEGRATION AND COST ANALYSIS WITH OSMOSE

Osmose, the tool which was developed and still is developing in EPFL was used
for the individual integration of each chemical path in the biorefinery. The lignin path
was not integrated in this program. The paths which have been integrated are shown

in figure 24.
5771,54 kg/hr
BIOMASS Glucose
2875,49 kg/hr
Xylose

3331,68 kg/hr 2198,63 kg/hr 3404,83 kg/hr
Glucarate Adipate Nylon
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2,5-
HMF Polyami
FDCA SHPATIR
2397,75 kg/h
4 4463,12 kg/hr
Ethylene ‘hﬁ
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Sorbitol Isosorbide %
1801,21 kg/hr 1820,54 kg/hr 2090,23 kg/hr
Furfural Furamine

2032,56 kg/hr

4387,18 kg/hr

Butanetriol

Trinitrate

Figure 25: Chemical paths of the biorefinery integrated with the help of osmose

Basically, each path is integrated by assuming that the whole amount of the
intermediate products is used for the production of the final products. In that way, the
size of the utilities needed to cover the energy needs of the production line for each
final product is determined. If the cost of the resources and the income of the products
is taken also into consideration, there can be an estimation of the profitability of each
chemical path. It is also assumed that the entire amount of the final products can be
absorbed from the market. Another important aspect in this analysis is that the CIMV

through which biomass is disintegrated in glucose and xylose is not integrated.
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In order for osmose to give the expected results, the appropriate input has to be

inserted by the user. Before osmose runs, the following variables should be defined:

1) The utilities (hot and cold) which will be applied in the biorefinery.

2) The market prices and the size of the resources (main input and auxiliaries).

3) The market prices and the size of the services (final products and by-
products).

4) The thermal data regarding each process as presented in the above chapter
(initial temperature, targeted temperature and utility).

5) The mass data regarding each process as presented in the above chapter (input
and output of each process)

6) The investment cost of each process as it was estimated in Aspen V7.2. It has
to be noted that Osmose, in order to implement the investement cost to the
profit which is calculated for each chemical path, it annualizes it based on the
estimation that the lifetime of the biorefinery is 25 years and that it produces
8760 hours per year.

The levels of utilities which were applied in the biorefinery are shown in table 41.

Table 41: Levels of utility which are used as input in osmose

Utility Tin(C) | Tou(C) | Default Size (kW) | Cost
Boiler 800 1000 750 1
Cooling (Fresh water) 5 15 100 0.1
Cooling2 (Refrigeration -100 -90 100 0.15
Cycle)

The utilities which were defined are the following:

One boiler with inlet temperature 800 C, outlet temperature 1000 C and a default size
of 750 kW, as well as two cooling utilities. The first one was fresh water with inlet
temperature 5 C, outlet temperature 15 C and default size of 100 kW. The second one
was produced from a refrigeration cycle with inlet temperature -100C, outlet
temperature -90C and default size of 100 kW.

According to the thermal data of each process, osmose integrates each chemical
path and gives a multiplication factor for each utility applied in each chemical path,
which if multiplied with the default size of the utility, gives the demand of the certain
level of utility for a certain chemical path. Thus, the multiplication of this factor with
the default size defined for each utility, results in the estimation of the actual size of
each utility that each path needs. In table 42 you can see the multiplication factors
given for each utility and in table 43 the sizes of the utilities which result from these
multiplication factors.
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Table 42: The multiplication factors for each utility in each integrated chemical path

Multiplication Factor
Final Product Boiler Cooling Coolingl

Diisocyanate 85.26 881.13 0
Trinitrate 609.87 6094.94 0

Nylon-66 19.40 232.50 33.39
Polyamide 295.89 978.35 0
PEF 114.04 381.3247 0
PEIF 90.54 297.7209 0

Table 43: The size of the demand of each level of utility for each integrated chemical path

Size of Utility demands (MW)
Final Product Boiler Cooling Coolingl

Diisocyanate 63.94 88.11 0
Trinitrate 457.40 609.49 0

Nylon-6,6 14.54 23.25 3.34
Polyamide 221.92 97.84 0
PEF 85.53 38.13 0
PEIF 67.90 29.77 0

As it has been already pointed out, each path is integrated in total, as the only
choice that is being given is to produce and sell the final product of each path, and not
the intermediates. As a result, each of the grand composite curves which follow
includes the thermal data for the sum of the processes which belong in a chemical
path. The investment cost of each path is calculated by summing the investment costs
of each process included in this certain path. The profit of each chemical path is
calculated by abstracting the cost of the resources by the income deriving from the
selling of the products and the by-products.

As a result, in order to be able to characterize the production of a final product
profitable, the profit has to have a positive value. In table 44, the investment cost and
the profit of each path as they were calculated from osmose are presented in million
US dollars and million Euros.
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Table 44: Investment cost and profit regarding the production of each final product

Investment | Investment Profit Profit
Final Product Cost Cost (million US (million
(million US | (million dollars) Euros)
dollars) Euros)

Diisocyanate 0.71 0.63 -2.16 -1.92
Trinitrate 4.2 3.73 -8.56 -7.62
Nylon-66 0.98 0.87 11.24 9.99
Polyamide 6.03 5.37 -6.42 -5.71

PEF 2.43 2.16 -6.14 -5.47
PEIF 1.79 1.59 -6.07 -5.40

As you can see on the above table, the only final product which results in positive
profit is Nylon-66.

The diagrams presenting the Grand Composite Curve and the Composite Curve of
each integrated chemical path are given in Appendix C.

Finally, the energy savings during the integrated production of each final product is
shown in table 45.

Table 45: Energy savings for each chemical path after the energy integration

Initial Energy Energy Needs after Energy Saving
Needs Individual Integration (%)
Process (MW) (MW)
Hot Cold | Hot Utility | Cold Utility | Hot Cold
Utility | Utility Utility | Utility
Diisocyanate | 134,76 | 137,62 63,94 88,11 52,55 35,98
Trinitrate | 616,62 | 610,97 457,40 609,49 25,82 0,24
Nylon-66 14,54 | 26,59 11,81 12,52 18,76 41,62
Polyamide | 968,54 | 968,84 221,92 97,84 77,09 89,90
PEF 976,79 | 973,51 85,53 38,13 91,24 96,08
PEIF 982,97 | 983,00 67,90 29,77 93,09 96,97
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9. ENERGY INTEGRATION AND COST ANALYSIS BY APPLYING
THE TRANSSHIPMENT MODEL

In this chapter, the energy integration of each process is going to occur through a
different approach based on the transshipment model (Papoulias and Grossman). This
time, each process in each path is going to be individually integrated. In addition,
different combinations of levels of steams are going to be studied, in order to
conclude which is the most cost-effective for this biorefinery. This time, the whole
biorefinery is integrated along with the CIMV and the lignin process. Due to the huge
amount of data which need to be used for the extraction of the desirable results, the
problem was automatized by simulating it in GAMS. The code describing the
transshipment model in a GAMS format is given in Appendix B.

After the design of each process in Aspen Plus V7.2 and the estimation of the
investment and operating cost with the help of the same program, each process was
integrated individually for a DTmin=10"C.

At first, the program ran with only two utilities as input, the maximum hot and
the minimum cold utility needed, in order for the GCC of each process to be designed.
Afterwards, the same processes were individually integrated for different
combinations of utilities. The levels of utilities which were applied along with their
market prices (Douglas, 1988) are shown in the tables 46 and 47 below.

Table 46: The market prices of different levels of hot utilities applied in the processes of the biorefinery

Low Price Medium Price High Price
Pressure (million | Pressure | (million | Pressure | (million
Steam (LP) | Euros/M | Steam | Euros/M | Steam | Euros/
W/yr) (MP) W/yr) (HP) | MW/yr)
100 0.0365 180 0.0544 345 0.0641
Saturation 120 0.0429 200 0.0596 445 0.0645
Temperatur 140 0.0451 - 545 0.0648
e (C) 160 0.0482 - -
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Table 47: The market prices of different levels of cold utilities applied in the processes of the biorefinery

Price
Cold utility (million
Euros/MW/yr)

25 0.0191

Temperature 0 0.0562
(O -10 0.1083
-15 0.2242

-30 0.4242

The algorithm which has been composed in GAMS is solved for steady high
pressure steam utilities and cold utilities, but for different combinations of low and
medium pressure steam utilities. Each combination consists of three utilities. Thus,
the possible combinations of utilities are twenty. The size of each utility for each
combination is defined with the aim to minimize the cost of the utilities. In the tables
below, the total cost of each combination of the utilities in a declining order is
presented, as well as the size of the utilities needed to satisfy the energy demands of
each process matching the cheapest utility combination. It is important to point out
that there was not a solution which included the cold utility of -10°C, so it will not be
taken into consideration from now on. The possible utility combinations along with
their annual cost are presented in the table 48. It is important to point out that this cost
refers to the sum of the utilities used for each occasion. Thus, the three hot utilities
and the four cold utilities which are steady in every combination are included in the
cost indicated in table 48.

Table 48: Possible utility combinations and their annual cost in an increasing order

Number of Utility Utility Combination ( C) Cost (million
Combination Euros/MW/yr)
1 160-120-100 115.086
2 160-140-100 115.220
3 180-140-100 115.248
4 180-120-100 115.264
5 140-120-100 115.301
6 200-140-100 115.372
7 180-160-100 115.506
8 200-120-100 115.514
9 200-160-100 115.535
10 200-180-100 116.344
11 180-160-120 119.638
12 160-140-120 119.648
13 200-160-120 119.667
14 180-140-120 119.676
15 200-140-120 119.800
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16 200-180-120 119.885
17 180-160-140 121.367
18 200-160-140 121.396
19 200-180-140 121.463
20 200-180-160 123.967

The most cost-effective combination of the utilities is easily conducted and
includes the levels of steam of 160°C, 120°C and 100°C, as well as the steady hot and
cold utilities.

Also, the model created in GAMS not only gives the best combination of
utilities, but also the optimum way of distributing them according to the needs of each
process. In table 49, the optimum way of the distribution of each level of utility in
each process is presented.

Table 49: Size of the optimum combination of utilities in MW needed to satisfy the energy demands of each

process
Duty
(0) 545.4 | 4454 | 3454 | 160 | 120 | 100 25 0 -15 | -30
Process
1 0.016 | 34.269 17.823 | 0.787
P 3.685 | 0.567
3 18.688 | 2.501
4 0.087 3.902 3.136 0.01 5.287 1.266
5 3.52 0.0005 2.739 3.323
6 0.106 0.018
7 82.871 82.58 0.483
8 317.54 291.19 591.538
9 1.316 12.817 | 0.043
10 3.081 | 0.578
11 0.056 1.244 2.765 6.109 | 0.001 8.278 0.019 | 1.632
12 0.214 0.027 0.04 0.02
13 0.631 16.589 | 1.051 717.09 | 737.145 | 0.085
14 62.989 95.08 | 7.419 32.059 | 6.912
15 0.67 0.06 0.11 0.22
16 2.647 1.985 0.02 3.09 0.128
17 0.378 0.917 | 0.065 1.419 0.315
18 3.872 1.654 | 0.066
19 2.872 3.122 | 0.042
20 0.419 | 0.057 | 0.029 | 0.093 0.107
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For a more simplified presentation of the results the processes in the table 49
were represented by numbers. In the table 50 which follows, the relevance between
the numbers and the processes is indicated.

Table 50: Listing of the processes included in the biorefinery

Number of process Process
1 CIMV
2 C5-Hydrolysis
3 C6-Hydrolysis
4 Lignin—>Oligomers and Activated Carbon
5 Xylose—>Furfural
6 Furfural> Furamine(3,5-Dimethylisoxazole)
7 Furamine-> Diisocyanate
8 Xylose—>1,2,4-Butanetriol
9 1,2,4-Butanetriol=> 1,2,4-Butanetriol Trinitrate
10 Glucose—>Glucaric acid
11 Glucaric acid-> Adipic acid
12 Adipic Acid>Nylon-6,6
13 Glucose>HMF
14 HMF->2,5-FDCA
15 2,5-FDCA->Polyamide
16 Glucose—>Ethylene Glycol
17 Ethylene Glycol+2,5-FDCA —>PEF
18 Glucose—> Sorbitol
19 Sorbitol>Isosorbide
20 Ethylene Glycol+2,5-FDCA-+Isosorbide—>PEIF

Now, the GCC of each process is going to be designed along with the sizes
and levels of the optimum combination of the utilities which were presented in table
49. The GCC curves were designed with the help of the “Pinch Analysis Spreadsheet”

of ChemE.
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Figure 26: Graph of the Grand Composite Curve and the minimum hot and cold utilities for the CIMV process
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Figure 27: Grand Composite Curve for the C6-Hydrolysis process
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Figure 28: Grand Composite Curve for the C5-Hydrolysis process
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Figure 29: Grand Composite Curve for the Lignin process
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Figure 30: Grand Composite Curve for the Furfural production process
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Figure 31: Grand Composite Curve for the Furamine production process
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Figure 32: Grand Composite Curve for the Diisocyanate production process
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Figure 33 Grand Composite Curve for the Butanetriol production process
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Figure 34 Grand Composite for the Butanetriol to Trinitrate process
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Figure 35: Grand Composite Curve for the Glucaric acid production process
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Figure 36: Grand Composite Curve for Adipic acid production process
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Figure 37: Grand Composite Curve for Nylon-66 production process
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Figure 38: Grand Composite Curve for 5-HMF production process
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Figure 39: Grand Composite Curve for the 2,5-FDCA production process
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Figure 40: Grand Composite Curve for Polyamide production process
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Figure 41: Grand Composite Curve for the Ethylene Glycol production process
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Figure 42: Grand Composite Curve for PEF production process
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Figure 43 Grand Composite Curve for the Sorbitol production process
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Figure 44 Grand Composite Curve for Isosorbide production process
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Figure 45: Grand Composite Curve for the PEIF production process
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The energy integration of each process by combining a lot of different utility
levels resulted in significant energy savings. The hot and cold utility needs before and
after the energy integration, along with the energy savings of each process is shown in

table 51.
Table 51: Energy savings of each process due to the energy integration
Initial Energy Energy Needs after Energy Saving (%)
Needs (MW) Individual Integration
Process MW)
Hot Cold | Hot Utility | Cold Utility | Hot | Cold Utility
Utility | Utility Utility
CIMV 101.91 | 111.68 34.29 44.05 66.36 60.56
Furfural 51.53 | 54.07 3.52 6.06 93.17 88.79
Furamine 0.36 0.49 0.00 0.12 100.00 74.48
Diisocyanate | 89.56 | 92.23 82.87 83.06 7.47 9.94
Butanetriol | 615.30 | 598.10 608.73 591.54 1.07 1.10
Trinitrate 1.32 12.87 1.32 12.86 0.44 0.05
Oligomers- 10.19 9.61 7.14 6.55 29.99 31.80
Activated
Carbon
Glucaric 0.32 3.96 0.00 3.94 100.00 0.44
Acid
Adipic Acid | 10.93 | 11.18 10.01 10.25 8.44 8.25
Nylon-66 0.57 0.38 0.24 0.06 57.46 84.38
HMF 745.17 | 747.04 735.36 737.23 1.32 1.31
2.5-FDCA | 221.06 | 220.11 142.83 142.83 35.39 35.11
Polyamide 2.30 1.68 0.84 0.22 63.51 86.90
Ethylene 7.78 6.35 4.65 3.22 40.24 49.32
Glycol
PEF 2.77 3.14 1.36 1.73 50.92 44.86
Sorbitol 5.01 345 3.28 1.72 34.48 50.10
Isosorbide 3.16 3.45 2.87 3.16 9.10 8.33
PEIF 0.78 2.60 0.55 0.11 29.83 95.60

During the calculations that were made in order to build the table 51, in the
CIMV process were included the thermal streams of C5-Hydrolysis and Cé6-
Hydrolysis. This decision was made in the basis that in the real life CIMV process the
hydrolysis of the C5 and C6 sugars is implemented in it.

Finally, the energy cost as it was calculated based on the analysis that took
place in this chapter and for the optimum combination of utilities along with the
investment and operating cost of each process are shown in table 52.
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Table 52: Investment, operating and energy cost of each process and total annual cost of each final product in

the biorefinery

Process Annualized Operating Cost Energy Cost Total Energy cost
Investment | (million Euros/yr) | (million Euros/yr) of the final
Cost(million product (million
Euros/yr) Euros/yr)
CIMV 18.83*10 56.50 2.63 2.63
Oligomers- 2.90 1.09
Activated Carbon 2.36*%107 1.09
Furfural 3.67%107 17.96 0.47
Furamine 9.12%107 2.84 0.003 7.423
Diisocyanate 16.25%10 7.15 6.95
Butanetriol 7.41%107 46.5 50.54
Trinitrate 43.13%10° 4.41 0.33 50.87
Glucaric Acid 381.73*107 0.94 0.09
Adipic Acid 13.72*%10° 0.69 1.08 1.19
Nylon-66 2.87%107 0.87 0.02
HMF 3.68%107 191.9 41.41
2.5-FDCA 38.37*%107 41.99 9.39 50.86
Polyamide 36.46%107 1.51 0.06
Ethylene Glycol 32.94*107 2.69 0.37
PEF 1.85%10° 1.78 0.12 51.66
Sorbitol 6.66*107 1.59 0.28
Isosorbide 3.06%107 1.02 0.25 51.37
PEIF 4.30%10” 1.62 0.04

The investement cost was annualized by assuming, like in Osmose, that the
biorefinery has an estimated lifetime of 25 years, and it is under full operation for
8760 hours per year. The total energy cost for the production of each final product is
calculated by adding the energy cost of each individual process which participates in
its production. It has to be noted that for the production of PEF, where 2,5-FDCA is
also input, the energy cost of the HMF and 2,5-FDCA process is included. With the
same logic, ethylene glycol and 2,5-FDCA are used as input for the production of
PEIF, as a result their energy cost will be included in the calculation of the total
energy cost for the production of PEIF.
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10. CONCLUSIONS AND COMMENTS ON THE RESULTS

In this thesis, a lignocellulosic biorefinery was designed and integrated by using
two different approaches. The importance of the development of a biorefinery which
uses lignocellulosic feedstock has already been pointed out extensively. The abudance
of this kind of feedstock makes this field lucrative for a full extent research. As these
chemical paths are in an early development stage, it is very important to start having a
more completed image on the cost-efficiensy and sustainability of each process. If
these chemical routes are developed completely, the world industry is going to be
extremely beneficiated, as many of the final products in this biorefinery can substitute
fossil fuel-based materials which cover a considerable size of the market. For
example, PEF is already being used instead of the plastic PET efficiently. The results
presented in this thesis can be used to get a feeling of the possibilities and the barriers
arising during the development of these chemical paths.

Of course, it has to be pointed out that during this simulation of the biorefinery
plant there are some deviations from reality. When designing processes in Aspen Plus
V7.2, many approximations have to be made regarding the properties of the chemicals
and the process conditions. Also, the energy and mass losses which are recorded in a
real life biorefinery due to the equipment are not taken into consideration. The most
important in this thesis is to get a grip of the cost effectiveness and the amount of
energy needed for building these processes.

Osmose — Lua provided us with results regarding the energy cost of the
production of each final product, as well as the possible profit that each final product
might arise. It is mentioned again that it is assumed that the capacity of the final
products can be absorbed from the market and that the whole amount of the
intermediates is used for the production of the final product. As it is observed, the
only final product which is profitable is Nylon-66. However, after the energy
integration the most energy is saved during the production of PEIF and PEF. There is
an explanation for that. In order for PEF and PEIF to be produced, more than one
intermediates of the biorefinery tree is combined. For the production of PEF, the
whole amount of 2,5-FDCA and ethylene glycol is used, whereas for the production
of PEIF 2,5-FDCA, ethylene glycol and isosorbide is used. When the chemical path
regarding any of these two chemicals is integrated, the production processes of all the
intermediates used as resources are integrated in a big Grand Composite Curve.

On the other hand, we have to accept that an approach like this is not completely
realistic, as it is impossible in a real life biorefinery for all the streams of a chemical
path to be able to exchange energy with one another. There are some restrictions due
to the kind of equipment which is being used and the distance between each process
of a chemical path. Just because the production of one chemical leads to the
production of another, the respective industrial plants are not necessarily located next
to one another.
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Moreover, as you can see in table 44, the final product with the less damage is
diisocyanate. With some adjustments in the utilities or the resources used, it can be
the second to reach a positive amount of profit.

During the transshipment method, each process was integrated individually and
several combinations of utilities where applied in order to define the most economic
one. The cold utilities in 25°C, 0 °C, -15 °C and -30 °C as well as the high pressure
steams in 345 °C, 445 °C and 545 °C were included in all the combinations. The triplet
of the low pressure steams which proved to be the most economic included the levels
of 100°C, 120°C and 160°C. The cost of the 10 utilities used in total reached 115.086
million Euros/MW/yr. As it can be observed in the table 48, the total energy cost
increases significantly each time the lower level of steam increases. The most
economic utility combinations are the ones which contain the utility of 100 *C. When
the lowest steam level is 120 °C the cost increases rapidly by almost 3 million euros.
The same happens when 140 °C becomes the lowest steam level. The energy cost
increases by almost 2 million euros. These changes in the energy cost according to the
combination of utilities can be better indicated in the figure 25.
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Figure 46: Differentiation of total energy cost according to the combination of utilities

Apart from which combination is the best, the model which was constructed in
GAMS gave us the opportunity to know the size of each level of utility for each
process. Without this information, it would not be possible to calculate the energy
costs as it was described before.

The most energy savings are identified during the production of furfural,
furamine and polyamide. On the other hand, during the production of diisocyanate,
butanetriol, trinitrate and 5-HMF, the energy savings resulting from the energy

Chapter 10 -Conclusions and comments on the results 104



NATIONAL AND TECHNICAL School of Chemical Engineering
UNIVERSITY OF ATHENS Department of Process Analysis and
Plant Design

integration are quite small. This is confirmed by the large energy cost of the utilities
needed to cover the energy need of these processes. In figure 47, there is a schematic
presentation of the total energy cost of each final product.
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Figure 47: Graph presenting the energy cost for the production of each final product

Additionally, according to table 52, the final product with the less total annual
energy cost is nylon-66, the same product which resulted in profit in the results of
osmose. Thus, it can safely be deduced by both methods, that the most cost-efficient
final product is nylon-66.

Although Osmose is a very handy integration tool, easy to become familiar with,
it has one major disadvantage. If the user wants to find the most economic
combination of utilities between a series of different levels, he has to make tests by
changing the input and then compare the economic results. On the other hand, the
model constructed in GAMS based on the transshipment model can do this job
automatically. This is a huge advantage, especially when the amount of data is quite
big and not easy to handle. Also, as it was already mentioned, the energy integration
of a whole chemical path in one grand composite curve is thermodynamically
possible, but not realistic.

However, the results provided for the energy integration and the profit of each
final product are considered reliable and can be used to make decisions on how to
proceed further in the designing of a process. It also offers services which extend to a
much wider field, such as the estimation of the environmental impact, information
which can be of great use to the designer.
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Future Goals

The analysis made until now, provided the possibility to calculate the
minimum energy demands of each process, which derive from their individual energy
intergration between their streams. However, when a number of processes is included
in a larger industrial unit, like the biorefinery, it is possible to integrate the processes
between each other.

Usually, in an analysis like this, the heat transfers indirectly from one process to
another by using a means of heat transfer, like steam. Practically in every industrial
plant production and consuming of steam in different levels of pressure is observed.
These levels of pressure are of course specified for each process. Thus, by using an
appropriate system, an amount of steam which is produced during a process can be
used to cover the energy needs of another, if it has the suitable pressure level.

It is obvious that an approach like this would reduce even more the energy
demands and thus the energy cost of the biorefinery. It is a promising expansion of the
problem which was studied in this thesis, worthy of attention.
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12. APPENDICES
12.1 Appendix A-Thermal and mass data of CIMYV process
Table 53: Capacity of the CIMV process
Capacity (kg/hr) C5_Output | C6_Output | Lignin
Cs 2556 1067 0
Co 243 6493 0
Lignin 0 0 3047.06
Citric acid 3374 0 1474.58
Water 3322 30664 2421.79
Table 54: Thermal data of CIMV process
Stream | Tin | Tout (‘C) DeltaH Description
(0 (MW)

1 105.0 105.0 4.20 Hot

2 105.0 103.0 8.05 Hot

3 90.5 85.0 3.85 Hot

4 101.8 100.4 2.08 Hot

5 41.1 31.5 1.05 Hot

6 80.0 61.1 0.41 Hot

7 61.0 25.0 1.35 Hot

8 105.0 85.0 8.10 Hot

9 85.0 75.9 0.22 Hot

10 67.5 59 0.25 Hot

11 71.0 15.0 0.98 Hot

12 85.0 85.0 0.00 Hot

13 99.8 82.1 0.41 Hot

14 102.0 100.0 0.01 Hot

15 137.6 85.0 0.06 Hot

16 110.5 71.0 0.89 Hot

17 102.9 80.0 1.05 Hot

18 102.9 100.0 0.09 Hot

19 74.2 74.2 3.3 Hot

20 71.2 71.2 3.3 Hot

21 69.3 69.3 3.3 Hot

22 80.8 80.8 4.5 Hot

23 79.9 79.8 4.5 Hot

24 127.6 127.6 17.0 Hot

25 113.5 113.5 17.0 Hot

26 73.0 105.0 10.96 Cold
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27 85.0 85.0 2.49 Cold
28 102.4 102.4 2.00 Cold
29 66.6 90.0 2.90 Cold
30 61.0 90.0 0.99 Cold
31 21.9 73.0 1.09 Cold
32 19.9 85.0 2.12 Cold
33 26.3 85.0 2.35 Cold
34 85.0 109.0 2.50 Cold
35 85.0 99.8 0.35 Cold
36 80.3 99.6 4.62 Cold
37 15.0 151.9 1.18 Cold
38 79.8 99.5 0.32 Cold
39 100.0 100.0 0.01 Cold
40 59.0 60.0 0.02 Cold
41 75.8 102.9 3.28 Cold
42 102.9 105.0 11.54 Cold
43 76.7 76.8 33 Cold
44 73.2 73.2 33 Cold
45 70.2 70.2 33 Cold
46 82.4 82.4 4.5 Cold
47 80.3 80.3 4.5 Cold
48 142.9 142.9 17.0 Cold
49 126.8 126.8 17.0 Cold
Table 55: Thermal and mass data of C5-Hydrolysis
Capital Cost (mil. Euros) 2.610
Operating Cost (mil. Euros) 1.226
Capacity of Xylose stream Water Xylose Glucose
(kg/hr) 1953.90 2875.49 267.30
Stream Tin ('C) Tout (‘C) | DeltaH (MW) | Description
1 105 25 -4.53785 Hot
2 33.95 60 0.28513 Cold
Table 56: Thermal and mass data of C6-Hydrolysis
Capital Cost (mil. Euros) 4.050
Operating Cost (mil. Euros) 1.500
Capacity of Glucose stream Water Xylose Glucose
(kg/hr) 2089.17 1091.25 5771.54
Stream Tin (°C) Tout (‘C) | DeltaH (MW) | Description
1 105 25 -20.00914 Hot
2 90 60 -1.18023 Hot
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12.2 Appendix B - Individual integration in GAMS

Individual integration in GAMS

sk ok s sk sk sk sk sk ok s sk sk sk sk sk sk s sk sk sk sk sk sk s sk sk sk sk sk sk s ke sk sk sk sk sk s sk s sk sk sk sk s ke sk sk sk sk sk s sk sk sk sk sk sk sk s sk sk sk sk skok

Sets
int temperatures /1%298/
k interval /1*¥297/
i hot stream /1%25/
j cold stream /1%24/
p number of processes /1*20/
m hot utility /1*9/

n cold utility /1*11/;
sk sk sk st sk sk sk sk sk st ske sk sk sk sk st sk sk sk sk sk st ske sk sk sk st sk ske sk sk st st ske sk sk st sk st sk ske sk skeoske st sk sk sk steoste sk sk sk skeoskeoste sk sk sk skeoskeskeoske sk skeskeskesk sk
Parameter tint(int).thin(p.1).thout(p.i).ghs(p.1).tcin(p.j).tcout(p.j).qes(p.j);
$libinclude xlimport tint  input.xIsx input!s3:1d4
$libinclude xlimport thin  input.xlsx input!s6:ar26
$libinclude xlimport thout input.xIsx input!s28:ar48
$libinclude xlimport ghs  input.xIsx input!s50:ar70
$libinclude xlimport tcin  input.xlsx input!s72:aq92
$libinclude xlimport tcout input.xlsx input!s94:aql14
$libinclude xlimport qcs  input.xlsx input!s116:aq136
sk sk sk st sie sk sk st sk st ske sk sk st sk st ske sk sk st sk sie sk sk s sk s sie sk sk st sk st sk ske sk st sk st sk sk sk sk sk sie sk sk st st sie sk sk sk st skeosieoskeoske sk steoskeosieoske sk skoskoskoskosk
parameter cs(m) hot utility cost ;
*ME/ME/yr
cs("1™) =0.0648 ;
cs("2") =0.0645 ;
cs("3") =0.0641 ;
cs("4"™) =0.0596 ;
cs("5") =0.0544 ;
cs("6™) =0.0482 ;
cs("7™) =0.0451 ;
cs("8") =0.0429 ;
cs("9") =0.0365 ;

sk sk sfe sk sk sk sk sk st sk sk sk sk sk sk s sfe sk sk sk sk sk st sk sk sk sk sk sk st sk sk sk sk sk sk st skeoske sk sk sk sk s skeoske sl sk sk sk st stk sk sk sk skeosie stk sleoskosk skeoskeoskok sk

parameter cw(n) cold utility cost

cw("1") =0.0596 ;
cw("2") =0.0544 :
cw("3") =0.0482 ;
cw("4") =0.0451 ;
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ew("5") =0.0429 :
cw("6") =0.0365 :
cw("7") =0.0191 ;
cw("8") =0.0562 :
cw("9") =0.1083 :

cw("10") =0.2242 ;

cw("11") =0.4242 ;

sk sk sk st sk sk sk sk sk st ske sk sk sk sk st sk sk sk st sk st ske sk sk sk st sk sk sk sk sk st ske sk sk sk sk st sk ske sk st sk st sk sk sk steoste sk sk sk skeskeoste sk sk sk skeskeskeoske sk skeskeskesk sk
parameter SK(m) interval that hot utility is applied

/11 .223 .343.493.5101.6111.7129.8142.9182 / ;

parameter WK(n) interval that cold utility is applied

/182 .298 .3102.4126.5136.6159.7275.8286.9288.10291.11297/;

sk sk sk sk sk sk sk sk st sk sk sk sk sk sk s sfeosk sk sk sk sk st sk sk sk sk sk sk st sk sk sk sk sk sk st skeoske sk sk sk sk st sk sk sfe sk sk sk st sk sk sk sk sk skeosie stk sleoskosk skeoskeoskok sk

parameter QH(p.1.k).QC(p.j.k) ;

loop(p.
loop((int.k) $ (ord(int)=ord(k) and ord(int)<>card(int)).
loop(i.
if( (tint(int)<=thin(p.i) and tint(int+1)>=thout(p.1)).
QH(p.i.k) = ghs(p.1)/(thin(p.i)-thout(p.i)) * (tint(int)-tint(int+1)) ;
);
);
loop(j.
if( (tint(int)<=tcout(p.j) and tint(int+1)>=tcin(p.j)).
QC(p.j.k) = qcs(p.j)/(tcout(p.j)-tein(p.j)) * (tint(int)-tint(int+1)) ;
);
);
);
);

sk sk sfe sk sfe sk sk sk st sk sk sk sk sk sk s sfeoske sk sk sk sk st skeoske sk sk sk sk st sk sk sk sk sk sk st skeoske sk sk sk sk st skeoske sl sk sk sk sl skeoske sk sk sk skeosie stk skeoskosk skeoskeoskok sk

positive variables R(p.k).QS(p.m).QW(p.n) ;
variables cost ;

sk s sfe sk sfe sk ske sk st sk sk sfe sk ske sk sie sk sk sfe sk sk st sk skeoske sk sk skeoske sk skok sk ks

Equations cascade.obj ;
sfe sk sk st ske sk sk st sk sie sk sfe st sk st sk ske sk st kst sk sk st skeosieoskeose skeosteoskeskeske sk skoskok

R.fx(p.k) $ (ord(k)=card(k))=0 ;

sk ok s sk sk sk sk sk ok s ke sk sk sk sk sk s sk sk sk sk sk sk s sk s sk sk skeosk sk skoskesk kosk

*QS.fx(p.m) $ (ord(m)<>1)=0;

QS.fx(p.2")=0;
QS.fx(p."3") =0 ;
QS.fx(p."4") =0 ;
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QS.fx(p."5") =0 ;
QS.fx(p."6") =0 ;
QS.fx(p."7")=0;
QS.fx(p."8") =0 ;
QS.fx(p."9") =0 ;

EkxEEXt0 fix the utilities that you do not want.
*QW.fx(p.n) $ (ord(n)<>card(n))=0 ;
QW x(p."1") =0
QW.fx(p."2") =0;
QW .fx(p."3") =0
QW .fx(p."4") =0
QW.fx(p."5") =0;
QW .fx(p."6") =0
QW fx(p."7") =0;
QW .fx(p."8") =0;
QW x(p."9") =0
QW.fx(p."10")=0;
sk sk sk st sk sk sk sk sk st ske sk sk sk sk st sk ske sk st sk st ske sk sk sk st sk sk sk sk sk st ske sk sk st sk st sk ske sk sk st st sk sk sk steoste sk sk sk skeoskeoste sk sk sk skeskeskeoske sk skeskeskesk sk
cascade(p.k).. R(p.k-1) + sum(i. QH(p.i.k)) + sum(m $ (ord(k)=SK(m)). QS(p.m))
—o—
R(p.k) + sum(. QC(p.j.k)) + sum(n $ (ord(k)=WK(n)). QW(p.n)) ;

obj.. cost =e= sum((p.m). cs(m)*QS(p.m)) + sum((p.n). cw(n)*QW(p.n)) ;

sk sk sfe sk sk sk sk sk st sk sk sk sk sk sk s sfeosk sk sk sk sk st sk sk sk sk sk sk st sk sk sk sk sk sk st skeoske sk sk sk sk st skeoske sl sk sk st st sk sl sk sk steosie stk skeoskosk skeoske sk skok

Model HINT /all/ ;
Solve HINT using lp minimizing cost ;

sk sk sk sk sk sk sk sk st sk sk sk sk sk sk st sfeosk sk sk sk sk st skeoske sk sk sk sk st sk sk sk sk sk sk st sk sk sk sk sk sk st sk sk sl sk sk sk st skeoske sk sk sk skeosie stk skeoskosk skeoskeoskok sk

display QS.1. QW.1 ;

sk sk sfe sk sk sk sk sk st sk sk sk sk sk sk s sfeosk sk sk sk sk sl skeoske sk sk sk sk st sk sk sfe sk sk sk s sk sk sk sk sk sk s sk sfe sk sk sk st skeoske sl sk sk skeosie stk skeoskosk skeoskeoskok sk

$libinclude xldump R.1 input.xIsx results!al
sk sk sk s sie sk sk st sk st ske sk sk st sk st ske sk sk sk sk sie sk sk s sk sk sie sk sk st sk st sk ske sk st sk st sk sk sk sk sk sie sk sk st st sie sk sk sk steoskeosieoskeo sk skeoskeoskeosieose sk skoskoskosk sk
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12.3 Appendix C- Curves extracted from Osmose - Lua

Diisocyanate

Grand Composite Curve for Periode 1 and Time 1
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Figure 48: Grand Composite curve of the Diisocyanate production process

Composite Curve for Periode 1 and Time 1
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Figure 49: Composite curve of the Diisocyanate production process
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Trinitrate

Grand Composite Curve for Periode 1 and Time 1
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Figure 50: Grand Composite curve of the Trinitrate production process

Composite Curve for Periode 1 and Time 1
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Figure 51: Composite curve of the Trinitrate production process

Chapter 12 - Appendices 117



NATIONAL AND TECHNICAL School of Chemical Engineering

UNIVERSITY OF ATHENS Department of Process Analysis and
Plant Design
Nylon-66

Grand Composite Curve for Periode 1 and Time 1
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Figure 52: Grand Composite curve of the Nylon production process

Composite Curve for Periode 1 and Time 1
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Figure 53: Composite curve of the Nylon production process
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Polyamide

Grand Composite Curve for Periode 1 and Time 1
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Figure 54 Grand Composite Curve of the Polyamide production process
Composite Curve for Periode 1 and Time 1
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Figure 55: Composite curve of the Polyamide production process
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Grand Composite Curve for Periode 1 and Time 1
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Figure 56: Grand Composite curve of the PEF production process
Composite Curve for Periode 1 and Time 1
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Figure 57: Composite curve of the Nylon production process
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Grand Composite Curve for Periode 1 and Time 1
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Figure 58: Grand Composite curve of the PEIF production process

Composite Curve for Periode 1 and Time 1
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Figure 59: Composite curve of the PEIF production process
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