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CHAPTER 1

Introduction

1.1 Motivation

Climate change can have a strong impact on physical and biological systems
Stricter environmental policies are continuously being imposed by the global community
in efforts toward limiting ghbal warming and avoiding its potential risky. Human
influence on climate change is mainly causedh®emissions of londived greenhouse
gases (GHGs), which have increased by 70% between 137@C##[3]. The most
important anthropogenic GHG is carbon dioxide §;@hich repreented more than 75%
of total anthropogenic GHG emissions in 208} In 2013, global C@emissions reached
35.3 hillion tonned5]. Cutting greenhouse gas emissions towards achieving the targets
pledged under the United Nationsafework Convention on Climate Change (UNFCCC)
is a universal challendé]. The consumption of fossil fuels is the main source of global
increase in C@emissims[7]. In 2009 around 41% of the energy consumed globally was

1



based on petroleurfB]. This is stimulating a global interest in finding dcendly
renewable alternatives to fossil fuels, thus ensuring environmental and energy
sustainability.

A potential replacement for petroleum is biofuel, whieh ©e integrated with the
current fuel infrastructure. The most commonly produced biofuel is ethanol, which is made
from a carbohydrate source such as cornstarch or sugarcane. Biodiesel is another widely
used biofuel that can be produced from lipmksed s such as rapeseed and soybean.
Replacing 50% of all transportation fuels in the United States (US) with biofuels produced
using corn or soybean as feedstock would require devoting 846% or 326% of the US
existing cropping land, respective]9]. Thus, relying on energy crops asdstck for
biofuels poduction ould disrupt the food supply chain leading to a food crisis. To avoid
the food vs. energy competition, using agricultural waste as an alternative feedstock for
biofuels production is currently under consideration. Agricultural waste contains
polysaccharides (cellulose and hemicellulose) surrounded by a matrix of lignin and
hemicellulose[10]. The crosslinkd structure of the lignocellulosic material traps the
polysaccharides from enzymatic hydrolysis and microbial ferrtientfl1]. The costly
biomass pretreatmenecessary to make the polysaccharides accessible for the engymes
one of the reasons why cellulosic ethanol piaitbn is not widely used.

The need for biofuels production at a commercial level has prompted reconsidering
the production of biofuels using algal biomass, which was a hot research topic during the

1 9 8 [14.Jhe great potential of algae lies in its high photosynthetic efficiency, achieving
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biomass productivities that are orders of magnitude higher than produstoitiether
crops[13], [14]. Using algal oil for replacing 50% of all transportatioalfuin the US will
require devotion of only 2.5% of the US cropping land. Furthermore, the food supply chain
would be entirely intact, because algae can flourish inamahle land15].

Moreover, carbon constitutes up to 50% of dry weight algal biomass (DW), hence,
microalgae cultivation would assist in mitigating £43 approximeely 1.83 kg of CQis
required to produce each kg of DM6]. A well-to-pump net C@emissions 0f20.9 kg
per GJ of energy generatbds been reported in a life cycle analysis study for an algal
biodiesel procesd 7].

In addition to mitigating C®and addressing the energy issue, improving algal
technology economics would help addressing foatiesnability issues as well. This is due
to the fact that algal biomass is protein rich, of high nutritional value, and can be used as
domestic animal fee[d.8], [19] or aquaculture feef®0]. This could substantially help in
managing the predicted protein gap that might threat food supply for the growing world
population[21]. Furthermore, algae do nrequire freshwater to proliferate; they can be
cultivated using brackish or wastewaters that have few competing uses, and for some
strains, even using saline watgt?], [23]. Thus, an additional advantage of algae
cultivation is wastewi@r treatment, because algae feed on nutrients contaminating water,
e.g. nitrogen (N) and phosphorous (P), thus cleaning wastewater in an ecologically safe

way[24], [25].



Microalgae are widely cultivatedrfa variety of products including food additives,
pigments, antibiotics, and nutraceuticg#6]. However, the production cost remains too
high for highvolume, lowvaue markets; for example, a conservative estimate for the cost
of producing algadased green diesel is around $10'¢a¥]. However, the analysis also
projectsa potential cost range of §gal' of green diesel considering the room for
significant improvement in algal biotechnolo@y]. Serious efforts have been invested in
genetically engineering some algae strains to increase their rates of d&8jth
Additionally, several reactor configuratiomgth improved mass transfer and enhanced
utilization of sunlight were recently developgB]. In parallel with dvances in algal
biotechnology, process systems engineering can play an important role in optimizing the
economics of algabased commodity products such as biofuels. Several optimization
studies have appeared in the literature focusing on the desigyrahesss of downstream
processes for biofuels production and ®@tigation using microalgag30], [31]. Studies
on bioreactor design and optimization based on computational fluid dynamics (CFD)

modeling have been carried out as \i&4].

1.2 Objectives and Approach

The eonomics of algae cultivation are highly sensitive to the productivity of
microalgae and maintaining steady operation in outdoor cultivation at commercial scale is
challenging, because varying weather conditions greatly affect the grow{27at&he

identification of optimal operating conditions mitigating the impact of such environmental
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factors @an maximize the productivity of microalgae over a production cycle. Most of the
studies on optimization of microalgae cultivation are based oratn@érror and/or design
heuristics[33]i [36]. Some modebased optimization studies have appeared focusing on
laboratory algae growth systems without accounting for weather vari§diof$38].

The premise of this thesis is to develop a dynamic optimizdteaoneworkfor
determining optimal operating conditions for improving outdoor algae production over a
production period. Specificalip Chapter 2a firstprinciples model is developed for algae
cultivation in outdoor open ponds considering the effect of daily varying local climatic
conditions on algae growth. The model accounts for the effect of medium temperature,
irradiance level, and nutrient availabjlon the growth of microalgae as well as the transfer
of CO; from a CQ rich gas to the growth cultur®odel validation against experimental
results from the literature is then conduc#edynamic optimization problem is formulated
to determine the optal dilution rate, makeup water flowrate and :Cgas flowrate
monthly profiles that minimize the cost of producing microalgae in a representative
location (Imperial County in California, USA) over the course of a year.

An important component of the econ@siof microalgae cultivation is the cost of
COz supply for providing the carbon necessary to grow the micro@lggeMany studies
suwggest the integration of microalgae cultivation with power production where the cost of
CQO, can be reduced through the sequestration of flue gasgef3€J0[41]. Another vital
operational challenge in outdoor microalgae cultivation is maintaining the temperature

within the range favorinthe growth of microalgae. Several studies in the literature suggest
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utilizing waste heat from power plants in algal biomass production and preparation, namely
culture heating, biomass dewatering and biomass difjg[42]i [44]. Another objective
of this thesis is to assess the economic advantage of integrating outdoor cultivation of
microalgae with nearby natural giwsed power production for the supply of waste heat
and CQ.

In Chapter 3, bat exchanger models are developed to estimate the performance and
operational costs of heat exchangers used for cooling thg&Cand transferring the heat
to the pond water. Theerived dynamic process model for the outdoor production of algal
biomass is used to predict the growth of microalgae under the aforementioned algae and
power production coupling scenarigs Chapters 3 and.4Furthermore, the dynamic
optimization formulabn developed in Chapteri® used to optimize the operations of the
open pond and heat exchangers as well.

Cultivating microalgae using nutrients from waste sources could potentially reduce
the algal biomass production cost by eliminating the need fiiZers typically added to
the culture to support the growth of microalgae. Growth inhibition due to the presence of
metals was not detected when a strain of the algal spdemsochloropsis Salinaas
cultivated in treated municipal wastewater and ddudligester centra{d5]. Moreover,
outdoor cultivation of microalgae in diluted anaerobgedtion effluent can be comparable
to the use of commercial nutrierf#6]. Therefore, another objective addressed in this
thesis is the evaluation of the economic impact of utilizing municipal wastewater secondary

effluent in microalgae cultivationn Chapter 5,ifst the savings onutrients and makeup
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water costs are evaluated for an algae cultivation case using locally available treated
wastewaterSince microalgae consume carbon more than any other nutrient, the cost of
transporting wastewater from a nonlocal municipal wastewetatment plant to a GO

rich source can be a serious drawback for the utilization of wastewater nutrients. Hence, a
supply chairmodelis proposedand optimized to determine the optimal daily amounts of
wastewater transported artde location of an algadacility coupled with municipal
wastewater treatment. Threodel accounts for the transportation distances between the
candidate locations and wastewater treatment plants in Imperial County as well as the
nutrient content of the wastewater treatment plefiklsents. Only sites with adequate land

and CQ availability are considered as candidate locations.

1.3 Computational Tools and Packages

The mathematical models developed in this thesis are coded in gPROMS
ModelBuilder v4.0 modeling platform installed arb4bit Windows 7 CPU equipped with
an i7 processor at 3.4 GHz and 16 GB of RMM]. Physical properties are determined
with Multifl ash v4.3.25 using the PeRpbinson equation of stafi48].

Time integration of ordinary differential equations is performed using the
DASOLYV solver which is based on variable time step Backward Differentiationutae
(BDF) [47]. This solver embeds the MA48 sablver which uses a direct Lfactorization
algorithm to solve sets of linear algalr equations. To increase numerical stability the

default value of the APivotStabilityFactor
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parameters of the MA48 sidolver. To solve sets of nonlinear algebraic equations during
initialization the DASOL solver uses the BDNLSOL (Block Decomposition NonLinear
SOLver) solver. Dynamic optimization runs are performed using the CVP_SS solver which
implements a control vector parametrization algorithm based on the -shghing
method[47]. CVP_SS employs the DASOLV solver to perform integration of sets of
differentiatalgebraic equations. For nonlinear programs, the CVP_SS solver uses the
NLPSQP solver which is based on sequential quadratic programing (SQP) algorithm. For
nonlinear programs involving discrete decision variables, the CVP_SS solver uses the
OAERAP solvewhich employs an outer approximation method. The OAERAP solver

relies onthe NLPSQP solver as well.



CHAPTER 2

Growth of Microalgae in an Outdoor Open Pond

2.1 Background

2.1.1 Autotrophic and Heterotrophic Microalgae

Microalgae, i.e. microscopic algae, are fresh/marine microorganisms that convert
nutrients, using an energy weoe, to biomass consisting of carbohydrates, lipids, and
proteins[26]. Microalgae that use sunlight as their energy source are called autotrophic
microalgae. The cts of microalgae that depends on other energy sources, such as glucose,
is called heterotrophic microalg§€9]. Because of their reliance on sunlight, autotrophic

microalgae can be cultivated during daytime only. On the other hand, heterotrophic

" Reprinted in part with permission frof. Mal ek, L. C. Zullo, and P. Daou
Optimization of Microal gae IGduBEng. Chem.tResmin55,inm 120ppt door C

3327 3337, 2014145]. Copyright © 2015 American Chemical Society



microalgae can be culated continuously as long as essential nutrients and an energy
source are supplied. Despite this advantage, supplying heterotrophic microalgae with an
energy source incurs an additional cost impacting negatively the cultivation economics. As
a result, reearch conducted on employing microalgae for commodity markets is more
focused on autotrophic microalgae.

Carbohydrates and proteins created within microalgae are necessary for cell
division, while lipids contribute to proliferation as an energy sourcengluright [49].
Algal lipids are triglycerides composed of mainly (~80%) saturated and monounsaturated
fatty acids that can be converted to biodiesel and green {&€gellhe lipid content of
microalgae varies from-85% of dry weight depending profoundly on strain and growth
conditions. It has been found that growing algae under nutrient deficiency increases the
lipid content[51]. Nitrogen deficiency demonstrates maximum effect on increasing the
lipid content compared to silicon or phosphorus deficigbfy. Although, increasing the
lipid content is advantageous, growing algae under mitdeficiency reduces biomass
productivity. Therefore, the practice in batch (s@wmmtinuous) mode cultivation is to
accumulate lipids using nutrient deficiency after creating enough biomass under nutrient
replete conditions[12]. In continuousmode cultivation, the supply of nutrients is

controlled based on targeting a balance between productivity and lipid accomulati
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2.1.2 Reactor Configurations

Autotrophic microalgae are conventionally cultivated in open ponds and
photobioreactors, shown in Figure 2.1. Although, these cultivation systems are principally
similar, their economics are entirely different. An open poardbe a raceway open to the
atmosphere and made of concrete and lined with plastic or compacted clay. The algal
culture in an open pond is continuously mixed using air bubbling or a paddle wheel to
achieve better nutrient distribution and uniform cep@sure to sunlight. Usually, makeup
water and nutrients are added in front of the paddle wheel to maximize mixing, while
biomass is harvested pritw the paddle wheel. Dissolved €@ supplied to open ponds
by bubbling CQ gas throughout the culture uginfor instance, countercurrent sumps
located at the pond center. Since open ponds are open to the atmosphere, controlling the
culture temperature and contamination from the surrounding environment-gengn
challenges. Another disadvantage of usinggpends is the high rate of water evaporation
from cultures to the atmosphere, requiring enormous amounts of water makeup, especially
for largescale production.

Photobioreactors have higher surfacesolume ratio, achieving better exposure to
sunlight aml leading to increased (up to 13 times higher) biomass productivity compared
to using open pond®]. However, this improvement in productivity is obtained at the
expense of using costly transparent reactor materials, such as tubing. Moreover, dense algal
cultures in photobioreactors generate dissolvggen in excessive concentrations, which

inhibits photosynthesis and can cause photooxidative destruction ofz2yja&s a result,
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using degassing vessels to prevepalGcumulation becomes necessiy]. These hge
capital costs in addition to cooling requirements make open ponds a more suitable

candidate for developing algae based processes for commodity njaigets

2.1.3 Harvesting of Algal Biomass

Microalgae form stable suspensions in water, because of their small size, low
specific gravity, and negative surface chargey. Efficient harvesting technologies are
lacking which adds another hurdle to the production process. Gengratlygh moisture
content of algal biomass (>99 wt%) is reduced iprianary harvesting step using for
example sedimentation, or dissolved air flotation (DfF5]. Further thickening is done
using sunlight drying or through acsmdary harvesting step, concentrating algal biomass
from 1.5% to 3% using for instance a belt filter press or a centrjfi]gfs6]. Separation
and purification techniques employed would depend on the final product targeted. For
example, recovering algal oil requires chemical/mechanical cell disruption and lysis, e.qg.
using high pressure homogenizers, before extracting the oibwisinol using liquidiquid
extraction[57]. Alternatively, algal oil can be extracted in a single step using hydrothermal
liquefaction (HTL), which directly converts wet algal biomass into oil-yiake) through

heating under pressufes].
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Figure 2.1: Ope Ponds (left image) anghotobioreactors (right imagg9], [60].

2.2 Process Description and Modeling

The economics of mass cultivation of microalgae are more favorable for the open
pond system than the photobioreactor configurations; hence the entire analysis in this thesis
is based on microghe cultivation in an open pofi7], [61]. Several open pond modeling
studies in the literature have adopted the concept proposed and validated in ref@é2énces
[63] where the hydrodynamics of an open pond are modeled by a cascade of continuous
stirredtank reactors (CSTRgpB4][65]. In this approach, an individual open pond is
approximated as a seriesafompartments where the content leaving the last compartment
is recirculated to the first compartment as demonstrated in Figure 2.2. Assuming each
compartment to be wethixed, it can be modeled as a CSTR and the corresponding mass
and energy balances can be constructed for the species considered in this model:
microalgae, water and COModels for the growth of microalgae in open ponds can be

found in referenceg63], [66], [67], whereas referencel$2], [63], [65]i[68] also
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incorporate modeling of the CQransfer. The microalgae growth kinetics formulation
presented herein is based on the work in referf8ijeand the CQtransfer modeling is

adopted from referendé8].

Harvest

I ==

|Compartment| |C0mpartment | Compartment,

| n ! | n-1 | [ !
Internal._____I ._____I I_____I Flow
T Cy e e —— direction

r | T | r |

| Compartmenti | Compartment; | Compartment;
I

i-1 '
I | | | I |

Feed

Figure 2.2 Approximation of the open pond model as a cascade of compartments.

2.2.1 Water Material and Energy Balances

In an insulated open pond, water enters through the pat f@ed, or from
precipitation, and leaves via evaporatidfevgy, harvest Enares), Or consumption by
microalgae in photosynthesis. Typically algae are grown in geographic areas lacking rains,
hence the amount of water added by precipitation isblyemeglected. Water consumed
during photosynthesis is also negligible. For any CSTR in the pond, water flofs)in (
from the preceding CSTR and flows oBEt) to the succeeding CSTR in the direction of
flow. Therefore, the depth of watdd) in an arbirary CSTR in a segmented open pond

can be found from
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LW % = l:in,i _Foutj

Fovap, (2.1)
wherelL is the length andlVis the width of each CSTR, which are assumed constant and
identical for all of the CSTRs. The following relations govern the flow witha pond
between the-th CSTR and the preceding CSTR

Foi =Fowy 2 WH Vv (2.2)
wherev is the water velocity, and™ [1,n]. The pond feed and harvest are taken into

account by addingrreeds and subtractingharestfrom eq 2.1 for the 1st and nth CSTRs,

respectively. The dilution rat®] dictates the rate of algal biomass harvest

F.wex=DLWG H (2.3)

arvest
i=1

To compensate for evaporation losses, after harvesting the algal biomass the water
is combined with makeup watdffakeu) and recycled back to the pondRsdas shown
in Figure 2.3. Regardless of the microalgae type, i.e. freshwater vs. marinegshiydter
is considered foFmakeup because even for a seawater pond to maintain the salinity at the
desired level freshwater has to be added. Water blowdown for preserving culture quality is

neglected. The amount of water evaporating from each CSTRidatad accordingly

LWE,.
. _LWE,

evapi — }L— (24)

where } is the water Effacoosgdingtpal Thadkatl amwt

latent heat of evaporatiohd) are given by
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E,, =(19.0 +0.950°) (R

satj

I:)air) (25)
L, =597.3- 05T, (2.6)

where U is the wind speed above the pond water and Tw is the water temyé&jtree

saturation vapor pressure at the water temperaRk¢, @ndthe vapor pressure in the

overlaying air Par) are computed si ng Ant oineds equation.
The temperature of the water greatly affects the growth rate of algae. Hence, an

energy balance for water is derived to track the water temperature in each compartment

LWy %%( H-I\-NI) = l%( mi Li-1  Fou Tw,) tWE (2.7)

wherec; is the specific hat capacity of water. The ter@represents the heat exchanged
through the water surface of each compartment. It accounts for the heat addition from the
absorbed solar irradiancgs| and atmospheric lorgave Es), and the heat loss due to
evaporation i£,), water longwave Ew), and onduction to atmospher&d). These terms

are calculated based on the model developed in refd@djce

E.=0(T, +2YpB, & @R.)¢3 1) (2.8)
E, =0{T, + )2 (2.9)
E,=0(19 w?)erg ¥, (2.10)
E=01, (2.11)

where |5 is the daily average solar irradiance at the pond surfaceTand the air
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temperature. The other parameters are defined in Table 2.1 including their assigned values

as well as values for the mass balance parameters

Internal recycle

1
Feed u @ Harvest

CSTR 1 CSTRIi CSTRn

External recycle ‘j

Figure 2.3 Modeling the open pond as a cascade of continuous stamédeactors

Makeup
water

Wet biomass

(CSTRs) with an internal and an external recycle stream.

Table 21: Parameter defitions and values for thmass and energy balandé8]i [71].

Parameter Description Value
v water velocity in the open pond (cm)s 25
J density of water (g crf) 1.0
Co specific heat of water (calkg?) 1.0
G StefanBoltzmann constant (cal chu? K#) | 11.7x1C®
0 water emissivif 0.97
V] atmospheric attenuation coefficient 0.6
¥} Bowends coefdhcient 047
G radiation absorption factor 0.9
G reflection coefficient 0.03
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2.2.2 Microalgae Mass Balance and Growth Kinetics
In the absence of algae grazers, the conataitrof algae in the pon&€{gagd Would
depend on the growth rate)( the harvest rate and the rate of algal biomass deterioration

due to respiration and other basal metabolism proceBses (

d
LW&( Hi Calgaei,) = I:iri, Calga'e, 17 F o'ut,C algae, (ﬂ B) LW H C alga (212)

After harvesting the algalitimass, the water is recycled back to the pond and the
concentration of algae in the feed is given by

Fharvest (2 . 13)

algaa F
feed

C

algageeq

:(1 'Hefr)c

whereHes is the harvest efficiency which is around 95% for harvest of algal bidi2jss
The areal productivity of the siem Pr) is often used as an evaluation criterion and could
be defined as

D .t

Pr=H_, —# H.C (2.14)
Nz

algaej

The basal metabolism rate increases exponentially with the water temperature

(i~ Te)

B=8B, e® (2.15)

whereBnm is the metabat rate at a reference temperatufg)( andkg is a fitting constant
[67]. Factors affecting the growth rate of algae considerdte model are the temperature

of the culture, the irradiance level, and the nutrient concentrations. The maximum algae
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growth rate ¢may) is achieved when those factors are at their optimal levels, otherwise the

actual growth rate depends on the dewiaifrom these levels as

E:i = %ax fNutrienfL le, < f I,> (216)

average
where fautrien, fr, and fi, are the attenuation factors for nutrient, temperature and light
limitations, respectivel\{67]. Most of these factors are speeggecific, and so their
detailed forms depend on tparticular algae strain in study.

The marine algaNannochloropsis Salina (N. Salinahosen for this study ia
promising species for algal biofuels production because of its high lipid content and
robustness in outdoor cultivatipri3]. Since there are limited studies on outdoor cultivation
of N. Salinain open pondghe mass and energy balances in the model are validzited u
data from the literature for the protein rich freshw&eirulinawhich is widely cultivated
outdoors at commercial scale for fegchde productfr/4]. Microalgae proliferate within
a certain range around an optimal temperature and growth stops completely away from
such range of temperature. The tefintan be estimated using the following exponential

relation

. kT,l(Tw,i

- K2 (Topt Tw,i )2

2
-Topt) ' Twi > -I;t
T (2.17)

T, ¢ T

i opt

fr, =

—— — —) (-D:
@D

whereToptiSthe optimal temperature for algae growth &nd andkr 2 are fitting constants
[67]. The optimal temperature f&@pirulinais within the range of 242 °C depending on

the particular strain oBpirulina and for N. Salinait is around28 °C [72]i [75].283!
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Autotrophic microalgae drive photosynthesis by the energy from light photons and due to
the shading effect the microalgae closer to the pond surface are exposed to higher light

intensities, hence, the mean vabid; is considered

1 ma1 o
< fl’i >average_ W m éﬁ_ ﬁ dt gz (218)

whereb is the fractional length of a day having daylight (photoperipdd,the length of a

day andz is the vertical distance from the water surfggmce autotrophic microalgae do

not grow & night, this time integral is formulated to generate an average over the daylight
hours; using a daily average instead would lead to overestimation of the growth rate.
Various formulas have been developed in the litergi6efor modelingfi and themodel
proposed in referend@7] fits the experimental data presented in refer¢rn8gfor N.

Salina

I
f, =1 - 'm (2.19)

wherel is the photosynttically active radiation (PAR) experienced by the microalgae and
Imax IS the maximum radiance above which algae growth does not increase any further.
However, for some microalgae strains, includifgiruling exceedinglmax actually
damages the photosyetic reaction, known as the photoinhibition effect. This

phenomenon is captured in the relation proposed by $1€le
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— Ii 1-|Ii
fi, = e ™ (2.20)

max

TheBeerLambert law is commonly used to models corrected for the attenuating effect

of the growth culture

| =0, Q%e' i 2 (2.21)

wherelkis a factor for converting from total radiation to PAR. The extinction coefficient
(ke) is related to the water/background turbidity)(and the concentration of algae in the

pond

2/3

ke =K, 10088C, 6 Ren -'95‘( Calgae,RC)I (2.22)

whereRchi is the chlorophyll cont& of the algal biomagd80].

There are at least 30 chemical elements required for growing microalgae of which
the most important ones, i.e. usually the growtlitiing ones, are nitrogen (N), phosphorus
(P), and carbofB1]. However, for the purpose of determinifgrient in this chapter, only
carbon is considere@s N and P losses from the culture are minimal compared to carbon
losses through C&legassingN and P can be maintained at adequate levels by fertdizers
addition[82]. Assuming that all nutrients are abundant except for carbon, a Monod type
equation modified for the inhibitory effect oversupply of CQcan be used to estimate

fNutrient
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C i
fNutrient,i = < 2 (2 . 23)

CQOe,i
KC + CCOZ,i +

whereKc andKs are the half saturation and inhibition constants fop,E€spectively68].
Autotrophic microalgae acquire carbon by consuming dissolvedsGg@plied artificially

and/orfrom diffusion of atmospheric GOhence the balance for the €@ the pond water

(Cco,) is

d _ (FinCCOZ,i 17 Fouleq "GF)
a( iCCOZi)_ LW (2_24)

- (Si '3) Hi |%:o2 Calgaé, Katrr( ch , ch at)1
whereRco, is the CQ requirement ané is the rate of C@supplementation by bubbling

CQOrich gas into the pond water. The sadransfer coefficier€am regulates the diffusion

of CG; to/from the atmosphere as driven by the difference betw&ey and the

equilibrium concentration of atmospheric €0 water Cco,,am).

2.2.3 CQO, Sump Stations

Sump stations located at the pandldle are used for bubbling G@as into the
growth culture in a concurrent or countercurrent arrangement. Modeling thea@&fer
from the gas bubbles to the pond water in a sump station allows analyzing the effect of
bubbling rate on algae growth whiés useful for the optimization problem. For a given
CO mole fraction in the inlet gagif), the termG can be calculated from determining the
COz mole fraction in the outgassing bubblgs.j
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R Qyi
G=-—2=2 (yin 'yout,i) (2.25)
T,
whereRy is the unversal gas constant, and the gas flowr&lg, (temperatureT), and

pressure Rg) are assumed constant throughout the entire water column. Assuming plug

flow for the gas phas#eutis estimated based on the model derived in refer&@e

2 . -Kea (14;) WHW G
RT,, 2 e %R Qi H o

Youi =5 He Ccqi *éi €:(:Qi, Q e - (226)
p e EART, o § :

whereHei s t he di mens i onHK isthemabkdransfer éosfficienbforshe a n t |,
COq transfer from the gas phase to the liquid ph@sés the width of the sump station and

Gis the gas hold up. For couteffacialaeaf)jcae nt f |
be approximated from

N, .
=pdi——2 2.27
A =P ey 2:27)

whered, is the bubble diameter, anglis the gas bubble terminal veloc[68]. According

to referencg83], the number of bubbles of gas formed at the sump bottighms(

Qi

Ny, =—5—"7— (2.28)
b 1- 0.
po -
The gas hold up is determined from the volume ratio of gas in the sump
o U,Q,,
i = — GQQ’I (229)
T UQ, tVWW

where(s is a correction factor for the compression of gas under \|@dgr
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2.3 Process Economics

The algal biomass unit production coktPC), a criterion to evaluate different

scenarios in this thesis, is defined in this chapter as

T

CCPond+ a. (Cost\lutrients,-i- COSE@L+ Cos\katetr,-'- Co%erg),
UPC = t=1 . (2.30)

q harvest

t=1

wheret is an integer denoting the number of the day starting from the beginning of the
production cycle]. is the length of therme horizon andCCrongis the amortized capital
cost of the open pond system. The daily amount of algal biomass harvested, cost of

nutrients, cost of C¢) cost of water, and cost of energy are calculated by

harves[t: h!ff ggaem,t Earvestt (231)

Cost\lutrientst = harve$( Nl—g R Bg"' IZ?&P B IZRF) (232)

COSEOz,t = XQQJ co a ngg (2-33)
i=1

COSRateri = XN I:makeup:, (234)

COSLnergyt = Xe Emixing, (235)

wherexnH,, Xoap, Xco,, Xw, andxe are the prices of ammonia, diammonium phosphate, CO

freshwater and et#ricity, respectively. The term&v and Re are the nitrogen and

phosphorus contents of the algal biomass and the f&imsand Roap are the nitrogen
content of ammonia and the phosphorus content of diammonium phosphate, respectively.
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The CQ gas density( ¢o,) is calculated using the ideal gas lavhe daily energy

requirement for mixing the open pond water using a paddle wWEeghd) is given by

- -

UB y (:hfriction + a hbend) vW na. H

Emixing = N Meft L (236)

whereMe is the efficiency of the mixing systertgis aunitconve si on f aist or , a
the number of hours the paddle wheel is running dady. From the GauckleManning
formula for open channel floane can calculate the head losses from friction of the pond

bottom ficion) and flow around each benlabéng

nL
hfriction = V2 rfm (237)
Sl v ,2
= >0 (2.38)

whereno is a roughness factor also known as the Gaudklmning coefficientr is the
channel hydraulic radiugis the kinetic loss coefficient ands the acceleration of gravity

[85].

2.4 Model Validation

2.41 Experimental Setup and Model Assumptions
Spirulinawas cultivated in a 450 houtdoor opa pond for 10 months in Malaga,
Spain[86], [87]. The experiment resembles@nario for commercial scale algal biomass

production, especially given the prolonged cultivation period and varying environmental
25



conditions. Therefore, the water temperature, biomass areal concentration, and
productivity profiles reported in referencf®6], [87] were used to validate the ones
predicted by the developed model.

In the experiment, the depth of water was maintained at 30 cm and the growth
culture was prepared with modified Zarrouk
[86]. Moreoverthe pond was inoculated withcancentration of 15 g DW ¥and harvest
was started after 13 days and only interrupted during February due to heayg#ginke
corresponding model assumptions and parameters are: (1) the open pond was discretized
into n = 18 compartments each having a length and width-o0fV =5 m; (2) the makeup
water flowrate was set to match the evaporatasses to fix the depth Bit= 0.3 m; (3)
the nutrient concentrations were at their optimal values, therefore eq 2.23 wdgsgiifo
=1 and eqs 2.22.29 were excluded; (4) after the inoculation period (13 days), the dilution
rate was set to astimateD = 0.10 day based on referen¢@8] except for 17 days during
February where there was no harvest.

The initial conditionsand values assigned to the kinetic parameterS§paulina
growth are shown in Table 2.2. Figure 2.4 shows the solar radiation and air temperature
data for the period of the experiment at Malaga, which were obtained from the European
Database ofDaylight and Solar Radiatiorf89] and the Tutiempo Networkd0],
respectively. These data, including the data for tmeidiity, wind speed, and photoperiod,

were used in the simulation of the model consistinggsf21-2.18 and 2.22.23.
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Figure 2.4 Daily global solar radiation and average air temperature at Malaga from
September 23, 1997 to July 31, 1988], [90].
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Table 2.2 Parameter definitions and values for the microalgae growth kinetics model.

Parameter Description Value

Bm metabolic rate ateference temperature (d9y 0.04[67]

Ts reference temperature for metabolic r&@) ( 20[67]

ks metabolic rate exponential fitting constat@{) 0.069[67]

(04] fractional length of a day having daylight 0.5

tp length of a day (h) 24

Kw water (background) turbidity (%) 0.3[69]

Uy coefficient for photosynthetically active radiation 2.05[91]

Speciesspecific parameters Spirulina N. Salina
€max maximum algae growth rate (dgy 1.4[92] 1.3[78]
Topt optimal temperature for algae growtiCy 27.5[67] 27[93]
kr1 temperature limitation fitting constar®(X?) 0.005[67] 0.01]93]
kr2 temperature limitation fitting constar®(X?) 0.004 [67] 0.03[93]
I max maximum irradiance for algal growth (UEZs?) 200[94] 58([78]
Rehi chlorophyll content of microalgae (g Cht ®W) .007 [86] .017[95]
Initial conditions Spirulina N. Salina

H depth of water in a CSTR in the open pond (m) 0.3 0.3

Tw temperature of the water in the CSTRY) 22.1° 12.4"
Calgae microalgae concentratidn culture (g DW ) 15 45
Ceo, molar concentration of COn the pond (mol ) - 0.02"

“assumed in equilibrium with the ambient environment.
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2.42 Simulation Results

The predicted water temperature profile shown in Figure 2.5 is slightly lower tha
the one determined experimentally which is due to the fact that the air temperature data
used herein are marginally lower than the measurements at the expEBheidi]. As a
result, the growth was inhibited in the winter, but advanced in the summer and
consequently the areal concentration profile was slightly altered. Howeeveshown in
Figure 2.6 the predicted productivity is in good agreement with the experimentally
determined productivity with a mean percent error of 16.3%, which demonstrates the

adequacy of the proposed model.

—e— Algal Biomass (left axis) Water Temperature (right axis)
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Figure 2.5 Simulation results for Spirira cultivation in Malaga, Spain from September
1997 to July 1998: Algal biomass areal concentration and temperature of the pond water.
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Figure 2.6 Comparison between monthiveraged values of the predicted productivity

and the productivity determinederimentally in referenc87].

2.5 Dynamic Optimization

2.51 Problem Definition

Imperial County in California is one of the suitable places for cultivating§alina
in USA owing to the warmer weather and availability of resources including land, water
and CQ[70]. This site was selected for the optimization case study and the daily weather
conditions in a typical meteorological year for this steown in the Appendixvere
obtained from thé&lationd Solar Radiation Data Ba$@6]. The 4 ha open pond proposed
in referencg70] for the production of algal biofuels at commercial scale waptad
herein. Therefore, the pond was discretized into 44 compartmentk withi= 30 m and
the CQ gas was set to be introduced at the bottom of the 12th and 34th compartments.

Drying of the wet algal biomass is to be accomplished by spreading a slajvef the
30



harvested algal suspension over a bed lined withdemsity polyethylen§70]. The cost

of the cultivation system, includintpe land, open pond, sump stations, water transfer
system, and drying beds, amortized for 20 years is estimaf&bali= $17,88970]. The
parameter values selected for the growth kinetidd. @alinaare shown in Table 2.2. The
values assigned to the parameters of modeling thetr@@sfer and process economics are
shown in Tables 2.3 and 2.4, respectively. For a production cycle gean¢he program,

comprising eqs 2:2.19 and 2.22.38, contains 104¢¥ariables, and 1883 parameters.

Table 2.3 Values assigned to the parameters of the @@ss balance and transfer model.

Parameter Description Value
Kc half saturation constant for G@mol CQ, m) 9x10*[68]
Ks inhibition constant for C®(mol CQ, m3) 180[68]

Cco,atm equilibrium concentration of atmospheric £® water (mol n¥) 0.02
Reo, CO, requirement per unit of algae (mol €®* DW) 0.042[97]
Vi CO, gas bubble terminal velocity (cat) 30 assumed
Ty temperature of C&gas fC) 316[70]
Py pressure of Cegas (atm) 1.2[70]
Yin mole fraction of CQin the bubbling gas at inlet 1.0
Ry universal gas constant (atn¥ mol* K% 8.2x10°
He di mensionless Henryds constant 0.8317
Ws width of the CQ gassump station (m) 0.3[70]
do diameter of C@gas bubble (mm) 2[102]
G Coefficient for gas compression under water depth of 30 cm 0.96[84]
Katm mass transfer coefficient for diffusion of @@/from atmospere (m day) 2.4]16]
Ki mass transfer coefficient for G@ansfer from gas bubbles to water (mday| 9.59[100]
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Table 2.4 Parameter déiitions and values for the process economics model.

Parameter Description Value
Xu price of agricultural water ($ M) 0.016[101]
Xe price of electricity ($ kWH) 0.04[102]
XNH, price of ammonia ($ tonrig 934[103]
Ry nitrogen content of algal biomass (g N QW) 0.05[104]
XDAP price of diammonium phosphate ($ torihe 706[103]
Re phosphorus content of algal biomass (g*D4V) | 0.0071[104]
Xco, price of pure C@gas ($ tonné) 40[105]
Meft efficiency of the paddle wheel mixing system 40%p3ssumed
No GaucklerManning coefficient 2.08x107[70]
r channel hydraulic radius 0.29[70]
G kinetic loss coefficient 2[70]

2.5.2 Major Operating Parameters

This section addresses the current practice for the major operating parameters as
suggested in the literature faommercial scale cultivation in continuemde. The
considered parameters are the dilution e the CQ gas flowrate and the makeup water

flowrate.

2.5.2.1Dilution rate

The dilution rate is one of the main operating parameters affecting the pvaguct
of an algal system. A lo® creates a dense culture where light availability becomes limited
due to the shading effect. This reduces the growth rate of microalgae and consequently

leads to a lower productivity. On the other hand, a Bigtould redue the concentration
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of microalgae in the pond also resulting in a lower productivity. Moreavan extremely
sunny day this could be damaging to the growth rate for a microalga that experiences
photoinhibition which would lead to an even lower produstivl herefore, local climatic
conditions have to be considered when searching for the ofdmal

The dilution rate for thebase case scenario is determined by employing the
empirical harvest scheme proposed in referg@8g It starts by holding off harvest and
allowing the algae to growntil the stationary phase of growth is reachidlowed by
ramping upD in steps of 0.05 dayas demonstrated in Figure 2.7. Each time the
concentration of algae in the pond is stabilized for several days the dilution rate is increased
and the optimum is the one yielding the maximum algae productivity. The next step is to
determine the algal biomssreal concentration, which when reached after inoculation,
harvest at the identified should commence. The productivity profile shown in Figure 2.7
is consistent with the experimental results reported in refef@8Lenote that the highest
productivity was achieved whddis 0.10 day, which is the same conclusion reached in
referencg¢88]. From Figure 2.8, it was observed that the growth rate is mostly inhibited by
the limited availability of sunlight and this limitation is higher for sunnier days.
ConsideringhatN. Salinadoes not experience photoinhibition, this could only mean that
the shading effect of the high algal biomass concentration is the main factor responsible
for limiting the productivity of the system. Comparing Figures 2.7 and 2.8, it wasdoti
that the light limitation improves when the areal concentration is less than 35 gHW m

hence this could be the optimal areal concentration. An alternative to finding a single
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dilution rate is to aim for the optimal areal concentraom adjust thelilution rate
accordingly[88]. However, in outdoor cultivation the optimal areal concentration is a
function of the uncontrolled ®ronmental conditions, therefore, the dilution rate profile

needs to be determined using dynamic optimization.
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Figure 2.7 Demonstration of the heuristic approach for finding the optimal dilution rate.
The dilution rate is increased in steps of 0.05'd@gch time the microalgae reach a

stationary phase.
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Figure 2.8 Effect of the nutrient and light limitations on the growth rate during the search
for the optimal dilution rate and biomass algal concentration in the pond using the
heuristic approach. Ehbase case G@as and makeup water flowrates were used in this

simulation.

2.5.2.2CO, gas flowrate

Another important operating parameter is the rate of bubbling of theg&0Qy)
into the pond culture. Increasig@y provides more dissolved G@o thegrowth culture,
but it increases the loss of @@rough degassing as well, a6 is a costly feedstock
Typically, the CQgas is added to the growth mediumdemand serving as a pH regulator
targeting a value within the range of87to maximize the C@utilization [88], [104]
According to[106], the optimal pH for growin@. Salinais betwea 8 and 9, and hence,

using buffers to separate the £8upply from the pH regulation is recommended for
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achieving better growth rates and eliminating algae competitors including other microalgae
species, grazers, and bacteria. Furthermore, this wouldalts® optimizing the CQ
supply focusing on providing enough €@ prevent any nutrient limitation by carbon
deficiency while minimizing atmospheric losses. Alternatively, the pH of the growth
medium could be adjusted by fertilizing with monopotassiuwsphate as a substitute to

diammonium phosphate, as the potassium content greatly affects the algal cu[@irg pH

2.5.2.3Makeup water flowrate

The operating depth of water in the pond, controlledFhykeus influences the
system productivity and economics through affecting the light penetraticral8@ption
and mixing energy requirementhe depth of culture is usually maintained at a certain

level within 2040 cm[16], [70].

2.5.3 Base Case

The base case was simulated starting with no harvest follow8d=b§.10 day
once the concentration exceeded 50 g DW Tihe CQ gas flowrate was séfsed on the
rate of CQ uptake from the growth medium. The makeup water flowrate was set to the
level that compensates for evaporation losses. The simulation took 39 seconds to generate
the results shown as the blue line in Figur&2212. Using the unptimized operating
parameters it would cost $75@ne'to produce 40 tonne of DW yearChart 2.1 shows
that the cost of the G@as constitutes 16% of the base daB€ which is around 40% of

the operating cost which means there is potential in optigithe CQ supply. Also,
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although the cost of makeup water compared to the other cost components is insignificant

as Chart 2.1 shows, optimizing the makeup water flowrate would affect thedS@rption.

Unit Production Cost Breakdown
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Capital cost Carbon dioxide Energy Fertilizers Makeup water

o

m Base case (40 tonne at $ 758 /tonne)
B Optimized case (46 tonne at $ 672 /tonne)

Chart 2.1 Breakdown of the unit production cdst the base and optimized cases.

2.5.4 Optimization Problem
The optimization problem considered determines the profiles of the dilution rate,
COz gas flowrate, and makeup water flowrate that

minimize UPC (eq 2.30

Dan ’ Fmakeup
subject to the fowing constraints:
(1) mass and energy balandesgs 2.12.14)

(2) growth kinetic{eqs 2.152.19 and 2.2:2.23
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(3) CO: transfer(eqs 2.242.29
(4) process economig¢sqs 2.312.39
Note that this formulation contains nonlinear growth kinetics andiénatrisalances
making it a nonlinear dynamic optimization problem. Assuming that the optimal areal
concentration varies only on a monthly basis, the time horizon was divided into 12 control
intervals creating 36 optimization decision variables which argesuto the following
bounds:

Q,2 0, Fruewp 20,0 D @502 HC 0.

assuming that the C{yyas and makeup water availability are unlimited. The bounds on the
dilution rate and depth were set based on typical operation in commercial algae facilities

[16]. The base case assigned values for the decision variables were used as an initial guess.

2.5.5 Optimization Results

It took the optimizer 11,715 sewds to find the optimal operating profiles shown
in Figures 2.0-2.12 corresponding to a production of 46 tonne DW Yealhich is around
11% cheaper than the base caseldP& of $672tonne! and a cost break down as shown
in Chart 2.1. Interestingly,i§ure 29 shows that the algal biomass areal concentration in
the optimized case is kept around 30 g DW/wihich reduces the lightrtiitation as shown
in Figure 2.13wvhen compared with the light limitation in Figure 2.8. Also, this supports
the predictiormade earlier regarding tlogtimal areal concentratidmeng close to 35 g

DW m2. As demonstrated in Figure®2nd 2.D the optimal dilution rate profile follows
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the algal biomass areal concentration during the year, but toward the end of the prnoductio
cycleD goes up so that the remaining algae in the pond is completely harvested.

The optimal makeup water flowrate profile maintains the depth around 30 cm
throughout the year, but towards the end of the production cycle it stops making up for the
evapaation losses as shown in Figure2.This explains the higher algal concentration at
the end of the production horizon for the optimized case when compared to the base case
as Figure A shows. The main reason for optimizing the makeup water flowrate is
minimize the cost of water while maintaining suitable@®sorption. Since there is no
flow of CO, gas in November and December, the optimizer decides to lower the makeup
water flowrate substantially to reduce the cost of makeup water. Notice frome Ridi
that the optimal Coflowrate on average is less than in the base case. Although this causes
growth limitation due to C®deficiency as shown idrigure 2.B, the cost of CQ®
requirement reduces td 87 tonné DW from a base cost of $121 tonhBW.

Chapter 3 of this thesis evaluates the utilization of wastg G#&nely industrial
flue gas CQ, because as shown in Chart 2.1 the most expensive operating component is
the CQ supply. Moreover, the combined cost of makeup water and fertilizers cassstitut
16% of theUPC, hence wastewater utilization supplying both elements at a potentially
reduced cost is evaluated in Chapter 5. As shown in FigudetBel growth rate is mostly
inhibited by the temperature limitation making cultivation during wintest fpart of the
spring and last part of the fall nearly impossible. Utilizing waste heat to warm up the pond

water to assist the growth during those cold periods is evalua@thpter 4 of the thesis.
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Figure 2.9 Algal biomass areal concentration irethpen pond for the base case and the

optimized case.
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Figure 2.D: Optimal monthly operating profile for the dilution rate compared to the base
case profile.
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Figure 2.1.: Optimal monthly operating profile for the G@as flowrate compared to the
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Figure 2.2: Optimal monthly operating profile for the makeup water flowrate compared

to the base case daily profile.
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2.6 Conclusions

A mathematical model for estimating the growth of microalgae in an outdoor open
pond based on local climatic conditionss develged in this chapter. The meldwas
validated against literature data for the productio8mfulinain an outdoor open pond in
Mélaga, Spain. The simulated algal biomass productivity agreed with experimental data,
with a mean percent error of approximately 16%. A dynamic optimizgioblemwas
formulated for determining the locati@pecific optimal monthly operating profiles for the
dilution rate, CQ gas flowrate, and makpuwvater flowrate. A case study wesnducted
for the cultivation oN. Salinain California, USA. The operiag profiles generated by the
optimization loweed the cultivation cost by at least 11% when compared with the base

case scenario where common practice operatasemployed.
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CHAPTER 3

Cultivation Coupled with Recovery of Flue Gas £O

3.1 Background

As illustrated in Chapter 2, the cost of supplyingQG@® support the growth of
microalgae in an outdoor setup can be the highest operating cost. Instead of purchasing
food-grade high purity C@at a rate of $40 tonng utilization of lower quality C@from
a waste source is well documented in the literature to be as effective in supporting the
growth of microalgae. Studies show that low levels of i@ SQ, such as in the natural
gas combustion exhausts, do not inhibit the growth of microalgae, hencusughses
can be injected directly into algal cultuf@8], [107]. Otherwise, flue gases can be purified
to deliver an almost 100%ureCQO. gas to the algal ponds.the CQ is not used locally,
the latter optiotnecomesnore economically favorable because of the significant reduction
in the compression and transportation cost of a much lower volume of gas for the same
CO, supply[39]. However, crude injection might be justified when thes@ised locally,

e.g. algae cultivatiom proximity of power production, as well as when compression for
storing the C@produced at night is avoid¢#il08]. Note that in crude utilization, the flue

gas must be injected atnaicroalgae safe temperature and typically, this means cooling
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down the flue gas to below its dewpoint which is around’E36r natural gas combustion

with standard air. Cooling has to be accomplished using corrossistant condensing

heat exchangers, because the @, and SQin the flue gas increase the water acidity.
Condensing heat exchangers can be categorized into direct and indirect, contac

depending on the presence of separating walls for preventing mass transfer between the

streams exchanging heat. Direct contact heat exchangers are more suitable for cooling the

flue gas, because they can scrub pollutants from the flue gas withoutngedscCQ

content significantly{109]. Moreover, ina direct contact arrangement the overall heat

transfer coefficient is in the range of 50000 Btu htt ft2 °F2. In contrast, indirect contact

condensing heat exchangers have much lower overall hestetr@oefficients at around

10 Btu hr* ft2 °F1 [109].

3.2 Proces®Pescription and Modeling

3.2.1 Microalgae Cultivation System

The microalgae cultivation system considered in this study is described in Chapter
2 with a summary provided herein for converge. The study is centered on the cultivation
of Nannochloropsis Salinan a 4 ha outdoor clajned open pond in southeastern
California for an entire year starting from January. The high photosynthetic efficiency and
lipid productivity of this robust akg strain make it promising for the production of biofuels
[110]. The factors affecting the growth of microalgamsidered are the water temperature,

CO; availability, and irradiance level. The open pond is inoculated at 45 g of dry weight
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microalgae (DW) nf. The atual daily weather conditionshown in the Appendix
including irradiance, wind speed, air temperatand humidityare used to predict the
evolution of the water temperature varying on a daily bf4. A detailed model
description for the open pond, growth kinetici\@nnochloropsis SalineCO, transfer,

and process economics is provided in Chapter 2.

3.2.2 Microalgae Cultivation and Flue Gas eQtilization

The option for purchasing pure @ $40 tonné as in Chapter 2 is replaced with
crude flue gas at 8% C@njectedthroughout the growth culture in the two sump stations
located at the pond middIBefore injection, the crude gas is cooled down to a maximum
temperature of 56C using a packed tower serving as a direct contact condensing cooler.
The proposed configuration of the open pond and packed tower is shown in Figure 3.1.
Cooling water at 10C is assumed for cooling flue gas from a 2.93 MW naturafiges
boiler. At 20% excess air, the boiler generates 4,220kgftflue gas at 177C containing

8% CQ, 16% HO, 3% Q, and 73% N[111].
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Figure 3.1 Schematic of the open pond and packed tower proposed configuration for the

crude flue gas cooling and injection scenario.

3.2.3 Direct Contact Condensing Heat Exchanger Model

To simplify modeling of the direct contact heat exchanger, the watesr vap
contained in the gas is modeled separately and the gas calculations are done on a dry basis.
Furthermore, steady state operation is assuordtie heat exchanger, #s dynamics are
much faster than the algae growth and cultivation. Consequentiyeegyeéalance around
a direct contact condensing heat exchanger would give

H,.,+H,, H,, H

g,in v,in w,in g, out

H+

v, out

Hito H ot (3.1)

w, out c, oL
whereH is the enthalpy of the stream and the subscripts refer to the gas (g), water vapor
from the gas (v), liquid cooling water (w), and watendensate (c). The subscripts in and

out denote that the stream is either entering or leaving the heat exchanger, respectively.
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The amount of vapor condensing out of the hot Gas@ is calculated from the difference
between the moisture content of ti@ gas entering4,) and cooled gas leavin¥du) the

heat exchanger, respectively,
Cond=(X, -X,) B, (32)
whereFqry is the flowrate of the flue gas on dry basis. Assuming that only steam condenses

and other gases includingg@&enoanc ondensabl e, Raoultdés | aw f
component is used to calculate the mole fraction of water in the cooled flug/pas (
Yucout Pr.ou= Pap, ou (3.3)
wherePyap is the vapor pressure of water at the temperature of the cooteddtuandPr
is the total pressure of this gas.
Direct contact heat exchangers include spray, packed, and tray clirBpgigh
surface area packingar significantly improve the effectiveness of packed columns hence
they are commonly used in direct contact heat recdu€9], [113] [115]. The sensible

heat gained by the cooling water in a packed tower can be estimated as

Hw,out - H w,in :U VZp Ahirect -QMTD (34)

whereZ, is the packing heighBgirecti S t he col umn cr dwmpisthe ct i on
log mean temperature difference. The volumetric overall heat transfer coeffigigciah

be estimatethy
1/U, =1/ha 4/ha (3.5)

whereac is the interfacial aredy is the gas side,na hy is the liquid side volumetric heat
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transfer coefficients. Determining the heat transfer area in a direct contact condensing heat
exchanger is a difficult task, hence volumetric heat transfer coefficients are used. For
packed columns those can bemstied using the correlation
hgpa= CG™ L™ (3.6)
whereGs andLs are the gas and liquid superficial mass velocities, respecfi/ed}. The
values of the fluid and packirgpecific fitting parameters, my, andm; are shown in Table
3.1for an air/water system with a random packing made of 38 mm Ceramic Intalox saddles.
Operating a column under flooding must be avoided, because itéeaplsrational
problems such as higher pressure drops which could damage the packing and increase the
energy consumption. The packed tower is designed considering the flood points which are

determined using the calculations presented by M&@9&o)

Table 31: Parameter values for the heat transfer coeffiaerrelation112].

o Parameter
Coefficient

C m m
hgac 6,170 1.38 0.1
hiac 42,570 0.2 0.69

3.3 Process Economics

The process economics detailedSaction 2.3 are adopted in this Chapter with
some modifications. The unit production cd3PC) is reformulated replacing the cost of
purchasing C@with the amortized capital coST Ccoole) and operating cost@Stooling) Of

the condensing cooler
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T

CCPond+ C(:cooler -'a ( Cost\lutrientst-i- Cosgooling,-'- Cosxatar,-k Co%t'lerg),
UPC = 1=t -

a harvest

t=1

(3.7)
wheret is an integer denoting the number of the day starting from the beginning of the
production cycle, andi is the length of the time horizon. The amortized capital cost of the
open pond systenCCrong, and the asts of nutrientstpSkuutrienty, Makeup watercOstvater),
and energydostnerg) are calculated as shown in Section 2.3.26 m in diameter and 3
m long stainless steel tower packed with 2.4 m of ceramic packing would cost $57,100
including direct ad indirect cost$117]. The expected stainless steel tower life is 20 years.

Assuming the flue gas pressure drop is negligible, the cooling cost is

Cosgoolingt =% Qooling vvatelt,+ X qumping powe (3-8)
wherexw andxe arethe prices of water and power, respectively, &aebing wateriS the
quantity of cooling water pumped to the packed tower. The amount of pQuu&pikg powe}
needed at the cooling water pump is given by
Qoumping powet, = P N Q yer/ P g (3.9)
wherebist he number of hours the pump histheoper at
head the pump overcomes to rise the cooling water to the towePdp[s the pump
efficiency, andQuater is the cooling water flowratgr0]. The economic model parameter

values are shown in Table 3.2.
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Table 3.2 Parameter definitions and values for the process economics model.

Parameter Description Value
Xe price of electricity ($ kWH) 0.04[102]
X price of cooling water ($ ¥ 0.016[101]
b number of hours the pump is operating daily (hr{jq 12
J density of water (g crf) 1.0
h head the pump needs to overcome (m) 3
Pett Pump efficiency 85%

3.4 Dynamic Optimization

The several tradeoffs involved in outdoor cultivation of microalgdeé foa
scheduling operations based on optimization. As discussed in Chapter 2, the two major
parameters for operating an algae cultivation system are the dilution rate anc thaesCO
flowrate. The dilution rate is the predominant factor in determiningatmeunt of
microalgae remaining in the open pond. The concentration of microalgae in the growth
culture is an important factor, because it affects the productivity directly and it determines
the effect of the shading and photoinhibition phenomena. Thereégptimizing the
dilution rate to achieve the optimal concentration of algae in the culture becomes vital. The
CO, provides microalgae with the carbon necessary for growth. However, oversupply of
CQOz can inhibit the growth rate of microalgae. Additionallyssolved C@can degas to
the atmosphere if not consumed by the microalgae, hence optimizing ilga&bwrate
is necessaryThe flowrate of the flue gas into the cooling packed tower dictates the

availability of CQ for injection at the open pond a&ll as the cooling cost. Note that, a
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higher flue gas flowrate would increase the cooling load, however, according totleg 3.6
would improve the volumetric heat transfer coefficient and possibly reduce the cooling
cost. A similar tradeff applies tothe flowrate of the cooling water, which is therefore

optimized in this case along with the dilution rate and the flue gas flowrate.

3.4.1 Base Case

In Chapter 2, the dilution rate and the £2fas flowrate are optimized for a scenario
where CQ is purchaseé from an external source at a price of $40 tonwaich is the
standard procedure for supplying £ an algae facility27]. That case can serve as a

base case in this Chapter.

3.4.2 Optimization Problem
The optimization problem seeks to determine the optimal monthly operating
profiles of the dilution ratel), flue gas flowrat€Qmue ), and thecooling water flowrate

(Qwatey that

minimize UPC (eq 3.
DvQﬂuerwater ( q -)

subject to the following constraints:
(1) mass and energy balandesgs 2.12.14)
(2) growth kineticgeqs 2.182.19, and 2.22.23
(3) CO: transfer(eqs 2.242.29
(4) heat tansfer(eqgs 3.13.6)
(5) process economigeqs 2.312.32, 2.342.38, and 3.8.9)
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Other constraints include a minimum harvest of 40 tonne DW'yeamaximum
cooled flue gas temperature of 8D, a maximum column flooding of 90%, and a maximum
cooling water exit temperature of 100. The decisionvariables are manipulated on a
monthly basis for a production horizdig = 1 year. The dilution rate is given an iait
guess of 0.10 dayand the flue gas flowrate is assigned an initial guess of 1,100kg hr

Thecooling water is assigned an initial guess flowrate of 1&por.

3.4.3 Optimization Results

The flooding and cooling water exit temperature constramisarticular, increase
the computational time significantly. The optimizer spends 198,137 seconds to find the
optimal operating profiles for the flue gas flowrate, dilution rate and cooling water flowrate
shown in Figures 3:3.4. The corresponding cohn flooding factor shown in Figure 3.5
suggests that a column with smaller diameter can be used which can result in a reduced
capital cost and an improved overall heat transfer coefficient according to €8§$.3.5
Nevertheless, using the current heat exger in the utilization of the waste flue gas.CO
can reduce the alghlomass production cost fron6%2 tonne down to $602 tonné As
shown in Figure 3.6 and Chart 3.1, the availability of a cheaper 0Grce allows

increasing the C®supply rate lilerally to prevent any C{imitation on growth which
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results in an increased annual algal biomass production from 45.7 tonne to 48.4 tonne.
Moreover, Chart 3.1 illustrates how the utilization of flue gas Cé&h generate good
savings in the C&cost whilenot incurring huge additional capital costs.

Since the crude flue gas contains 8%.CiOis expected to find that the optimal
operating schedule for the flowrate of the crude @& is at least an order of magnitude
higher than in the pure G@as cases shown in Figure 3.Primarily, the flowrate of the
CO, gasdetermineghe amount of C®supplied to the open pond cultutberefore the
optimal profile in the base case suggests higher flowfadas May to Septembewhere
the productivity is highr as evidenced by the dilution rate profd@own in Figure 3.3
However, the optimal profile for the G@as flowrate in the flue gas injecti@enario
follows a different trend because the gas flowdstermines the cost of oparag the heat
exchanger awell. The optimal dilution rate profiles shown in Figure 3.3 &gy similar.
These findings suggest that under optimized operations, theg@Opurity and price,
within the studied limits, mainly changlee CQ gas scheduling and the process economics
without significantly affecting the other operating parameters.

Based on the analyzed scenario, it turns out that utilizing locally available crude
CO, is economically better than supplying costly pure>Clowever, purchasing GO
from an external sourcavgs more flexibility in terms of locating the algae facility, i.e. it
no longer has to be at the €6burce, which could greatly influence the economics. If

locating an algae facility next to the @&burce would result in an additional cost, e.g. due
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to a land cost higher than the reported production cost savings, then purchasing the CO

could be more economical.

® Pure gas (base case, left axis) Flue gas (1/10, right axis)
50 48.3
45
40
35
30 . . . .
25 O
20
15
10 .
5
® @O L J ® ® 02
1 2 3 4 5 6 7 8 9 10 11 12
Month

CO, gas flowrate (kg ht)

Figure 3.2 Optimal monthly schedules for the €@as flowrate in the flue gas and pure

gas (base case) scenarios. These are the flowraashaof the two sump stations.
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Figure 3.5 Profile of the resulting flooding factor in the packed column during operation

under the optimized flue gas injection scenatrio.
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3.5 Conclusions

This chapter analyzes the economic impact of using power plant flue gas CO
cultivation of microalgae in an outdoor open poAdnodel was developed for a packed
tower used as a direct contact heat exchanger for cooling down the flue gas to estimate the
performance and operating costs. Injection of the flue gas in crude form after cooling turned
out to be more economical than giasing pure C® The trends in the optimal operations
for both scenarios do not vary much except for the magnitude of thga@dlowrate, due

to the difference in the G@oncentration in the flue gas and pure gas.
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CHAPTER 4

Cultivation Coupled with Reaxvery of Waste Heat

4.1 Background

In Chapter 2 of this thesis,wasshown that cold ambient temperatures critically
inhibit the growth of microalgae for a considerable period of time during the year. Current
approaches for minimizing heat losses to thenosphere include covering the
photobioreactor surface with an insulating material during cold we§ti&). Others
proposed a new open pond design where the culture is stored in a deep canal during the
night to reduce thsurface area of the culture exposed to the ambiefitldli. Consuming
energy to warm up the huge quantities of culture water during cold climates is
economically unfavorablg!2].

Utilization of waste heat from powealants flue gases in heating algal growth
cultures is suggested in the literat{@&], [42]i [44]. Most gadfired steamboiler power
plants use economizers to recover waste heat and the exhaust gases exit the economizers
at less than 45%; however, this lovtemperature waste heat is suitable for domestic water
heating[120]. In 2006, the wste heat inventory in the United States (US) industrial sector

reached 1.8 quadrillion Btu per year which, if utilized, could provide substantial heating
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to algal culture, hence, supporting algae grdd#i]. Combustion flue gases are also high
in moisture; as a result waste heat recovery (WHR) is commonly done in practice using
condenmg heat exchangers to capture the latent heat trapped in the flu2Qhs

As discussed in Chapter 3 (section 3.1), condensing heat exchangers are categorized
into direct and indirect contact heat exchangers. Althougletdtantact heat exchangers
are more advantageous for the purpose of cooling hot gases, for the purpose of waste heat
recovery the indirect contact arrangement is more suitable. The maximum water heating
attainable in a direct contact arrangement is limtgthe flue gas dewpoifit22]. On the
other hand, indirect contact condensing heat exchangers can heat the water ufi-to 200

[123].

4.2 Process Description and Modeling

4.2.1 Microalgae Cultivation System

The algal biomass production configtion considered in this analysis is detailed
in Chapter 2. To summarize, the study addresses a-lomar cultivation of
Nannochloropsis Salinia a 4 ha outdoor clayned open pond in southeastern California.
The high photosynthetic efficiency and ligsdoductivity of this robust algal strain make
it promising for the production of biofudl$10]. Growth limitatons by water temperature,
CQO. availlability, and irradiance level are considered in the model. The open pond
inoculated at 45 g of dry weight microalgae (DW¥ i supplied with C@by bubbling a

CQOz pure gas throughout the growth culture in the two sutajoss located at the pond
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middle. The actual daily weather conditions including irradiance, wind speed, air
temperature, and humidighown in the appendiare used to predict the evolution of the
water temperature varying on a daily bd88]. A detailed nodel description for the open
pond, growth kinetics dannochloropsis SalinaC G, transfer, and process economics is

provided in Chapter 2.

4.2.2 Microalgae Cultivation an&lue GasHeat Recovery

Algal strains from théN. Salinaspecies grow best at culeutemperatures around
27 °C [75]. Heating of the growth medium can be accomplished usisitelh and tube
(indirect contact) heat exchanger configured to the open pond as shown in Figure 4.1. After
harvesting the microalgae, the water is completely or partially pumped to the economizer
for heating before recycling it to the open pond. Heatingater added to make up for
evaporation losses is not included. The amount of cold pond water available for heating at
the heat exchanger is limited by the harvest scheme at the open pond, hence the dilution
rate affects the operations at the economigevell. Waste heat is assumed to be available
from a 2.93 MW natural gafired boiler flue gast 177°C. At 20% excess air, the boiler
generates 4220 kg hof flue gas containing 8% CGO16% HO, 3% Q, and 73% N[111].
The cooled gas could be directed to the open pond as needed for supplying the necessary
CO; for the growth of microalgae. In order to make the case study applicable fgyddO

waste heat sources as well, purex@&s purchased at $40 toriris used herein.
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Figure 4.1 Schematic of the open pond and shell and tube heat exchanger proposed

configuration for the waste heat recovery coupling.

4.2.3 Indirect Contact Condensing Heat Exchanger Model

The overall heat transfer coefficient in inelit contact can be assumed fairly
constant around 10 Btu hft2 °F1[124], [125] The heat exchanger model adopted from
the gPROMS Model Libraries is used for the performance calculations of the indirect
contact heat exchangesed in the WHR scenarjt26]. For WHR applications, shell and
tube is the most commonly used heat exchanger configuration when indirect contact

arrangement is desir¢ti24], [125], [127]
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4.3 Process Economsc

The process economics detailed in Section 2.3 are adopted in this Chapter with
some modifications. The amortized capital cost of the heat excha®@eyak) and its

operating costqoSheating are added to the unit production cd$P(C)

T

c
CCPond+ CCheater+ a ( COStNutrienﬂs,—'_ COStQO + Costvamer-,'- COSLnerg-)'/-, Cosﬁlgat)
UPC= = -

q harvest
t=1

(4.1)
wheret is an integer denoting the number of the day starting from the beginning of the
production cycle, andl¢ is the length of the time horizon. The costs of nutrients

(coshutrienty, CO2 (Costo,), makeup water cSthate), and energy dostnergy and the

amortized capital cost of the open pond syst€»r¢ngd are calculated as shown in Section
2.3.The purchased equipment cost of a 22&ondenser made of corten steel with steel
pipes and aluminum fins withstanding pH we$ above 8 is $14,430 (vengwovided
[128]). Assuming an installation factor of 1.9 and a yearly maintenance co$b aif éhe
installed cost, the capital cost of the heat exchanger amortized overyigmrl&xpected

lifetime is $3,473124]. The cost of operating the economizer is estimated accordingly

COSFeatingt = Xe Qheater (42)
wherexe is the price of power, anQheatedS theamount of power needed to overcome the

drop i n wa P)drom flowing th®ugh the steeepipes of the heat exchanger

63



Qheaten =b BP'S Frarvest/ Peﬂ (43)

whereb is the number of hours the pump is operating da&tly, is the pump efficiency,
Fharvest is the flowrate of the open pond harvest stream Siadhe splitting ratio which is
a fraction between 0 and 1 dictating the amount of water available for hE&ing he

economic model parameter values are shown in Table 4.1.

Table 4.1 Parameter definitions and values for the process economics model.

Parameter Description Value
Xe price of electricity ($ kWH) 0.04[102]
b fractional length of a day having daylight 0.5
Pett efficiency of the water pump 859passumed
&P pressure drop of water flowing through the tubes (K 7.5[128]

4.4  Optimization

As demonstrated in Chapter 2, the dilution rate is an important operating parameter
to be optimized for improving the economics of microalgae cultivation in outdoor open
ponds. The dilution ra@etermines the concentration of microalgae in the open pond which
playsanimportant role in the growth ratandhence the productivity of microalgae. The
tradeoffs involved in the dilution rate optimization for a traditional open pond system are
discussd in Section 2.5.2.1. In the open pond culture heating scenario, an additional
competing factor is introduced as increasing the dilution rate increases the amount of pond

water available for heating which is encouraged for cases with abundant wastesheat du
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the following reasons. First, indirect contact economizers can heat up water to a maximum
of 93°C using waste heat from boilef$23]. Second, heating up the water to such high
temperatures can be lethal to the microalgae where the heated water is introduced at the
open pond. Thus, having higher amouwftaater available for heating during cold weather

is preferable. This means using higher dilution rates, and consequently reducing the
productivity when the low temperature is already inhibiting the growth rate. Thus,
optimizing the dilution rate becomesitical in a culture heating scenario. addition to
optimizing the dilution rate, the actual amount of water pumped to the heat exchanger is
optimized through varying the splitting ratig) for the junction after the harvest as shown

in Figure 4.1.

4.41 Base Case
A base case resembling the-meating scenario is created using the optimized
dilution rate profile as determined in Section 2.5.5. Tl gas flowrate iset based on
the rate of CQuptake from the growth medium and the makeup water flewsaset to
the level that compensates for evaporation logseshown in Figure 4.2, in the base case
the growth rate is critically inhibited by the temperature limitation during JasMargh
and NovembebDecember. One might expect cooler air tempeeatdiuring these months
to cause higher heat losses from the pond water to the ambient air through conduction.
Figure 4.3 shows that éloppositeis trueas the water gains heat from the air through

conduction, because the air temperature is almost aligtysrithan the water temperature
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as shown in Figure 4.4. Furthermore, compared to the rest of the year, lower air

temperatures during cooler weather does not significantly drop the amounts of heat radiated

from the atmosphere/air to the pond water aslgisaown in Figure 4.3. One can conclude

that lower irradiance levels in the winter compared to the summer are responsible for the

reduced water temperatures. Moreover, as shown in Figure 4.4 thextealradiation is

the dominant heat loss term andnitieases with higher water temperatures. Therefore, it

is possible that heat gained through culture heating might get wasted through increased

waterth

ermalradiation to the surroundings before the growth rate improves by the higher

water temperature.
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Figure 4.2 Effect of the temperature limitation on the growth rate for the base case (no

heating).
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Figure 4.3 Heat gains and losses from the open pond surface for the base ease (no
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Figure 4.4 Comparing water and air temperatures in the base (neheating).
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4.4.2 Optimization Problem
The optimization problem seeks to determine the optimal monthly operating
profiles of the dilution ratel), flue gas flowratéQsue ), and the splitting ratioS) that

minimize UPC(eq 4.2

D, Qe S
subject to the following constraints:
(1) mass and energy balandesgs 2.12.14)
(2) growth kineticgeqs 2.182.19 and 2.22.23
(3) CO: transfer(eqs 2.242.29
(4) heat transfefsee sectiod.2.3

(5) process economig¢eqs 2.312.38 and 4.2.3)

6) 0¢Q,,. ®22C

(7)0¢D ¢.5
8)oecs a
Other constraints include a minimum harvest of 40 tonne DWlyemnd a
maximum heated water temperature of 300Thedecisionvariables are manipulated on
a morthly basis for a production horizdi = 1 yearThe dilution rate profile from the base
case is used to provide the initial guess. The initial guesSi$ot. The flue gas flowrate
is assigned an initial guess of zero for June to September and 4,228 fkg the other

months.
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4.4.3 Optimization Results

The optimizer takes 6,587 seconds to find the optimal operating profiles for the
heating scenario which slightlgise the temperature of the pond water as shown in Figure
4.5. Figures 4.6 and 4.7 shawat heating reduces the temperature limitation which
improves the growth rate. As a result the annual harvest increases from 47.4 to 48.6 tonne
DW. As illustrated in Chart 4.1, the operating cost of the heat exchanger is negligible, but
the capital costfahe heat recovergpparatusncreases the biomass production cost from
$666 tonné to $727 tonng.

Figure 4.8 shows that the heat gained through heating gets lost temligtve
heat loss from the watehs discussed earlighermal radiation frorwvater is the dominant
cause of pond water heat losses, hence reducing thethext@alradiation could be more
effective than heating the culture. Covering the huge open pond surface is expected to be
uneconomical. Alternatively, one could seek optidras teduce the water exposed surface
to volume ratio to reduce heat exchange at night when heat gain by solar is unavailable.
Although this would reduce the heat gain by atmospheric radiation, it &srsignificant
as the heat losses by wateermalradiation as concluded from Figure 4.3. The algal
raceway integrated design (ARID) pond addresses this issue by storing the culture in an

underground reservoir at nigit19].
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Figure 4.5 Difference between the temperature of the open pond water in the heating

case and the base case-freating).
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Figure 4.6 Difference between the temperature limitation on the growth rate between the

heating case and the base casehgating).
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Figure 4.8 Comparison between the heat losses through wWatemnalradiation forthe
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Chart 4.2 Unit production cost breakdown for the heating case and the base case (no

heating).

The monthly operating profiles for the dilution rate, flue gas flowrate and the
splitting ratio are shown in Figures 4911 suggesting heating only during thentins of
January, April, May, and Octob&ecember. Typically, one would expect the optimal
solution to include heating during February and March. However, as shown in Figure 4.9,
the optimal profile for the dilution rate agrees with the base caséemujgesting that no
harvestboe empl oyed i n February and March. Obvi
drops dramatically during these months as ¢
prevent that. Although the growth rate is higher in March flaanuary, the high inoculation
at the begging of the year allows using a low dilution rate before the algae concentration

drops significantly shortly after January and harvest has to stop as shown in Figure 4.12.
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This means some water is available in Janpudnich is why the optimal solution suggests

heating in that month.
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Figure 4.9 Dilution rate profile for the heating case and the base caseegtong).
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Figure 4.10Optimal monthly schedule for the hot flue gas flowrate.
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Figure 4.12 Algal biomass concentration in the open pond for the optimized case where

culture heating is empjed.
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4.5 Conclusions

During cold weather, the temperature limitation significantly drops the growth rate
of microalgae in outdoor cultivation. The difference in water temperature between winter
and summer times is mainly due to the seasonal changes rinrsaléance. Heatolsses
from the open pond water ad®eminated by watethermalradiation to the atmosphere.
Increasing the water temperature through waste heat recovery and its impact on the process
economics is investigated in this chapter. A modeldea®loped to estimate the operating
cost and performance of an indirect contact heat exchanger used in recovering heat from a
power plant natural gas boiler flue gas to the open pond water. In conclusion, heating
improved the productivity of the systemytlthe high capital cost of the heat exchanger
resulted in an increased algal biomass production cost from $666t@Weto $727

tonne! DW.
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CHAPTER 5

Cultivation Coupled with Recovery of Waste Nutrients

5.1 Background

In algal biomass cultivation, feliiers such as ammonia, urea, sodium nitrate,
diammonium phosphate, and potassium phosphate, are added to the growth culture to fulfill
the requirement of elemental nitrogen and phosphorus necessary for the growth of
microalgae, cell division and lipid acumulation[129]. Studies on nutrient optimation
primarily focus on nitrogen and phosphorus because the other elements are needed in much
smaller quantities including Co, Zn, Mn and Cu. For instahkeSalinais commonly
cultivated in the /2 medium which contains 75 mg bf NaNQs, 5 mg Lt of
NaH,PQyH,0 and 0.0098 mgtof CuSQ [106], [129], [130] Nitrogen can make up-1
15% of the algal biomass df. Salina[104]. The deal ratio of nitrogen to phosphorus in
algal biomass is around 1g131].

In cultivation of microalgae in open ponds, fertilizers are introduced to the pond
culture as needed to avoid growth limibat due to nutrient deficiency. As demonstrated
in Chapter 2, the cost of nutrients (fertilizers) can be arourtR¥ of the algal biomass

unit production cost. For commercial application of algal biofuel in the near future, every
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aspect of the cultivatio process will have to be optimized. Utilization of waste nutrients
through integration of microalgae cultivation with wastewater treatment is widely
discussed in the literatuf@32]. A typical secondary wastewater treatment process would
receive raw municipal wastewater at total nitrogen concentrafilpgf 30-100 mg L2,
and total phosphorus concentrati@®) of 6-25 mg L* [133]. Strict regulatias limiting
nitrogen and phosphorus content of treated wastewater discharged to surface open waters
are lacking134]. Some of the consequences related to the discharge of waters containing
those pollutats include eutrophication, drinking water contamination, and toxicity to
marine life[25]. A tertiary treatment step dedicated for removal of nitrogen and other
dissolved pollutantsan be extremely cost[25]. On the other hand, pollutants in treated
wastewater can be thought of as free nutrients for algal biomass cultivation. Moreover,
growing microalgae inwastewater can reduce its biological oxygen demand through the
oxygen generated during the photosynthesis reaction. Furthermore, microalgae can remove
metal ions and coliform bacteria from wastew§®&]. An economic analysis on the cost
of algal biofuels production in an integrated process for algae cultivation and secondary
wastewater treatment can be found in refer¢n@g Although microalgae cultivation can
be used as a secondary treatment process, it is not as effective considering the retention
time currently achieved in existing processes such as the actshadigrt procesd 32].

Employing microalgae cultivation as a tertiary treatment step can be challenging if
the nitrogen to phosphorus ratio is relatively low, hence leading to excessive phosphorus

limitation [132]. Furthermore, algal biomass consists of 50% carbon, hence the
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requirement for C@in algae production is much higher than nitrogen and phosphorus and
locating algae facilities at GG&ources becomes advantageous. Therefore, in cases were
local wastewater isiot available, using microalgae as a tertiary treatment step can be
challenging, because transporting treated wastewater from a wastewater treatment plant to
an algae facility can be costly. For an algae producer, the reduction in nutrient cost might
not mmpensate the added transportation cost and this tradeoff can be addressed in a supply
chain optimization formulation. Moreover, wastewater treatment plants can differ in
effluent nutrient concentrations which could lead to nutrient deficiencies affeting
growth rate of microalgae. Therefore, in the case of wastewater utilization, the cultivation
system operations should be optimized according to the received treated wastewater
characteristics. The analysis presented in refer¢ri@e addresses the algae facility
location issue assuming monthly average productivities of the algal system.

The proposed supply chain formulation accountsdaity changes in weather
conditions and embeds a process model for estimating growth rates on a daily basis.
Moreover, the process model is used in preforming dynamic optimization to determine the
optimal operating parameters for every individual suppbirckeonsidered in the analysis.

The formulation compares this information to decide on the optimal facility location, daily

supply of treated wastewater, and monthly operating profiles for the cultivation system.
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5.2 Process Model

5.2.1 Microalgae Cultivabn System

The microalgae cultivation system considered in this study is described in Chapter
2 with a summary provided herein for convenience. The study is centered on the cultivation
of Nannochloropsis Salinan a 4 ha outdoor clayned open pond in steastern
California for an entire year. The factors affecting the growth rate of microalgae considered
in the model are the water temperature,»CG@ailability, nitrogen availability, and
irradiance level. The open pond is inoculated at 45 g of dry waigibalgae (DW) 1.
Actual daily weather conditionavailable in the Appendjxincluding irradiance, wind
speed, air temperature and humidése used to predict the evolution of the water

temperature varying on a daily ba§].

5.2.2 Treated Wastewatertllization

In this analysis, the algae cultivation system receives treated wastewater from
secondary treatment wastewater processing plants. Typically, secondary treatment
produces an effluent quality level of 30 mgd &f total suspended solids. Such lawbidity
(0. 003%) wonot i ncrease the water turbi di
fraction of the pond water is going to be replaced with treated wastdh@®gr

Effluent flow and nutrients concentrations from wastewater treatment plants in
Imperial County are shown in Table 5.1 as collected fronCidigornia Regional Water

Quiality Control Board webpadé&36]. These arenaximum daily values otherwise noted
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as average and missing data was estimated. The wastewater treatment plants included in
the study are ones with effluent discharge to surface waters or evaporation ponds. As
discussed earlier, the ideal ratio of nitrnge phosphorus if. Salinacultivation is16:1

[131]. Based on the data from Table 5.1, the average ratio of nitrogen to phosphorus is
around 14:1 which suggests the growth rate will experienaagettrlimitation rather than
phosphorus limitation. Therefore, only nitrogen limitation is considered in this analysis.

As demonstrated in Chapter 3, utilization of crude €&n natural gas fired power
plants can be economically advantageous. Table So®sslannual amounts of GO
generated from power production at power plants in Imperial County according to the
Emissions & Generation Resource Integrated Database (eGRID]) According to the
optimized operations found in Chapter 2 for the.@@s flowrate, these power plants
generate more than emgh CQ for the scale of the cultivation system considered in this
study. According to referend@0], types of land suitable for algaelttvation include
agricultural, developed opespace, shrub, and bare land. The availability of such land at
the candidate sites (power plants locations) is confirmed using data form the National Land
Cover Databas§l38] as displayed in Figure 5.1. The wastewater treatment plants and
power plants are geographically distributed as shown in Figure 5.2. A possible scenario is
the cultivation of microalgae at the wastewater treatment plants where wastewatstautrie
are freely available eliminating costly transportation. However, power plants flue gas CO
wonot be avai bwilbhhve todenpdirchpsed. Bhe @her scenario is algal

biomass production at the power plants, to benefit from the cheaper Gt
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transportation of treated wastewater from the wastewater treatment plants to the power
plants for the nutrients supplyoor-to-door driving distances from the wastewater
treatment plants to the power plants found using Google Mapsavailable in the

Appendix[139].

Table 5.1 Effluent characteristics of wastewater treatment plants in Imperial County

[136].
Wastewater Flow Total Nitrogen Total Phosphorus

Treatment Plant (million gal day?) (g n1¥) (g n1¥)
El Centro 3.5 17 2 (average)
Calexico 2.68 98.84 (estimated) 3.32 (average)
Calipatria 1.73 92.8 12.47
Heber 0.27 26.8 10.11
Holtville 0.67 34.4 8.82
Imperial 2.4 125 11
Niland 0.28 151 3.1
Seeley 0.1 58.6 17 (estimated)
Westmorland 0.28 21.81 1.89
Brawley 3.9 59.96 16.65

Table 5.2 CO; emissions data for natural gas fired power plants in Imperial County

[137].
Power Plant Name CO2 Emissions(tons yeat)
El Centro 548,584
Niland Gas Turbine Plant 44,683
Rockwood 3,128
Spreckels Sugar Compar 63,192

81



Figure 5.1 Map of Imperial County displaying the considered power plants locatidnite(font and black markeand land
availability: developed land (red), developed opeace (pink), agricultural (brown), and pasture land (yel[@&7], [138]
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