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ABSTRACT

In this work, we address the optimal design of ategrated microalgae-based
biorefinery through the formulation of a mixed igée nonlinear programming model
for the production of biodiesel and potential hegided value products. Main
bioproducts are poly(hydroxybutyrate) (PHB) andagantthin. A combined heat and
power cycle to transform biogas generated by tleem@bic digestion of waste streams
is also included in the superstructure. Mass amaggnbalances are formulated for the
biorefinery. Different alternatives for PHB extraxt are taken into account. The
anaerobic digestion model accounts for detailed posmion of the different feed
streams. Detailed capital cost models for procegsipement are formulated and
implemented in GAMS to maximize net present valN®V). Results show that the
production of astaxanthin and PHB provides a waymake biodiesel production
economically feasible. Open pond and surfactankatheare selected for microalgae
cultivation and PHB extraction method, respectiv@iodiesel price can be reduced to

$0.48 due to incomes from astaxanthin and PHB salls®, an economic sensitivity
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analysis is performed. Further comparison betweamestic and international cost

conditions is carried out, showing higher NPV ie ttomestic case.
1. INTRODUCTION

The economic and environmental impact of biodiggeduction from microalgae
has been increasingly addressed in recent pulbitatiChisti carries out a detailed
analysis supporting the idea of microalgae as itambrsources for the provision of
worldwide transport fuel requirements. He conclutheg lowering the production cost
will make microalgae biodiesel economically comipeti Davis et af. examine two
different systems, open pond (OP) and closed tulphatobioreactor (TPBR) using
Aspen Plus simulation software, aiming at the dsfament of baseline economics for
these two pathways. Gebreslassie et ptopose a multi-objective mixed-integer
nonlinear programming model that simultaneously im&es the net present value
(NPV) and minimizes the global warming potentiabn@ and Yot address global
optimization for a large-scale algae plant consimdereconomic and environmental
criteria. Based on a superstructure that incluéeersl processing routes, they solve a
multiobjective mixed integer nonlinear programmi(igINLP) problem optimizing
simultaneously the unit cost and the unit globakrmiag potential (GWP) for the
production of biodiesel or renewable diesel. Yan abt present a review on
biotechnological preparation of biodiesel usingaelgbased oils as feedstock for
biodiesel production. Furthermore Pinedo et @ddress the optimization of a
microalgae based biorefinery including economiceatyy complementing with safety
analysis to move forward on sustainable procesisymining the same process and

solvent selection that satisfies both the econdnojgmization and safety criteria.



More recently, the concept of integrated microaldgp@sed biorefinery has been
explored. A few authors analyze the use of micraalgiomass not only for biodiesel
production but also for the production of value-edigoroducts, to improve economic
aspects. Martin and Grossmapnopose an MINLP problem to optimize the productio
of methanol from glycerol, which is a byproductlire oil transesterification reaction to
biodiesel. The integrated process has an operatoost of $0.16/L, $0.05/L higher
than the one that uses methanol from non-renewsthleces, involving a compromise
between costs and environmental issues. Sawaemgsalk conclude that it is even
possible to get higher profit by integrating thegction of Omega-3 fatty acids (value
added product from microalgae biomass), but thieotsenough to turn NPV to positive

due to high capital and operating production costs.

Garcia and Youdevelop a bioconversion network to determine thestntost-
effective and environmentally sustainable proceathway for the productions of
biofuels by an optimization modeCusek et al*® developed a multi-period synthesis
and optimization model to maximize the sustainaliBble utilization of resources
taking into account the competition between fueld food production. Their results,
basing the capital costs calculations on the sikateule, show that switchgrass and
algae are promising raw materials for producingfusits. Gnansounou and Raman
perform life cycle assessment (LCA) for the productof biodiesel using Simapro
7.3.3, proteins for animal feed and succinic acsthg algae as a feed stock. They
observe a substantial impact reduction when comgavwith conventional diesel
production, soy protein and succinic acid systenmokdésis et al® propose a
mathematical model for the maximization of the ewuoit potential including

investments costs as exponential relationship eagbacity, mass and energy balances.

Two different scenarios were considered for theliegion of the proposed model,



however they not include biodiesel production. Thst one was a lignocellulosic
biorefinery, and the second one was & @fxroalgae biorefinery using the halophytic
alga Dunaliella for the production of high value nutraceuticfcarotene and
glycerol*** Ahn et al*® implement a deterministic model for microalgaebtodiesel
supply chain network considering naphtha and poagrco-products. They use
annualized fixed capital cost of the refineriesaafunction of contributions factors.
Basing their study on Korea biodiesel market thegch a biodiesel production cost of

1.78 $/kg biodiesel.

Gong and Yolf propose a superstructure for a microalgae basedflriery to
produce of biodiesel and by-products as hydrogespypene glycol, glycerol-tert-butyl
ether, and poly-3-hydroxybutyrate through multialide optimization where the co-
production of glycerol-tert-butyl ether reduces thediesel production cost. Rizwan et
al}’ formulate an MINLP model including different techogies for the production of
biofuels from microalgae. Different objective fuiocts are formulated for the
production of biodiesel, glycerol, bio-oil, bioetit@d and biogas: Maximization of
product yield and maximization of utilities. Negatieconomic results are achieved for
the proposed technologies. Cheali et'®alpropose an alternative scheme of
hydrothermal liquefaction and transesterificatioithwacid (HSQ,) or KOH, by the
optimization of a superstructure for the productarbiodiesel, glycerol, gasoline and
co-products (fertilizer, animal feed, biogas andelthanol). Lee et af carry out a
review on recent progress of microalgae-based éisf(biodiesel, bioethanol and bio-
oil), emphasizing the importance of the integrabeatefinery as a way to reduce the

production cost for microalgae based biofuels.

Even though, recent technologies include enzymealysit and supercritical

transesterificatiof!, biodiesel is commercially produced from oil tresterification
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with methanol catalyzed by an acid or base solupooducing glycerol as a by-product
in a 1/10 glycerol to biodiesel weight r&tioGlycerol is mostly used for pharmaceutical
products, food and cosmetics. However, its ovempetdn due to increasing biodiesel
production, makes glycerol supply higher than daimaAccording to RENZ21
Renewableé€ the amount of biodiesel increased from 10.49 dsillliters in 2007 to
29.75 billion liters in 2014. Glycerol can be udgedmicroorganisms (i.eCupriavidus
necator, Bacillussp., Alcaligenes latus as carbon substrate for the production of
biopolymer PHB which is an alternative to fossiélfibased polymers as it has similar
propertie$®> and important applications such as drug deliveygtesné*?>?® food
packagind’ and biomedicin®, among others. Current PHB production is based on
substrates that are expensive or compete with huimath and the cost of the raw
material can reach up to 50% of the production.cost

Aiming at the integrated biorefinery concepf, astaxanthin is a high value
bioproduct that can be obtained from a few speoiesnicroalgae. Astaxanthin, a
natural ketocarotenoid that is a secondary met&bah microalgae, is a powerful
antioxidant with application in nutraceuticals, phaceuticals, cosmetics and food
industries. It is approved by The United Statesdraad Drug Administration (US
FDA) as a food additive for aquaculture industryd ams a dietary supplemetit.
According to a new report by Global Industry An&bykc.3? global carotenoids market
reaches $1.3 billion by 2017 driven by the growdemand of natural food products
and natural colorants. From a bioengineering poinview, it can be attractive to
maximize both astaxanthin and oil production fromicroalgae species like
Haematococcus pluvialisas their accumulation takes place manipulating dame

culture variables: nutrient depletion and highdismces™



In this work, we propose a mixed integer nonlinpesgramming model for the
economic optimization of an integrated algae-baseorefinery, using detailed
equipment cost capital correlations. It includes thodiesel production of 43,800
t/year, potentially integrated to biopolymer andotenoid production, as high-added
value products, as well as a combined heat and poyate. The objective function is
the net present value (NPV) and numerical resuitswvsthat the inclusion of high
added-value products makes biodiesel productiomm frmicroalgae economically
attractive. We provide a comparison consideringedght process alternatives and
market prices with international and domestic valughe following items remark the

novelty of this work:

a) Detailed equipment design and cost correlationsi¢hf) are used for most of
the equipment, while most published work relatedgbmization models for integrated
biorefineries follow the sixth-tenths rule or siarilcalculation.

b) Different PHB extraction technologies are embeddétin a superstructure and
the optimal alternative is selected by solving tlesulting MINLP problem while
Posada et & analyzed several extraction technologies for PHBdpction by
simulation of different process schemes.

c) The use of waste generated in the production psooésbiodiesel, has been
addressed in several papers and its importancebkas highlighted. Anaerobic
digestion is one of the most used alternatfidsyt detailed design of this step has not
been developed in optimization models for integtdimrefineries. In this paper, each
feed stream to the anaerobic digester is charaetetby its chemical composition to
ensure the correct operation of AD being the fic@inposition of the feed stream an

optimization result.



d) Couple biodiesel to astaxanthin production, in otdencrease the contribution of
renewable fuels into the energy matrix making udethe installed facilities.
Astaxanthin is a high value bioproduct producednrindustrial scale and with growing

demand. Research on astaxanthin production is ynaéged on experimental wotk.
2. PROCESS DESCRIPTION

We formulate an integrated biorefinery superstnectior biodiesel production and
high value-added products based on microalgae msshown in Fig. 1. It includes
potential production of biopolymers (PHB) and fosupplements (astaxanthin). Main

processes are described below.
< Insert Figure 1 >
2.1 Biodiesal Production Process
2.1.1. Microalgae cultivation

Microalgae cultivation has basic requirements thelude carbon dioxide as carbon
source, macro and micronutrients (mainly phosph®imd nitrogen) and light source.
Flue gas from a power-plant can be used as carmadd source for microalgae
cultivation, making the integration process atikecto be aligned to the objectives of

the Kyoto Protocdf.

Culture growing systems can be mainly classifiet iopen and closed systems.
Open ponds (OPs) have the advantage of being lgpengive than tubular
photobioreactors (TPBRs), but they have higher latiirement. Davfsreports that
TPBRs are twice as expensive as OPs per litepaf &xtracted: $2.25/L and $4.78/L

for OPs and TPBRs, respectively. Even though tloelymtivity in TPBRs could be



greater than in OPs, 0.41 g/L day against 0.125dgiL (open pond depth = 0.12 m),

TPBRs are also more energy intendive

In this work, we consider two alternatives féaematococcus pluvial@ipid 18.3%,
carbohydrate 50.4% and protein 31.38u)tivation: a TPBR and an OP. The carbon
dioxide feed stream is purified flue gas from armieelectric plant that is located near
the area where the biodiesel plant can be instaladbon dioxide is also provided by
an anaerobic digestion process and a combinedamelapower unit (CHP). A nutrient
recycle stream coming from the anaerobic dige#A®) (is also fed to the cultivation

system and a makeup stream is required to achigviemts requiremerit
2.1.2. Harvesting and Dewatering

Algal slurry has a low concentration of algae bisséround 0.202 g per 1000 g of
water), so large amounts of water must be remoweaubtain a concentrated stream of
algae biomass. Solid-liquid separation processdade sedimentation and flotation as
well as filtration and screening. Results providgdGebreslassie et akshow that the
filtration technology returns a concentrated pradacound 40% dry solids) and even
though it requires important maintenance, its imm@atation allows the highest NPV of

the configuration proposed.

In this work, we consider a settling tank, a filiba unit and a dryer as major

equipment for harvesting and dewatering.
2.1.3. Lipid Extraction

Lipid extraction can be carried out either by mexta or chemical methods.
Expeller/press and ultrasonic assisted extracti@ raechanical methods, whereas

solvent oil extraction and supercritical fluid edtion method are chemical methods.



The use of mechanical press generally is energynénte for the algae drying process

are most commonly used.

In this work we consider hexane extraction wheneahe makeup can be reduced
due to the addition of a hexane recovery settiomMain products from the lipid
extraction step include a lipid rich stream andogéincake, which can be sent to the

anaerobic digester in order to produce biogas aritidr electrical and thermal energy.
2.1.4. Oil transesterification

Biodiesel is produced by transesterification of etaple fatty oils with low
molecular weight alcohols, generally methanol. $&veatalysts such as acid, alkali or
even enzymes are commonly used for biodiesel ptmaubeing the second ones most
preferred in commercial processes due to theirteshogaction time. Biodiesel yield is
dependent on the operating temperature, metharalgtd oil feed ratio, and the

amount of cataly4t.

In this work, we consider transesterification aja@ oil using methanol and sodium

methoxide catalyst.
2.1.5. Glycerol purification and methanol recovery

A purification step is required to remove impustiegom glycerol, such as methanol,
fats, soaps, catalyst, ash and water, resulting tiee biodiesel production process. For
this purpose, the glycerol enriched stream (22%edsinto a stripper for methanol
removal where superheated steam is used as heaésdhe saturated methanol vapour
is sent to a distillation column, where 91.7 % eparated from water and is recycled

back to the transesterification reactor after ademsation step with a 99.9 % of puiity



The stripper bottoms stream is sent to a neuttaizaeactor where an acid solution
of hydrochloric acid (HCI) is added. Residual catal(sodium methoxide) reacts with
the acid to form methanol and salts. Soaps reattt Wl to form free fatty acids
(FFAs) and sodium chloride (NaCl). FFAs and otmepurities such as ash or salts are
removed from main stream in a decanter and an 8@ghiv glycerol stream is

obtained.

In this paper we analyze, not only the possiboitwelling glycerol as a final product
but also, to use it as substrate for an anaeragester and as carbon source in PHB

production process.
2.2 Anaerobic Digestion Process and Combined Heat and Power Unit
2.2.1. Anaerobic Digestion Process

Within the context of microalgae biodiesel biorefip, the production of biogas by
the anaerobic digestion of the microalgae cakenimaiomposed of carbohydrates and
proteins, is considered. The products of the armderigestion are biogas and digestate,
which can be used as fertilizer. It is technicédgsible to integrate anaerobic digestion
process and microalgae production step leadingntangrovement on the energy
balance of the process (Ledda et?al. Carbon-to-nitrogen biomass ratio content is one
of the main variables in the AD. Acceptable C/Niastare between 20/1 and 381
The unbalanced nutrients of microalgae sludge leithC/N ratios, around 4/1 and 6/1,
are regarded as an important limitation to the Aferation. One method to avoid
potential inhibition of the anaerobic digestiontasadjust low feedstock C/N ratios by
adding high carbon content materials. In that setimgeaddition of waste paper, which
has C/N ratios ranging from 173/1 to more than 100 algal sludge feedstock, is a

reasonable alternative to achieve a balanced CiN. rden and Brun® show that
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adding 50% (based on volatile solid) of waste papelgal sludge feedstock increase
methane production rate and suggest an optimumr&ilN for co-digestion of algal
sludge and wastepaper was in the range of 20/6/th 2mon et af°, Fountoulakis et
al.*® and Ehimen et df show that the incorporation of glycerol to othebsiwates
(sewage sludge, manure and residues from microddgzsiesel process) improves
methane conversion yield, achieving a maximum cmee value, after which higher

glycerol concentrations inhibit methanogenesis.

In this work, we consider the anaerobic digestidn poocess waste streams
(microalgae oil cake from lipid extraction and ce#sidual material from PHB
extraction) to obtain biogas (60% methane and 48#tan dioxid&®) and a digestate,
sold as fertilizer. Potential substrates in the etodclude sludge from water treatment
plant, waste paper and glycerol to improve carlmanHrogen ratio. The addition of
glycerol to the anaerobic digester enhances metyiatdge but its inclusion and amount

is an optimization result.
2.2.2. Combined Heat and Power Unit

The combined heat and power (CHP) system providledrieity and heat using
methane as feedstock. In a heat engine, heat frdrot dluid is used to carry out
mechanical work. Combined heat and power has tim@e stages: power generation,

heat recovery and heat use.

In this work, the distribution of energy throughet@HP combustion is considered:

32% power, 55% heat and 13% loss.
2.3 PHB Production Process

2.3.1. Fermentation
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The biotechnological production of PHB is carried m a fermentation stage where
bacteria produce PHB by limiting essential nutigefdr growth, such as nitrogen or
phosphorus, while a stream of carbon source (giyces fed in excess., We consider
PHB production by the Gram-negative bacte@iapriavidus necatordue to its high
productivity of about 1.52 g PHB/L*hand its use at industrial level. Before entering
the fermentation step, the purified glycerol isuthd to a concentration of
approximately 249 gA° Then, it is sent to a sterilization step whergceiol
temperature and pressure is increased in ordezatthrthe conditions required by the
chosen strain. At this point, two fermentation wssare needed. In the first one, cell
growth is maintained without nutrient limitationnang at increasing of cell biomass
while the second fermentation tank is used to cawy PHB production. In this
fermenter, an essential nutrient is limited to w&llan efficient PHB synthesis by the

microorganisms. The residence times are 21 h ar&l22espectivefy.
2.3.2. PHB extraction

PHB is extracted from the bacterial cytoplasm tate the polymer from the cell
residual material which is fed to anaerobic digedi® contribute with energy
generation. At industrial scale, this is the maosportant step in PHB production as it
determines the biopolymer selling price. The appabte selection of the extraction

method is crucial for the process economic viabilit

Among several extraction methods described in ditee, surfactant-chelate
digestion are presented as a promising alternalive to the low environmental
pollution and the high product quality, togethethwthe requirements of low quantities
of chemicals requirements. Surfactant and chetatdry biomass ratios of 0.0075 and

0.01 have been reportéd Also, solvent extraction could be an encouragipgion
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because it allows the use of PHB in medical appboa by the elimination of
endotoxins produced by Gram-negative bacteria atdes not degrade the biopolymer,

which can be obtained with high purity.

In this work, we include two extraction alternagvaen the PHB process

superstructure: chemical and solvent extracticspeetively.

In the first case, the addition of chelate andasieint to the PHB stream produces a
destabilization in bacteria outer membrane by tmen&tion of complexes with divalent
cation$®. These induced changes in the outer membrane eadsstabilization in the
inner membrane as well, leading to the microorgardssruption and the extraction of a
higher purity biopolymer. The disrupted cell magsh® microorganisms is separated
by centrifugation and sent to the anaerobic digest8urfactants and chelates are

eliminated in a decantation step.

In the second case, after cellular lysis, the bipper extraction is carried out by
solvent addition, diethyl-succinate (DES). A masgdymer to solvent ratio of 1/20 is
used. A second centrifugation step is requiredHterseparation of residual cell mass,
which is fed into de anaerobic digester. After aupl a mixture of PHB and water is

obtained, enabling the solvent recovery.

The product stream in both process alternativesms to a spray drier, where PHB is

purified to a final humidity content of 0.1%
2.4 Astaxanthin Production Process

Haematococcus pluvialisan both accumulate lipids and astaxanthin. Parhef
microalgae cultivation system for the production mbmass can be destinated to

astaxanthin accumulation.
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In this work, after dewatering, part of the alga@ntass is dried in a spray dryer and
then cracked by a bed airflow pulveriser to obtaim final product, which has around

2.5% astaxanthin concentration.
3. Mathematical Model

An MINLP model with nonlinear and nonconvex consii® is formulated and
solved using the global optimization solver BARONo optimize the integrated

biorefinery design for the production of 43,80Ce#ly of biodiesel.
3.1. Mass Balances

Mass balances are formulated for each non-reaatiie (6) in the integrated
biorefinery superstructure shown in Fig. 2 as foko

Zfe’fj = Zfr?j vie] (1)

kEK TER

Where:

fe"fj : Mass flowrate of componepfrom inlet streank to unité [kg j/day]

fr‘?j : Mass flowrate of componepfrom 6 to outlet stream [kg j/day]

Mass balances for each reactive u@it)(are described by Eq. (2):

B = DR+ D e MMy G D Sk, V€] @

kEK heH kEK

Where:

fr‘f]'- : Mass flowrate of componepfrom 8” to outlet streanr [Kkg j/day]

fg",,j : Mass flowrate of componepfrom inlet streank to unit8” [kg j/day

$i sy Stoichiometric coefficient between compongand component;,

[kmoli/kmolsy,]
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sy, - Limiting reactant for reactioh
M;: Molecular weight of componeitkg j/kmol,]
M, : Molecular weight of componesy, [kgs,/kmols,]

Cs,:

,- Limiting reactant conversion for reactian

feksh : Mass flowrate of compones} from inlet streank to unité [kg s,/day]

< Insert Figure 2 >

Detailed mass balances and model parameters fokrtaerobic Digestion Process,

PHB Fermentation and PHB Extraction Processesexmerithed below.
3.2. Energy balances

Linear relationships are assumed for energy consamas follows:

ECy = ECRy- my (3)
Where ECy corresponds to energy consumption in uhiin kWh/day ECRy is
energy consumption ratio per unit of mass flowraative to unit, in kWwhikg, and
mg is the mass flowrate relative to ufiiin kg/day.Energy consumption in OP and
TPBR, ECR,p and ECRrpgr respectively, are calculated as function of the
corresponding reactor volumes. Decanters used B Extraction are considered as
gravity separators following Ulriéh hence no power requirements are computed for

them. Main parameters are listed in Table 1.
<Insert Table 1 >
3.3. Integer and Mixed Integer constraints

Potential units in the proposed superstructure.(E)gare associated to binary

variables. Two binary variabley, andy,, are used to model the selection of
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microalgae cultivation technology correspondingt® and TPBR, respectively. Eq. (4)
guarantees that only one of the proposed microatgétesation technologies can be

selected:

NS

yi=1 (4)

i=1
The amount of glycerol produced by the transestatibn reaction of microalgae oil
can be sold as a final product, fed into the ar@erdigester to improve methane yield
and/or used as carbon source for the productid®HB. In the case that any amount of
glycerol is used for PHB productiops(=1), the PHB extraction method is associated to
vy, andys, which correspond to surfactant-chelate extractm solvent extraction
technologies, respectively. Egs. (5) and (6) enslueeselection of only one extraction
method ify; is equal to one. Egs (7) and (8) ensure that no BxtEaction technology

is necessary if the PHB production process is aletcsed 5 =0).

Y3=Ystys (5)
Y3+ s+ ys <2 (6)
Ya=SYs3 (7)

s < ¥3 (8)

Big M constraint&' are formulated for potential units in the supersiure, as

follows:

Fi®-My; <0 Vj€Ji€l,s€S 9)
WhereF; ;* corresponds to mass flowrate of compornjeint streams andM is a

parameter large enough that whenl, the constraint becomes redundant, otherwise, if
y;=0, the mass flowrate is enforced to be null, tasylin the non-existence of the unit

related withF; ;*.
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3.4. Design and economic constraints

Detailed equipment design and cost equations foamters (DC1-6), conditioner
tank (CT), steam dryer of biomass sludge (DRY), dmex recovery unit (HR),
transesterification reactor (TRANS), washing colufWC), biodiesel purification
splitter (SPL), methanol-glycerol stripper (STR)istdlation column to recovery
methanol (DIS), neutralization reactor used in gheerol purification step (NEUTR),
steam dryer where PHB is purified to a final hurnyidcontent (SD2), centrifuges
involved in the PHB extraction step (CN1-3), callulyses homogenizer (HOM) and
fermenters involved in the PHB production proc&RY, BR2, RC1, RC2) are given in

the Supporting Information.

Capital cost for filter press (FP), lipid extract@cE), tubular photobioreactor
(TPBR), open pond (OP), anaerobic digester (AD)nlwioed heat and power unit
(CHP) and spray dyer (SD1) and pulverization uRA$) from astaxanthin production

process have been calculated using the six-teat@s r
Y
Ceqan = Icp1/Icg2 - Ceqaa- (Qeq4—,1/Qeq4,2) (10)

WhereC,q41andC,qq, are the purchase equipment costs of each equipmehe
actual year and in the year of reference, respagtivin $. Io5, andI.z, are the
chemical engineering cost indices for the yearrérest and referenc@.q4, and
Qcqa,2 COrrespond to equipment capacities and the size exponent (0.6, for most

cases).

3.5. Inequality constraints
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As it is shown in Table 2, produced carbon dioxglset to be less than the amount
of required carbon dioxide stream for biomass gaimT to ensure global emissions
reduction. The upper bound for the carbon dioxstieam is given by the amount
produced in a mid-size thermoelectric plant. Astaien production is limited by
current market demands in Latin Ameffc@onsidering an overproduction of 33%,
which can be directed to other international markéin upper bound for the waste
paper stream that is fed to the anaerobic digéstassumed to be the total amount of
the domestic recycled paper from a city whose paipri is nearly 400,000 inhabitants
(as it is the case for Bahia Blanca, Argentina)pé&founds for the sludge stream fed
to the anaerobic digester are given by availabbntties from a wastewater treatment
plant located next to the same city. For both raatemals, no cost is considered in the
economic assessment. To ensure an optimal opecdtibe anaerobic digester, the C/N
ratio is set between 20 and“25which has not been taken into account in previous

related work.
< Insert Table 2 >
3.6. Objective function

Net present value is used as the objective fund¢tdre maximized for the economic

analysis.

NPV = —Inv + a_l(Rev - Cmanuf - Crawmat - Cutilit) (11)

Where NPV corresponds to net present value $in which measures economic
performance of the integrated microalgae-basedebimary. Inv is the total capital
investment cost and is the sum of fixed capial,fi;q;), working capital Weapirq;) and

land cost €;4n4)-
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Fixed capital is the actual equipment co&f,{i,mene) CONsidering a contingency

and fee factord = 1.18) and a grass-roots plant facir=1.3) if the biorefinery is a
new plant. Working capital is assumed as recomntebgelIrict®* to be 10% of fixed

capital.

Fcapital = Cequipment a-f (12)

a is the annuity and it has been calculated forogept life (1) of 15 years and 10%

interest raté%.

a= i%(1+)"/((1+D)"—1) (13)

Rev represents the revenues from selling productshgrproducts in$/ year as is

calculated as:

Rev =365 - Y, pry, - My, + 365 - INCproq * Mpa (14)

V p € {biod,phb,ast, glyc, fer}

Wherepr, is the selling price i¥/kg, m, is the daily production of each product or
by-product inkg/day, INC,,,4 corresponds to biodiesel production incentives/ky

biodieselandm,,; is the total amount of biodiesel produced per day.

Manufacturing cost(,qnyr), in $lyear, is given by the sum of different operating
expenses such as operating and supervisory lafgy,f and Sy, respectively),
maintenance and repairdl,(pqirs), Operating suppliesOf,,piies), laboratory charges
(Lcharges): plant overheadR,yerneqq), local taxes keqyes) and insurancesids), as

follows:
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Cmanuf = Olabor + Slabor + Mrepairs + Osupplies + Lcharges + Poverhead
(15)
+ Ligyes + INS
Operating labor is related to the attention th& required by an operator in order to

h3 4

run the equipment),cqyirements from Ulrich™. Considering that an operating slot

(040:) requires five people and an annual operator \élteat can be estimated since it
is assumed thawlary (salary = 41,600%/year *%) increases at a rate &= 0.03 per

year, operating labor can calculated as:
Oiabor = Orequirements * Osiot * salary - (1 + 5)(&)—2003) (16)
Wherew is the current year.

Slabor’ Mrepairw OSupplies’ Lchargesn Poverhead’ Ltaxes andins are calculated by EC].
17-23 withX,;,, Xoper andX;q, €qual to 0.1Xp4in= 0.02, X,per = 0.5 andX,,, and

Xins €qual to 0.01.

Siabor = Xsup- Otabor (17)
M epairs = Xmain- Feapital (18)
Osuppiies = Xoper- Mrepairs (19)
Lenarges = Xiab- Otapor (20)
Poverneaa = Xover- (Otavor + Siapor + Mrepairs) (21)
Ligxes = Xtax-Fcapital (22)
Ins = Xins- Feapital (23)
Crawmae YEPresents the raw materials cospfyear and it is calculated as:
Crawmar = 365 X pry - m, (24)

Vr € {met, hex,nit,pot, smo, hcl, srf,che, des}

20



wherepr;, is the purchase price Bikg, m, is the daily requirement of raw material
in kg/day. Raw materials cosif;.) are shown in Table 3 together with selling prices

(pry) and other costs.
< Insert Table 3 >

Finally, in Eq. (25)C,:i1:¢ 1S the cost associated to utilities, which inclideater and

energy (thermal and electric).

Cutitic = 365 * [(HEcons — HEproa) * PTug + (EEcons = EEproa) ' PTeE (25)
+ Wteons - prwt]

WhereHE,,,; andEE,,,s corresponds to the consumed thermal energy and the
consumed electric energy, respectively, expresseWh/day HE,,,q and EE,; 4
represents the thermal and electric energy, respéct expressed irkWh/dayand
generated in the process due to the inclusioneftiaerobic digester and further CHP
unit. Wt.,,s corresponds to the total consumed water in thegmted biorefinery
expressed irkg/day wherearyg, prgg andpr,,, are the prices of thermal energy,
electric energy and water, respectively (TableT3).analyze the inclusion of value
added products into the microalgae based bioregfin@odiesel production cost relative
to co-products revenue€prod,..,, coproqa) are calculated as follow (and will be referred

to as biodiesel production cost).

Cprodyey coprod (26)
= (Cmanuf + Crawmat + Cutitit + Ceapitar — Revcoprod)/(365 " Mpq)

Ceapitar = InV - @ (27)
Where Rev,yproq IN $lyear includes co-products revenues (PHB, fertilizerd an

astaxanthin, as well as biodiesel production irngesf when appliedC;qp;tq; is the
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annualized capital cost i®/year calculated as the product of total capital investime

cost (nv) for the annuity (a).
3.7. Sensitivity Analysis

In order to evaluate the impact over the objectiuaction considering the

uncertainty values of certain parameters, a seitgiinalysis is performed.
4. Results and Discussion

The resulting MINLP model for the production of 830 t/year of biodiesel has
3,582 continuous variables, 5 discrete variabled 2870 constraints. The model is
implemented in GAM® and solved with the global optimization solver BAR®.
CPU time is 28.926 s. Our model size is similatht® one reported by Gebreslassie et
al® for an algae-based hydrocarbon biorefinery. Nucaéresults for the maximization
of NPV show that the optimal configuration includ@sdiesel, PHB and astaxanthin
production processes. For algae growth, an operd g@P) is selecte@; =1).
Surfactant-chelate digestion is selected as PHBaexdn methody, = 1). Figure 3

shows optimal values for the main streams.
< Insert Figure 3 >

Anaerobic digestion of the cell residual materraini the PHB extraction, oil cake,
waste paper and sludge, provides thermal and elestergy to the biorefinery process
by biogas production. Biogas is supplied to a combthiheat and power cycle (CHP)
where electricity and useful thermal energy inragkg, integrated system are generated,
thus increasing efficiency from separate procefees 45% to 80%. The biodigestion
of the mentioned substrates (£Brobic pigestion Raiic 21.789) leads to the generation of

4.51x16 kWh of thermal energy HE,q) and 2.62x1B kWh of electrical energy
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(EEproq), complementing and contributing to the microalgamefinery as Ubando et
al.”® concluded in their optimization work. Even thouighrepresents 0.05% of total
energy requirements, the anaerobic digester andhioeioh heat and power cycle provide
a sustainable way to manage waste streams frofmdhefinery itself and nearby plants.
Solid residues obtained in the anaerobic digeg&téx(d t/year) are sold as fertilizers.
PHB production level is indirectly determined byethiodiesel production as it is
associated to glycerol availability, which is obtd as a by-product of the
transesterification reaction. Not only glycerol dam fed as raw material for the PHB
production process (as Ray ef alGarlapati et al?’and Moreno et & propose in their
work), but it can be sold as a final proddand it can also be incorporated into the
anaerobic digester, to improve methane productisni was demonstrated by Ehimen
et al*’ and Zhang et dF. In the optimal configuration, the total amountpsbduced
glycerol is sent to the PHB production processvetig the production of 8.07x10
t/year of PHB. This value is similar to the prodastof a commercial scale plant for
PHB. Current PHB plants in Brazil and Japon prod&0et/year and 1,000 t/year
respectively as it is mentioned by Chanprateefsmrdview®. PHB can be used as raw
material for bag and bottle production as is theeaaf PHBottle project which receives
funding from the European Union’s Seventh Framewerigramme. Its main goal is
the development of biodegradable material for pgicigaand non-packaging uses by
fermentation of juice processing wastewdtebue to domestic reutilization of these
bags for dumping garbage and a strategic separdtyomeans of waste classification,
the use of this biopolymer can be an attractivéoopt~eeding the biodigester with the
domestic rubbish and the used PHB bags could hataresting alternative, as well.

The incorporation of an anaerobic digester alloles eduction of the environmental
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impact due to minimization of the consumption ohsienewable resources and waste

disposal.

Based on the international considered market vdlaresaw materials and products
(Table 3), the net present value is 174.02 $MM, rasponding to the optimal
configuration, which selects biodiesel (open pond microalgae cultivation
techonology), astaxanthin and PHB production preeeg(surfact-chelate extraction
method). For this case, biodiesel production coafgulated as Eq. (26), is $0.48/kg
biodiesel. Gebreslassie et®atonsider biodiesel price of $3.07/kg, higher ttiha
current unit price, to obtain a positive NPV. Iatltase, the optimal process (NPV of
540.5 $MM), takes into account TPBRs for algae dghowith a production of 141,028 t
of biodiesel per year, and a production cost 0B%kg. This result shows that even
when NPV is higher than the obtained in our warks due to the size of the production
plant. Also, it is shown that biodiesel producticwost is higher, when no value-added
products are included in the superstructure. Gardy ¥ou'® consider the addition of
potential high value-added products to the superiire for a microalga based
biorefinery to produce biodiesel. Optimization fdésushow that co-production of
glycerol-tert-butyl ether reduces biodiesel producicost to 0.87 $/kg of biodiesel. In
that case, even though biodiesel production costheen reduced, it cannot reach a

competitive value as compared with the values abthin this work.

Main components of the biodiesel production co$lprod,ey coproa) and its
contribution are shown in Fig. 4. Revenu@&e,,,,,q) include astaxanthin and by-
products sales (PHB and fertilizer) as well as t&isel production incentives ($0.3/kg
biodiesel). As the major contribution to the proalue cost is due to utilitiesC{;;;;¢),

Table 6 shows the distribution of energy consunmpiiothe biorefinery for the annual
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production of astaxanthin, biodiesel and PHB. Thediesel production process
accounts for main energy consumption (approxima®®86 of total) and Table 4 also
shows the breakdown of each step contribution. ékimg and dewatering represent
the step with major energy consumption (74% ofltetergy consumption), which is
mainly due to the large amount of water that mestdmoved from algae biomass prior
to oil extraction due to the selection of OP tedbgy as Sanchez et Ziclaimed. This
result is in agreement with published workGebreslassie et alconclude that the
dewatering section is the main power consumer,imgngom 50 to 70% of total power
consumption. Even though water consumption is @i higher than that required by
tubular photobioreactoty the optimal configuration includes open pond &R
cultivation technology. This is due to the facttti@BR technology involves high
energy consumption. We have additionally simulabed TPBR scheme for the sake of
comparison with the OP option and it requires 53&®/h/kg biodiesel considering a
functioning of 12 h without LED lightening agair&$.20 kWh/kg biodiesel in the open
pond case (algae cultivation, harvesting and devngtesections are considered). This
value is higher than the one reported by Martin @dssmanif (2.75 kWh/kg

biodiesel) because we are considering current coniahelewatering technologies.
< Insert Table 4 >
< Insert Figure 4 >

Capital cost €.qpitq;) iS also an important item in the biodiesel prothrcicost in
Fig 4. It is worth mentioning that this figure sh&whe contribution of the different
variables involved in the calculation 6prod e, coproa Y EQ. (26). In this sense,
revenues are below the costs because is a negatmen the biodiesel production cost

equation. Table 5 shows investment cost distrilbutbi@tween main sections of the
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integrated biorefinery. The biodiesel productiongass from microalgae accounts for
the highest investment cost and its breakdownsis shown in Table 5. It can be seen
that algae growth and harvesting and dewateringtitate the steps that require higher
capital costs (199.09 $MM and 55.8MM, respectively). To further analyze the
benefits of an integrated biorefinery, we have edltwo additional MINLP problems.

In the first one (MINLP_A) we fix astaxanthin pradion equal to zero. In the second
one (MINLP_B), astaxanthin production is set eqoatero and glycerol sent to PHB
production process is set to zero, tgg & 0), leading to the alternatives of selling
glycerol as a by-product and/or using it as rawemat for the anaerobic digestion

process.
< Insert Table 5 >

Numerical results for MINLP_A determine a negatid®V of -462.09 $MM,
365.54% lower than the optimal configuration, ggvia biodiesel production cost of
$2.39/kg biodiesel, 499.37% higher than the optiswltion for the original MINLP
where biodiesel, astaxanthin and PHB are produeedhermore, MINLP_B numerical
results show that the corresponding NPV in thi®aa®ven lower than the obtained for
MINLP_A (-481.79 $MM) and biodiesel production cast even higher ($2.42/kg
biodiesel), as compared to the optimal case. Figh@&vs NPV and distribution of
biodiesel production cost for each case. Procelsenses comparison emphasizes the

need for integrated biorefineries to ensure econahprrocess feasibility.
< Insert Figure 5 >

A sensitivity analysis was performed in order tsess the influence of several
parameters variations over the objective functidRY) °, namely, methanol recovery

in glycerol purification section; lipid content; BHproductivity; energy parameters for
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dryer and TPBR in harvesting and dewatering sectim selling prices of biodiesel,
astaxanthin and PHB. It is worth mentioning thagrgyparameter variation is applied to

the entire superstructure.

As it is shown in Figure 6, the most sensitive paeters are the lipid content and
astaxanthin price. Moreover, the NPV is considgrabhsitive to changes in the energy
parameter referred to the dewatering section andidsel price. On the other hand,
PHB price and PHB productivity have a similar séwisy but little influence on the
objective function. For instance, a 10% increasd’#B price or PHB productivity,
represents nearly a 2% variation in the objectivecfion. Methanol recovery proves to
be the least sensitive parameter; a change of I¢gooduces an impact on the NPV
of nearly 0.5%. Finally, it can be seen that changeE CRp5r have no effect on the

NPV because the model keeps selecting the OP aitezrfor algae growth.

Sensitivity analysis allows establishing the aspeghere efforts should focus in
order to obtain higher benefits with the presetggrated biorefinery. Even though two
of the four main sensitive parameters depend orkenhagituation (astaxanthin and
biodiesel selling price), there are also proceg®@s such as drying technologies
improvements in dewatering section, which can geeen positive impact on the
integrated biorefinery. Furthermore, the influemdemicroalgal lipid content over the
NPV indicates the importance of including actuatl axact data for the biological

aspects of the model.
< Insert Figure 6 >

Finally, we analyze the implementation of the psga integrated biorefinery
considering domestic conditions in Argentina. Mdifferences include electric energy

cost, $0.05/kWH# against $0.0722/kWh, land cost, $0.0295fhagainst $0.3/fm
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considering non-arable land for open ponds andiésedi price, 0.77 $/Kj against 0.98
$/kg. In the domestic case and to reflect currémason in Argentina, we do not
include incentives for biodiesel production. OptinNPV is 115.06 $MM and the
production cost for biodiesel is $0.44 kg biodiestlowing that the installation of an
integrated biorefinery in Argentina is also anattive alternative (Fig. 7). Even when
extended areas are required for ponds installattois, only an 89%" of the soybean
cultivated area, required to ensure the same voloihigodiesel (43,800 t/year), thus
using non-arable areas and not competing with foomps in concordance with

Maranduba et af®.
< Insert Figure 7 >

In this work, we develop a model considering oihlg most promising technologies
reported in literature. Also, potential value-adgedducts to satisfy local demands are
included, focusing on the concept of integrateddiioeries, where the generation of
these products is a key aspect to get positive@oanresults. In this microalgae-based
biorefinery, several products as biodiesel, glykesstaxanthin and PHB can be
obtained. The decision of which by-products areetaknto account as well as the
location of the biorefinery are important issueattimust be considered to ensure
economic feasibility. Numerical results also sholatt astaxanthin production is
required to make NPV positive and biodiesel productcost competitive, being
relevant to the economic feasibility of the bionefly. The installation of a local

microalgae-based biorefinery has been explorecpasndes also promising results.
5. Conclusions

We propose an MINLP model for the economical optation of a microalgae-based
biorefinery for the production of biodiesel, PHBorin glycerol and astaxanthin as
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potential value-added bioproducts. The superstraancludes two alternatives for the
microalgae cultivation technology (OP and TPBR)geéhalternatives for the use of
glycerol (final product, submit to PHB productioropess and added as substrate to the
anaerobic digester) and two alternatives for PHBagkion method (solvent extraction,

surfactant-chelate extraction).

Numerical results show that the use of open poodsriicroalgae cultivation, the
production of astaxanthin, as well as the use g€agbl as carbon source for PHB
production, constitute an economically attractiVieraative for biodiesel production.
NPV for this optimal configuration is 174.023MM,naering a biodiesel production

cost of $0.48/kg biodiesel mainly due to the inmusf astaxanthin revenues.

The sensitivity analysis points out the aspect$ shauld be addressed to achieve
higher profit on the integrated biorefinery. Redesd the market issues, there exist
process aspects such as improvement in dewategicitnadlogy which can lead to

generate a positive impact on the microalgae bbsedfinery.

A global optimum has been determined for the MIN@blem representing an
integrated biorefinery. Current work focusses omalating a multi-objective MINLP

to simultaneously address environmental and ecanobjective functions.
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Mass balances for Anaerobic Digestion Process adB8 Production Process are
included in the supporting information as well ataded equipment design and cost

equations.

Nomenclature

Components:
al algae
ast astaxanthin

biod biodiesel
carb carbohydrate

cdo carbon dioxide
ch4 methane

che chelate

crm cell residual material
des diethyl-succinate
fer fertilizer

ffas free fatty acids
glyc glycerol

hcl chloride acid

hex hexane

lip lipid

met methanol

micr microorganisms
nacl sodium chloride
nit nitrogen

phb poly(hydroxybutyrate)
pot phosphorous

prot protein

sld sludge

smo sodium methoxide
srf surfactant

wt water

wp waste paper
Streams:

air air

ao algae oil

ap aqueous phase
apt algae paste

as algae sludge

ax astaxanthin

bd biodiesel

bg biogas

crms cell residual material
chs conditioner

dsst diethyl-succinate
ep ester phase

epo electric power

fert fertilizer
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fg flue gas
glypl-3 purified glycerol

ap glycerol phase

hcls chloride acid

hpo heat power

hr recycled hexane

me methanol

mh hexane makeup

mnt nutrients makeup

mwr water makeup

oc oil cake

pb phb

rcdo recycled carbon dioxide
rme recycled methanol

rnt recycled nutrients

rwr recycled water

rwrl-2 recycled water

sch surfactant and chelate
slds waste water treatment plant sludge
smo sodium methoxide
stml-2 steam

wps waste paper

wrl-3  water
wstl-8 waste stream
wv1l-3  water vapor

Non-reactive units:
CN1-3 centrifuge

CT conditioner tank
DC1-6 decanter

DIS distillation column
DRY  dryer

FP filter press

HR hexane recovery unit
LE lipid extractor

PAS pulverizer
SD1-2 spray dryer
SPL splitter

STR stripper

wC washing column

Reactive Units:

AD anaerobic digester

BR1-2 fermenter

CHP combined heat power unit
HOM  homogenizer

NEUTR neutralization reactor

OoP open pond

RC1-2 reactor

TRANS transesterification reactor
TPBR tubular photobioreactor

Mass balance:
fe’f ; mass flowrate of componenfrom inlet streank to unité in kg j/day
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ff_’j mass flowrate of componeffrom 6 to outlet stream in kg j/day
J set of components indexed py

frf’Jf mass flowrate of componehfrom 6 to outlet stream in kg j/day

fe"r’ ; mass flowrate of componepfrom inlet streank to unitd” in kg j/day

fj R stoichiometric coefficient between compongand componend,in kmolj/kmol;,
»Oh

Sh limiting reactant for reactioh

M; molecular weight of componeptn kg j/kmolj
M, molecular weight of componesy in kg s,/kmolsy,
C limiting reactant conversion for reactian

feksh mass flowrate of componesy from inlet streank to unitd in kgs,/day

Energy balance:
ECy energy consumption in uréitin kWh/day
ECRy  energy consumption ratio per unit of mass floaralative to unit in kWh/kg

mg mass flowrate relative to urditin kg/day

0 set of process units including OP, TPBR, DC1, ER, HR, TRANS, DC2, DC3,
DRY, AD, SD1, PAS, STR, BR1, RC2, CN1, SD2, HOM,Z N3 and RC2

Vi binary variables withi from 1 to 5, representing OP microalgae cultivatio

technology, TPBR microalgae cultivation technologlycerol as raw material for
PHB production, surfactant-chelate PHB extractiorthad and solvent PHB
extraction method, respectively.

F;;* mass flowrate of componejin streans in kg j/day

M parameter associated to Big M constraints

I set of technology alternatives for microalgaeication and PHB extraction indexed
by i

S set of streams indexed by

Equipment design and economic equations:

Ceqan  Purchase equipment costs of each equipment iadtual year ir$
Ceqaz  Purchase equipment costs of each equipment iyethieof reference i
Ieg1 chemical engineering cost indices for the yeaniafrest

Icgo chemical engineering cost indices for the yeaetdrence
Qeqa,1—2 €QUIpMeENt capacities

y size exponent

Inv total capital investment cost $

Feapitar fixed capital in$

Weapitar WOrking capitain $

Ciana land cost ir

Cequipment €QUIPMENt cost i

a contingency and fee factor
B grass-roots plant factor

a annuity

n project life

1% interest rate

Rev revenues from selling products and by-product® iyear

Py selling price ir/kg

my, daily production of each product or by-produrckg/day

P set of products and by-products indexecby

INCy,0q biodiesel production incentives $tkg biodiesel

Mpg total amount of biodiesel produced per dajgrbiodiesgtay
Cmanus Manufacturing cost ifs/year
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Oiapor Operating labor ind/year

Siapor  SUpervisory labor irfs/year

M,¢pqirs Maintenance and repairs $iyear

OsuppliesOPErating supplies irg/year

Lcharges laboratory charges i/year

P, erneaqPlant overhead irs/year

Liaxes loOcal taxes in$lyear

Ins insurances in $/year

Orequirements attention that it is required by an operator idlesrto run the equipment in
operator/shift

Os1ot operating slot ishift

salary annual operator salary $f(operator.year)

1) salary increment ratio

) current year

Xsup ratio between supervisory labor cost and operating labor
Xmain  ratio between maintenance and repairs costixed capital

Xoper ratio between operating supplies cost and reaarice and repairs

Xiap ratio between laboratory charges cost and opey&bor

X,yer  ratio between plant overhead cost and operatingor)aupervisory labor
and maintenance and repairs

Xeax ratio between local taxes cost and fixed capital

Xins ratio between insurances cost and fixed capital
Crawmat AW materials cost if¥year

pr; purchase price of raw material$fkg

m, daily requirement of raw material kg/day

R set of raw materials indexed by

Cyueiie  Utilities cost indlyear

HE_.,,s consumed thermal energykivh/day
EE.,ns consumed electric energykiVh/day
HEy,.q generated thermal energykwh/day
EE,..q Qenerated electric energykidvh/day
Wt.ons cOnsumed water ikg/day

Pryg purchase price of thermal energybik\Wh
Preg purchase price of electric energydik\Wh
Dt purchase price of water $#tkg

Cprodyey coprod biodiesel production cost relative to co-productsvenues in¥/kg

biodiesel

Ceapitar  @nnualized capital cost $iyear

ReVeoproa co-products revenues $tyear

MINLP_A mixed integer nonlinear programming moddieke astaxanthin production was
set equal to zero

MINLP_B mixed integer nonlinear programming moddiere astaxanthin production is

set equal to zero and glycerol sent to PHB produogtrocess is set to zero, too

MINLP_international mixed integer nonlinear prograimg model with international
considerations

MINLP_domestic mixed integer nonlinear programmingdel with domestic (Argentina)
considerations

Abbreviations:

GWP  global warming potential

LCA life cycle assessment

MINLP mixed integer nonlinear programming
NPV net present value
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US FDA The United States Food and Drug Administrati
PHB  poly(hydroxybutyrate)
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Table 1. Main energy consumption parameters

Energy

Consumption Value Unit References
Ratio

ECR,p 0.089 kWh/rd 55
ECRyppr 24 kWh/n? 56
ECRpcq 0.06251 kWh/kg algae 4
ECRgp 0.00088 kWh/kg water 57
ECR g _pgr 0.581 kWh/kg algae oil 58
ECRygans 0.299 kWh/kg biodiesel 59
ECRp ¢, 0.0275 kWh/kg biodiesel 41
ECRp (5 0.0315 kWh/kg biodiesel 41
ECRpgy 0.988 kWh/kg water 60
ECR,p 1.140 kWh/kg biogas 59
ECRgp, 1.93 kWh/kg water 53
ECRp g 3.5 kWh/kg powder 53
ECRgrg 1.386 kWh/kg methanol 35
ECRgg4 0.985 kWh/kg glycerol 35
ECRgcq 0.716 kWh/kg PHB 35
ECR:n1 13.548 kWh/kg PHB 35
ECRgp, 1.144 kWh/kg water 35
ECRyom 2.842 kWh/kg PHB 35
ECRcn- 4.748 kWh/kg PHB 35
ECRcns 7.14 kWh/kg PHB 35
ECRgc 1.48 kWh/kg PHB 35
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Table 2. Model main constraints

Variable Upper Bound
CO; produced CO algae cultivation requirements ~ 0.01 tyear
CO; igae Cutivation Feedfiow fromThermoelectric  1.46%10 t/year
Astaxanthin proguction 12 tlyear

WastePap@haerobicnigestionFeedfiow

SIudS.:]Q\naerobicDigestionFeedflow
-CIN Anaerobic Digestion Ratio

CIN Anaerobic Digestion Ratio

1.87x10 t/year
1.27x10 tlyear
-20

25
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Table 3. Prices and costs

ltems Value Reference

Raw materials

Hexane ($/kg) 0.41 63
Nutrient ($/kg) 0.367 63
Methanol ($/kg) 0.286 3
Sodium methoxide ($/kg) 0.98 3
Hydrochloric acid ($/kg) 0.208 64
Diethylsuccinate($/kg) 3 64
Surfactant ($/kg) 1 64
Chelate ($/kg) 1 64
Utilities

Electric Energy ($/kWh) 0.0722 65
Thermal Energy ($/kWh) 0.015841 65
Water ($/kg) 0.000007 3
Selling Prices

Biodiesel ($/kg) 0.98 66
Astaxanthin ($/kg) 7000 67
Glycerol ($/kg) 0.2574 3
Fertilizer ($/kg) 1.115 64
PHB ($/kg) 6.25 35
Other

Land ($/nf) 0.3 16
Incentives ($/kg) 0.3 68
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Table 4. Annual energy consumption distribution

Section KWh Percentage

Biodiesel Production Process 3.79%10 94.82%
Microalgae Cultivation 7.78¥10 19.46%
Harvesting and Dewatering 2.95%10 73.99%
Lipid Extraction 3.14x10 0.79%
Transesterification 1.31X10 0.33%
Glycerol purif. and methanol recov. 9.69x10 0.25%

Anaerobic Digestion Process 1.78%10 4.47%

PHB Production Process 1.80%10 0.46%

Astaxanthin Production Process 1.01%10 0.25%
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Table 5. Total investment cost distribution

Section $MM Percentage
Biodiesel Production Process 261.36 82.21%
Microalgae Cultivation 199.09 62.61%
Harvesting and Dewatering 55.37 7.41%
Lipid Extraction 0.72 0.23%
Transesterification 2.79 0.88%
Glycerol purif. and methanol recov. B4 1.08%
Anaerobic Digestion Process 54.68 17.20%
PHB Production Process 0.81 0.25%
Astaxanthin Production Process 1.07 0.34%
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Highlights

» Design and optimization of integrated microal gae-based biorefinery.

e Astaxanthin as high-value added co-product makes project economically
attractive.

* Reduction of biodiesel price from $2.42/kg to $0.48/kg.

* Economic sensitivity analysisis performed.

* International and domestic case scenarios are considered.



