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OPTIMAL SPATIAL ARRANGEMENTS OF THREE ECOSYSTEMS: MICROALGAE
POND, ANAEROBIC DIGESTER AND AEROBIC WASTEWATER TREATMENT
PLANT

Actualmente existen diversos problemas medioambientales, dos de ellos corresponden a la
futura crisis energética, debido al agotamiento de los combustibles fésiles, y a la existencia
de aguas residuales con altas concentraciones de nitrégeno y carbono. Un microorganismo
llamado microalga podria ser una potencial solucién a estos problemas, ya que éstos consumen
nitrogeno y carbono para acumular lipidos en su medio intracelular, el cual posteriormente es
procesado para producir biocombustibles. Sin embargo, la produccién de energia a partir de
microlagas es ain muy cara, es por eso que se debe optimizar este proceso, en este trabajo se
abordara la estrategia de optimizacién a través del acoplamiento de ecosistemas, los cuales
corresponden a: Piscina de microalgas (PM), digestor anaerébico (DA) y una planta de
tratamiento de aguas (PTA). El objetivo general de esta investigacion es encontrar el arreglo
espacial optimo entre ellos.

Se disenaron y calibraron modelos matematicos simples para el ecosistema PM y PTA.
La calibracion se llevé a cabo usando las curvas de nitrogeno y de demanda quimica de
oxigeno (DQO) en paralelo, con una suma de errores de 22.5% para el PM y de 38.5% para
el PTA. Los pardmetros obtenidos son comparables a los encontrados en la literatura. Los
ecosistemas fueron acoplados a través de sus flujos de DQO y de nitrégeno, y las siguientes
funciones objetivo fueron definidas: 1) Maximizar el metano producido 2) Maximizar la
energfa total producida y 3) Maximizar las ganacias obtenidas gracias al valor del metano y
de la biomasa producida. Ademaés, fueron consideradas restricciones medioambientales, tales
como la concentracién de nitrégeno y la DQO en la salida del sistema.

Si lo que se maximiza es el metano, se obtienen 99.96 [mol]. El reactor anaerébico es el
més grande y recibe la alimentacion mas alta, el C'H, generado corresponde al 72.4% del
maximo tedrico. En este caso, el arreglo espacial no puede ser presentado como una cadena
de etapas porque el diagrama de flujos obtenido es uno circular y por lo tanto el orden entre
cada ecosistema es irrelevante para el proceso. Si la ganacia y la energia total producida
son maximizadas, se obtuvo 343.6 US$ y 115.53 [kWh], respectivamente. El ecosistema de
tratamiento de aguas recibe la alimentacion mas alta, el cual produce el mayor beneficio
econémicos y la mayor produccién de energia. El metano producido es un 21% del maximo
tedrico. En ambos casos, el arraglo espacial obtenido son iguales, debido a la presencia de
minimos locales y a la similtud de las funciones objetivo. Ademas, es posible concluir que el
primer paso del proceso debiese ser el ecosistema PTA, luego el DA y finalmente el PM. Asi,
se pudo cumplir el objetivo general de este trabajo. Finalmente, la metodologia usada es
capaz de cumplir los objetivos planteados, incluso es posible escalar el problema agregando
otros ecosistemas o usarla en otras aplicaciones.
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In recent years several environmental problems have come about, two of them are an energy
crisis as a result of fossil fuel exhaust and the waste water created with high nitrogen and
carbon concentrations. A potential solution of the aforementioned problems is contained
in the properties of microalgae, which is a microorganism that can accumulate lipids in its
intracellular medium. These lipids can be processed and converted into biofuel by allowing
microalgae to consume nitrogen and an organic source from the medium. However, energy
production from microalgae is too expensive in comparison with fossil fuel and thus there is
a need to optimize this process. The strategy of optimizing by coupling ecosystems will be
carried out in this work. The ecosystems that will be coupled are: Microalgae pond (MP),
anaerobic digester (AD) and wastewater treatment plant (WWT). The general objective of
this research is to find the optimal spatial arrangement among them through mathematical
modelling.

Simple mathematical models were designed and calibrated to MP and WW'T ecosystem.
Calibrations were carried out using nitrogen and chemical oxygen demand (COD) curves in
parallel with a sum error of 22.5% in MP and 38.5% in WWT. Obtained parameters are
similar to ones found in previous literature. Ecosystem were coupled through COD and
nitrogen flows and the following objectives functions were defined: 1) Maximize methane
produced 2) Maximize total energy produced and 3) Maximize profit due to the value of
methane and microalgae biomass produced. Environmental constraints were considered,
such as nitrogen and COD because they are in the output.

When the methane produced was maximized it reached 99.96 [mol]. The anaerobic reac-
tor has the biggest size, it receives the highest input flow, and C'H, generated is the 72.4%
of maximum theoretical methane production. This result determined that the spatial ar-
rangement can not be summarized by a chain of processes since the flowsheet obtained is a
circular one and thus the order is irrelevant for the process. When profit and total energy
produced are maximized, it was obtained 343.6 US$ and 115.53 [kW h], respectively. Waste
water ecosystem received the biggest input flow, which produced the majority of amount of
revenues and energy. Methane produced is equal to 21% of maximum theoretical. In both
cases, the spatial arrangements obtained are equals due to the presence of local minima and
the similarity in the objective function. These calculations allow to conclude the best order
of the ecosystems: WWT, AD, and finally MP. Finally the methodology is enough to reach
the objectives of this work, even it is possible to scale the system adding more than one
ecosystem or using this methodology in other fields.

il



"No hay nada como viajar para ensanchar la cultura. Pero también para afinar la
sensibilidad. Conoci Israel, Egipto, Tunez, Marruecos. Al final de mis viajes volvi con un
solo convencimiento: no somos nada.”

Roberto Bolano, Los Detectives Salvajes
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Chapter 1

Introduction

1.1 Preliminaries

In some years there will most likely be an energy crisis and that is why we as human beings will
need to think new ways to get fuels. Presently, the current burn of fossil fuels is associated to
global warming. These new strategies should provide energy and take care of the environment
[1], otherwise there will be energy, but no planet on which to use it.

In this context, a suitable way to solve this problem is Non-conventional Renewable Energy
(NCRE). In Chile this term is used to define energy whose sources are geothermal, wind, solar,
biomass, small hydro, or other similar[2]. Among them, biofuel from microalgae qualify as
NCRE. Its production is detailed below.

A second problem is the waste water constantly produced by human beings through the
chemical industries and domestic use. This water must be treated, as it is specified by
environmental regulations. Composition of these residues is characterized by high nitrogen
concentration and a high Chemical Oxygen Demand (COD)[3].

Therefore, there are two main problems, which could find potential solutions through
microalgae metabolism, as it will be explained below.

1.1.1 Biofuel from microalgae

Microalgae are phototrophic microorganisms which means they use photons as a source of
energy to fix carbon dioxide (photosynthetic way, in which it is possible to mitigate CO,), but
some of them can also consume carbohydrate (so they actually are mixotroph). Under certain
environmental conditions this consortium is able to accumulate neutral lipids[4]. These lipids
are processed, involving a transesterification reaction, and converted into biofuel.

Since microalgae also need a source of nitrogen, it is possible to think about coupling
microalgae culture with wastewater, which contains nutrients [3]. As a result, the global

1



amount of pollution would decrease.

It is noteworthy that both problems mentioned could have solutions because of the natural
microalgae metabolism. However, this source of energy is still not competitive in comparison
with fossil fuels because of the high costs of nutrients to feed the microalgae and the instru-
mentation needed to control variables in these reactors, in order to keep the microorganisms
alive. That is why current researchers are looking for different strategies to optimize this
process to make this alternate source of energy more competitive. For instance, a promising
alternative is to couple an anaerobic digester to a microalgae culture to produce more energy
because of the methane (biogas) generated and, on the other hand, if the residues of the
digester are recirculated, it is possible to recover nutrients of microalgae, achieving a cheaper
production of biodiesel[5].

It could be an interesting alternative to couple ecosystems in order to optimize the pro-
duction of biodiesel from microalgae, minimize costs or the global amount of residues in the
environment.

The possibilities mentioned raise the question of what would happen if another ecosystem
were added to the process. This idea will be detailed in the next sections, which creates new
uncertainties like the increase in productivity or if the coupling arrangement could have an
impact. It is noteworthy to say that until now there are no published works in this field. It
means that the optimal arrangement between more than two ecosystem in order to produce
biofuels and treat wastewater is an open question.

1.2 Objectives

From these questions the objectives of this work are:

1.2.1 General Objective

Proposing three simplified models and identifying optimal spatial arrangements to optimize
an objective function, in the following ecosystems: a pure culture of microalgae, an anaerobic
ecosystem, and an aerobic wastewater treatment plant.

1.2.2 Specifics Objectives

e Reviewing models for each ecosystem, focusing on simple flows of carbon and nitrogen.

Proposing and/or selecting a simple model for each ecosystem.

Identifying realistic parameter values associated with each model.

Defining an objective function to find the optimal configuration of the coupled systems.

Raising and solving the optimization problem to find the optimal configuration using
different objectives functions.



1.3 Scopes and Limitations

As the aim of this work is to give a solution about what is the best arrangement in a simple
way. In order to do this, some assumptions are used for the models: the effects of temperature,
pH or pressure in the digester are omitted; all the reactors are assumed to be homogeneous.

General mass balance will be used to mathematical modelling of each ecosystem which
because of assumptions taken, the permanent fluctuation in the input of many important
variables, such as flows and irradiance and composition of nutrients, it will be represented
by Ordinary Differential Equations (ODE).

In this work, several parameters of the model were fitted to experimental data. The results
of optimal spatial arrangement will not be proved experimentally.

1.4 Methodology

The methodology was defined in order to accomplish the objectives of this work, which has five
stages: 1) Designing equations of each ecosystem, using general mass balance and different
growth kinetics depending on the microorganism. 2) Model calibration with experimental. 3)
Coupling the equations, through the flows of carbon and nitrogen of each model. 4) Raising
an objective function to optimize and 5) Optimization itself.

In the next section, it will be explained how all these points were carried out.

1.4.1 Modelling of each ecosystem

As it was mentioned before, it is important to couple different ecosystems to improve the
productivity. On the other hand, each ecosystem has their own dynamics, therefore, its own
equations which model that behavior.

To couple the ecosystems already described, it is necessary a representation of each ecosys-
tem. So, the following section presents a mathematical framework to support the represen-
tation of reality and to be able to predict behavior of the system under different situations.

The mathematical representation of each ecosystem will allow to decide the best connec-
tion among them through an optimization problem. Accordingly, the mathematical model of
each ecosystem has to be simple, because the aim of this modelling is to insert these equations
in a problem of higher level.



1.4.2 Ecosystem: Microalgae Pond (MP)

MP will be based on microalgae culture, which could be either sophisticated culture (photo-
bioreactors) or a simple open air pond (see Figure .

Figure 1.1: Microalgae raceway open ponds|[6].

In any case microalgae need nutrients for their growth, such as nitrogen and COD or light
to produce its own energy. This kind of metabolism is called mixotrophic metabolism, since
if there is no COD, microalgae could continue growing because of the light and vice versal7].
However, in a pond, not all microorganisms receive the same amount of light, it will depend
on the depth they are (z in [m]) and the concentration of biomass itself (x in [mg/L]).

Assuming that the decay of irradiance of light (I in [umol/m?s]) is exponential, so I could
be modeled as follows[4]:

I(z) = Iy - exp(—kzz) (1.1)

Where I is the irradiance on the surface, which usually oscillates, and £ is light attenuation
coefficient.

The rate of growth will be modeled as Monod kinetics:

I
I+ K;

p () = pim - (1.2)

Where g, is the maximum specific growth constant, in [1/h], and K; the Monod half
saturation constant, in [umol/m?s]. Considering an average of u(I), as I is a continuous
variable, its average is calculated as:

1 L 1 Ip ,LL(I) m, 10+K[
7o) = = [ p(r(e)ds = —— [ ED g b L
1t (o) /0 p(1(z))dz Lkx Jyy 1 Lka <IL+KI) (13)
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Where I}, = I (L). Note that & is equal to the average of the yield between the growth
rate and the irradiance.

As it was written before, microalgae are mixotrophic microorganisms, it means that its
growth could happen because of the consumption of any carbon source, represented by COD,
in [mg/L]. Tt is important to highlight that variable COD in the model is the whole organic
carbon in the medium, and variable Sy corresponds to COD without biomass. This behavior
will be modeled with a Monod kinetics as well:

So

So) = cmax * & 1.
#(S0) = e So + K,

(1.4)

On the other hand, microalgae not only need carbon to survive, moreover, they need a
source of nitrogen, which are joined in the variable N, where N = aNH,} + BNO3; +yNO; .
If M M is the molecular mass, so:

oo MM(N) 14 5= MM(N) _ MM(N) (15)
T MM(NH))  14+4-1 7T MM(NO;) T MM(NO;) '
Growth rate due to nitrogen consumptions is also modeled with a Monod kinetics:
N
N) = UNmax - ———— 1.6
N = a7 (1.6)

The last assumption taken is the volume system (V' in [L]) is constant, that is why V
will not appear in the equations. After all of this, it is possible to make a biomass balance,
following the form of previous works[5]: Assuming there is no microalgae inflow in the pond
and this microorganism has a constant respiration rate (R in [1/h]):

d—x——D:U—l—(

dt

Fam Iy + K;
Lkx I; + K;

)+ hedelsn)) fx(N) -2 - o (17)

D is the dilution rate (in [1/h]) equal to Q;,/V, with @, the input flow, in [L/h], and V'
is the volume of the pond, in [L]. So, the balance of Sy and N are:

d(;o) = D (So,, — S0) — keope fo(So) fx(N) - (1.8)
% = D (Nin — N) — fn(N) [knfi (Io) + (ky — kinkc) pe fe(So)] @ (1.9)

Where k;, is the nitrogen content in the Sy input (later it will be explained why this term
was added), considered as constant and computed from the experimental data:

5



(1.10)

e :l “ |:(Ntot)k:_a(NH4)k—6(N03)k_fy(N02)k

k=1 (So) (in, filt)
Finally, if N, (in [mg N/L]) is the amount of nitrogen associated with Sp, called Organic
Nitrogen.

dNorg

dt =D (Norg,in - Norg) - kka,quC'(SO)fN(N)-T (111)

1.4.3 Ecosystem: Aerobic Wastewater Treatment Plant (WWT)

In this case, there are two different microorganisms: microalgae (denoted ;) and nitrifiers
(denoted w5). It is important to know that nitrifiers oxidize ammonium to nitrate and its
source of carbon comes from inorganic carbon, it means, they do not consume Sy, and they
produce NO; [§]. The growth of microalgae is represented by the same model as in MP,
except for the consumption of nitrogen. Actually, the inorganic nitrogen which is the easiest
to uptake for the microalgae is NH, , and the most difficult one is NO;, this after some
biochemical steps inside of the microorganism is transformed to NH,. So, NO;3 is not
uptaken until N H," has a low concentration. So, mass balances are modeled as follows:

dl’l

i —Dxy + (i (Lo) + pue fe(S0)) - (fvma + fnvo) x1 — Rixy (1.12)

Where

NHf
Inua (NHZF) - NHy+ Knp,a
4,

NOZ Knm,a
NO,NH;}) = 3 : =
fyo (NO, NHY) NO; + Kno, NHf + Ky, 1

dZL‘Q

o —Dxy + pnm2fNE2T2 — Rao (1.13)

Where:

NH}
fnmz (NHJ) = NH} + Kyp,»
4,

So balance (COD without biomass):



d(Sp)
dt

= D (So,, — So) — kcipe fo(So) - (fvma + fno) - 21 (1.14)

NH; balance: Where (NH} )oqer = aNH; (in [mg N/mg So)):

d(NH,)
dt

=D (NH4,m - NH4)—fNH,1 [kmﬁ (fo) + (kNl - kzn) ,ucfc] T1 —kNH,zuNH,szHQ‘SUz
(1.15)

NO balance: Where NO = fNO3 +yNO, .

d(NO
(dt ) =D (Nom - NO) — fno [k?mﬂ(fo) + (kNl - k?mk?(}l) Hcfc] T+ kNO72NNH,2fNH,2 * To
(1.16)
And organic nitrogen:
dNorg
7 =D (Norg,in - Norg) - kinkCl,quC(SO) : (fNH,l + fNO) X1 (117>

1.4.4 Ecosystem: Anaerobic Digester (AD)

An AD is a system where microorganisms grow in absence of oxygen. This consortium of
bacteria is able to transform a source of COD, such as biomass, to biogas (mainly composed
of methane and C'O,), through four reactions: hydrolysis, acidogenesis, acetogenesis and
methanogenesis, each of them performed by different microorganisms[9].

The model of this ecosystem will be based on a simplified model designed by Mairet et al.,
2011 (see [9]), in order to reduce computational processing time. As assumption, it will be
considered only three main bacterial population: z; which consume sugar and lipids (S; in
[mg COD/L]), x5 consume proteins (Sy in [mg COD/L]), and both produce Volatile Fatty
Acids or VFA (S5 in [mg COD/L]), and the last bacterial population, x5, uses as substrate
VFA, and produce CO, and methane (methanogenesis)[10].

If p; is the specific growth rates of x;, in [1/h], where i = {1,2}, in this case p; will be
modeled as a Contois functions of the corresponding substrates, it means:

Si

- 1.18
Si + Kgixi ( )

#i(Su 902) = i max *

As specific growth of methanogenic bacteria (ug in [1/h]) could suffer inhibition because of

7



VFA accumulation, it is necessary to model it with an inhibitory term, that is why, Haldane
kinetics multiplied by an ammonia inhibition term, is used as follows:

S3 KINH
[1;3(83, NH3) - /JJS,max : . 3 (119)
53+KS3—|-I§—i Kiyy, + NH;
Therefore, the mass balances are:
as

d_tl = D(ﬁlSm — Sl) — ]{]1/,61371 (120)

dlL’l
% = —Daz + ,U1<51> * I (1'21)

as

d_t2 = D(B2Sin — S2) — k522 (1.22)

d[EQ
% = —Dl’g + Mg(SQ) + T2 (123)

dSs

E = —DSg + kg/LlSCl + k6,u2x2 - k9ﬂ3$3 (124)

d[Eg
T = —Day+ () - s (1.25)

dN
E = D(Nz — N) — kgulxl + k7/L2332 — klolugl'g (126)
d(qCH

M = kllﬂgl’g -V (127)

dt

Where qCH, is the flow of methane generated in [mol]. This model has already been
calibrated and validated on experimental data. A summary of its results could be seen in

Appendix [E]

1.4.5 Model Calibration

An experiment in a pilot plant of 1.9 [m?] has been carried out during 39 days with real waste
water. The following measurements were made: Total Chemical Oxygen Demand (COD),

8



NH;, and NO; concentrations as a function of time. Besides the input of the following
variables were measured: COD, NH,", NO;, irradiance and flow. Some of these data are

represented in Figure and [1.3]
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Figure 1.2: Experimental data. Concentrations of the most important variables. Red and blue
line, show the concentration in the input flow, and in the bulk of the raceway, respectively.
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Figure 1.3: Experimental data. Irradiance measured in the raceway. With higher values when
there is sunlight and zero at night.

With these experimental data, some of the kinetics parameters (the ones there were not in
the literature before and the ones that are most sensitive to the environment), were identified
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with a minimization algorithm: the function fminsearch in Matlab[II] implementing the
Nelder-Mead simplex algorithm[12], which is able to handle nonlinear equations, this is an
important feature because, as it was shown before, each growth kinetics does not have a
linear behavior.

1.4.6 Coupling Equations

The three ecosystems will be coupled through its flow of nitrogen and carbon, where the
efluent of one system will be the influent of the other one. This coupling will be useful to
optimize the entire system.

It will be only explained how MP or WWT are connected with AD ecosystem. Because
coupling between MP and WWT is direct due to those models have the same inputs and
outputs.

If the output of MP or WWT goes to the AD, microalgae will be one of the source of sugar-
lipids (S1) and protein (S3) (see equations (1.20)) and (1.22)), respectively), and moreover the
output of COD from MP and WWT is also a source of Sy and Sy (with a different ratio).
Finally, regarding to WWT ecosystem, its flow of NH; and NO will be connected to be
nitrogen input in AD (equation (1.26])). In Figure it is possible to see a summary of this
coupling (between MP and AD is analogous).

coD
Sugar/Lipids 5
microalgae
Proteins
WWT |__ "o | aD
NH,
NH,
i
NO

Figure 1.4: Coupling from WWT to AD ecosystems.

On the other way around, if AD feeds MP or WW'T, only liquid flows are connected, for
instance VFA (S, see equation (1.24))) will be source of COD of these ecosystems, and the
nitrogen output (equation (|1.26))), will be directly the source of nitrogen to MP (equation
(1.9)) and in the WWT case, this nitrogen will be considered with a 100% of NH . In Figure
it is possible to see a summary of this coupling (between AD and MP is analogous).

It is possible to note that in a coupled system, each process impacts the other ones.
Therefore, the manipulation of spatial arrangements is also as a strategy of optimization, the
one will be studied in this work.
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Figure 1.5: Coupling from WWT to MP ecosystems.

In Appendix [F] it is possible to see the mathematical expression, when the system is
coupled.

1.4.7 Objective Function

As it was said, different spatial arrangements could change the characteristics of the entire
system. That is why it is necessary to choose an objective function in order to decide the
optimal connection among these systems.

Possible objective functions are listed below:

e Maximize methane produced.
e Maximize total energy produced (i.e. methane and lipid).

e Maximize profit due to the value of methane and microalgae biomass produced.

1.4.8 Optimization

Optimization will be explicit, not heuristic. The strategy is to evaluate different spatial
arrangements. However these arrangements could be either linear or circular. In Figure
1.6 it is possible to see all possible combinations, where F), is the total output flow from
ecosystem m, and «,,, represents the F), fraction from ecosystem m to ecosystem n (aOn
means input flow fraction to ecosystem n).

Moreover, V,, is the reactor volume of ecosystem n. So, under certain objective, and after
optimization, «,,, and V,, should be obtained. In other words, optimization itself will define
the sizes of each reactor and the flows between the different ecosystems. Note, for example,
that it is possible to get ag; = a;; = 0, therefore, ecosystem ¢ and &k will not be connected.

Regarding to the constraints, are listed below:

11



aox Fo (1 — ogei— o) Fy

Figure 1.6: All possible arrangements. Blue (dashed line), black (dotted line) and red (continuous
line) arrows are input, output and interior flows, respectively.

v

1. By definition: ay,, € [0,1] and V,, > 0.

2. By definition (all input flow enters to the system): ap; + g + o, = 1

3. Non negatives output: ay; + au < 15 o + oy, < 1 and oy + oy < 1

4. The sum of the volume is bounded: V; +V; + Vj, < M, where M = 25 - 1880 [L]

5. French environmental requirements: COD,y,; < 33 [mg/L], Neyt < 50 [mg/L], and 75%
of removal rate of each variable[13].

6. Mass balance in each ecosystem:
(a) Ecosystem i: F; = g, Fo + aiFj + oui Fy,
(b) Ecosystem j: F; = apjFy + oy F; + a; Fy,
(c) Ecosystem k: F, = aopFo + i F; + ajipFj

Optimization will be carried out with the function fmincon in Matlab ® [14] implementing
the interior point algorithm [15].
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Chapter 2

Results and Discussion

In this section, first of all an experimental data analysis will be made, in order to explain
why total nitrogen decreases, that is why a new term (k;,, see equation (1.10])) and a variable
(Norg, see equations (1.11) and ([1.17))) are added to the MP and WWT models.

After this analysis, results of models designed will be shown and discussed.

2.1 Experimental Data Analysis

In Figure[2.1]it is possible to see that there is a decrease in total nitrogen and total phosphorus
between the input and the raceway:

m

-

P Ng F
s Recewsy -
L= nlat H

M tot [rg hAL)
P tot [rmg hAL)

L i 1 i ; i i i i i i L i
o 100 200 300 400 500 BOO 700 8OO 500 1000 o 100 200 300 400 500 BOO 700 800 900 1000
Tirne [h] Tirne [h]

D I I D I I

Figure 2.1: Nitrogen and phosphorus in the input and the raceway.

A data analysis was made to explain why there is a lack of total nitrogen and total
phosphorus filtered. Variables ¢p and ¢y show the amount of phosphorus and nitrogen lost,
respectively. They are defined as follow:
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dz

= (2.1)

Y = D- (Zmput - Zemp)tot -

Where z = {N, P} and D = @)/V. Note that if there were not lack of variable z, so dz/dt
(estimated using spline function of Matlab ®) would be equal to D - (Zinput — Zewp)tor- But
results in the Figure [2.2] show it does not happen.

i I i i i i I I i 0.05 i I i i i i I I i
100 200 300 400 500 BOO 700 8OO 500 1000 1] 100 200 300 400 500 BOO 700 8OO 500 1000
Tirne [h] Tirne [h]

00
0

Figure 2.2: On the left pp and on the right pn

Then the ratio r = mol @y : mol pp was calculated, and taking out the outlines, it gives
as result r = 25.5, this value was compared with the ratio that microalgae has in its organism,
and r belongs to characteristics range of mol N : mol P (between 5 and 100, according to
[1e]).

Hence, the lack of phosphorus and nitrogen in the medium can be due to microalgae
uptake. So, it is possible that measurements are not taking into consideration this amount
of nitrogen and phosphorous (maybe due to the pretreatment before measurement was not
strong enough to hydrolyze the microalgae).

On the other hand, there is a lack of nitrogen in the influent flow, it means: Ny i >
(NH{+NO; +NO; )i, which could be explained because part of the COD is associated with
molecules which also contains nitrogen, such as proteins, called before as organic nitrogen
(Norg, see equations and ) Parameter, k;,,, was defined as the nitrogen content of
the COD fraction, so it modifies each heterotrophic yield, its expression is shown in equation
(T.10).

The value of k;, is approximately between 3% and 5%.

Finally, studying the concentration of inorganic nitrogen in the input and in the raceway,
it is noteworthy (see Figure [2.3) that amount of ammonium decreases meantime nitrate
increases (with an input of nitrate fairly constant and low).

So, it is possible to infer that there should be nitrifier microorganisms in the system,
because they produce this effect, i.e consuming ammonium to produce nitrate[§].
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Figure 2.3: Inorganic nitrogen in the input and in the raceway

2.2 Modelling and Calibration

The same experimental data set was used to calibrate MP and WW'T. For MP, the effect of
bacteria was assumed negligible, considering nitrate and ammonium as a unique variable N.

For the calibration it was taken as objective function the sum of relative error in order to
equate each term.

2.2.1 MP Ecosystem

Simulation results after calibration using experimental data are shown in the figures below
(in Appendix [Al it is possible to see MP model codes).
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Figure 2.4: COD experimental and estimated (MP model simulation) data.
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Figure 2.5: N experimental and estimated (MP model simulation) data.

The oscillatory behavior of Figure [2.4) and can be explained because of the irradiance
daily fluctuation effect on microalgae.

30

25t

[N}
[}

Morg [rmgiL]
I

i i i i ; i i ; i
u] 100 200 300 400 500 BOOD 70O SO0 900 1000
Time [h]

Figure 2.6: N,  experimental and estimated (model simulation) data.

For the calibration, it was taken as a objective function:

. 1 Nesti - Ne:vp'i 2 1 a (SO + x)esti - CODe:rpi ?
- Jtesti - empi - ’ : 2.2
w332 () 5 (s e

=1 =1

It is possible to see that N,,, equations were not considered in the objective function of
the adjustment (see equation (2.2])), because its percentage is small in comparison with all

COD (around 5%), that could explain why in Figure [2.6] the estimated curve does not fit as
well as the others ones.
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A 22.5% of error was obtained, which is reasonable since the used simplified models are
not considering some factors such as temperature, pH, alkalinity, etc., besides two curves
were adjusted at the same time, so this 22.5% is the sum of two terms (see equation (2.2)).
On the other hand, as usual, there could be error in the experimental data because of the
instrumentation. But an important point, it is the initial condition of microalgae is unknown,
and it was obtained thanks to the calibration.

It is possible to see that the model follows the same behavior of the experimental data.
The model shows that the nitrogen decrease is due to microalgae consumption, and there is
nitrogen linked to COD in the system.

The obtained parameters are similar to the ones found in literature. They are shown in
Table 2.1 On the other hand, the experimental initial condition of microorganism biomass
are unknown and it was also obtained through the minimization procedure, the result is
3.25% of experimental COD in the pond (297 [mg/L] at t = 0) for microalgae, it means
xo = 3.25% - 297 = 9.65 [mg/L].

’ Parameter \ Value Adjusted \ Value Bibliography \ Unit \ Reference ‘

m 0.0352 0.0708 [1/h] [4]

K 130.4245 100 [pmol /m?s| [

k 200 ~ 120 (m?/kg] [17]

Lo 0.0109 0.0887 [1/h] [18]
K, 17.0062 20 [mg /L] [18]

R 0.0082 0.0020 [1/h] [4]

Ky 0.0162 0.0100 [mg /L] [18]

kn 0.3935 0.0800 [mg N/mg COD] [19]

ke 3.1654 1.5000 [mg COD/mg COD] [20]

Table 2.1: Parameters adjusted to the MP Ecosystem model

Finally, a sensitivity analysis of each parameter was carried out (see details in Appendix
, the most sensitive parameters are fi,,, ., k. and ky, and the least ones are Ky and Kg,,
which makes sense because the first ones multiplies directly each non linear terms and the

second ones are inside of them (see equations (1.8)) and (1.9)).

2.2.2 WWT Ecosystem

Simulation results after calibration using experimental data are shown in the figures below
(in Appendix [C| it is possible to see WWT model codes).
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Figure 2.7: COD experimental and estimated (WWT model simulation) data.
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Figure 2.8: NO experimental and estimated (WWT model simulation) data.

In Figure 2.8} it is possible to note that this model reproduces an increase in nitrates. This
feature was not possible with the MP model, because it includes only nitrate consumption

and no nitrate production terms (see equation ([1.9)). In fact, estimated behavior is similar
to the experimental data, following in a good way the general tendency. So, according to

WWT model there should be nitrifiers in the system.
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Figure 2.9: NH, experimental and estimated (WWT model simulation) data.

In Figure 2.7 and [2.9] once again it is possible to see the oscillatory behavior, which can
be explained, like in MP model, because of daily fluctuation in the irradiance.

For the calibration, it was taken as objective function:

=1 exp,i =1

1 = (SO + €1 + $2)est,i - CODexp,i 2
+ {3 Z < CODexp,i

=1

. 1 - NH4est,'L - NH4ezp,'L ? 1 & NOest,i - NOea:p,i 2
mn {§ 2 ( N, ) t32 ( NOpop "

An error of 38.5% was obtained which could be explained because three curves were
adjusted and moreover (analogous discussion of MP ecosystem), and it is very important to
say, some parameters were constrained in a range, in order to obtain a realistic model. With
any restriction error was even lower than MP model, but there were non realistic parameters,
that is why, a trade-off between small error and model reproducibility was considered. That is
why following constrains were taken, using the function fmincon in Matlab ®[14]: p,, > 0.02;
k€ [120,200], kNH,Q > 20, k:NH,Q — k:NO = 0.1 and kCl < 5.0.

Obtained parameters are realistic due to being similar to ones found in previous literature,

they are shown in Table [2.2]

Initial condition of microorganism were also obtained through this calibration, results
are 3.25% and 0.25% of experimental COD in the pound (297 [mg/L]) for microalgae and
nitrifiers, respectively.

Finally, a sensitivity analysis of each parameter was made, the most sensitive parameters
are [y, fle, ke and kyip, and the least ones are Knp, 1, Kym, 2, and Kyo, 1 which makes
sense because the first ones multiplies directly each non linear terms and the second ones are
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] Parameter \ Value Adjusted \ Value Bibliography \ Unit \ Reference \

o 0.0204 0.0708 [1/h] 7
K 44.4093 100 [umol /m?s] [4]

k 181.1 ~ 120 (m?/kg| [17]
e 0.0115 0.0887 [/h] 18]
Ks, 91.3288 20 [mg /L] 18]
Ry 0.001 0.0020 [L/A] A
Kt 0.0127 ~ 0.01 [mg /L] 18]
HUNH,2 0.009 0.0307 [1/h] [21]
Knp, 2 1.0461 1.0000 [mg /L] [21]
Ry 0.0006 0.0083 [/h] 21]
kno 2.2723 4.1600 [mg N/mg COD] [21]
kEnma 2.3723 4.2460 [mg N/mg COD] [21]
ki 0.3371 0.0800 [mg N/mg COD] 21]
ko 3.6537 2.3300 [mg COD/mg COD] | [20]

Table 2.2: Parameters adjusted to the WWT Ecosystem model

inside of them (see equations (1.14), (1.15) and (1.16)). In Appendix [D]it is possible to see

all these figures.

2.3 Arrangement Optimization

This section will be divided in three subsections, each of them describes what objective
function was taken into in consideration with its results and discussions. The sections are:

e Maximization of methane produced.
e Maximization of total energy produced (i.e. methane and lipid).

e Maximization of profit due to the value of methane and microalgae biomass produced.

Let i, 7, and k be the ecosystem indicators of MP, AD, and WWTT ecosystems, respectively.
Applying mass balance in each node of the graph (see Figure , the following equations
system is obtained:

Fy = agiFo + aji By + au B, (2.3)
F}' = OéojFo + CkijE + Ckkij (24)
F, = agFy + Oéijj + o F; (25)

Where, F,, with n = {i,7,k}, is the output flow from ecosystem n in [L/h], and ay,
represents the F,, fraction from ecosystem m to ecosystem n, so a,,,F}, is the volumetric
flow from ecosystem m to n. As it is possible to see, there are 3 equations and 4 variables,
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but the input flow, Fj, is known, so this equation system has a solution, where each flow will
be function of Fy, and ay,,, as follow:

Fi:éT'FQ, F}':/\'Fo, Fk:’}/FO (26)

Where

_ (Oéoj -+ OéijOéOi)(Oéjk + OéikOéji) -+ (Oéok + Oél'kOéol')<1 — OéijOéji)

2.7
(1 — aigomi) (1 — cijagi) — (ijani + aig)(agr + qiragi) 27)
o _ (oot awi ) + (o) + iy )i (2.8)

]_ — OzijO[ji '
)\:aij-€+aoj+akj~’y (29)

The detailed computation to get these expressions are presented in Appendix [F]

Another important definition is F},,, the volumetric flow from ecosystem m to n. These
values will be computed using formula (2.6)) to take F,, so Fp = QmnFon.

To limit the risk of local minima, each optimization process was initialized three times,
starting from different initials conditions. For instance, if the objective function is maxi-
mization of methane produced, so one initial condition will be run, the value of the objective
function will be computed, then a second initial condition will be run and so on. Finally the
best obtained value is kept as the final result.

Initials conditions are shown in Table [2.3 where it is possible to see there are three
different values for V.

’ Parameter ‘ Value ‘ Unit ‘
Qp; 0.33 [ ]
Qo 0.34 [ ]
o 0.33 [—]
Qg 0.33 [—]
Aok 0.33 [—]
Ok 0.33 -]
Ok 0.33 -]
V; 2 [m?]
V; 4,8 and 11 | [m?]
Vk 2 [m?’}

Table 2.3: Initial condition for each optimization process.
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The objective function will be computed when all the variables have reached a quasi
steady-state, it means when t;, = 3000 [h] approximately (simulations were carried out until
ty = 5000 [h]).

In order to account for the daily light fluctuation, the dynamics of the system was taken
into account, it means steady-state variables are not considered. Indeed, this light/dark
dynamics is crucial for outdoor microalgae open ponds, and it is one of the originality of our
approach. Neglecting this dynamics (considering algebraic equation instead of differential
equations) would have lead to biased results.

In order to decrease processing time, the problem was slightly simplified. 1) The inputs
are constant: Fy, COD;,, NO;, and NHy, . 2) I, it was approximated with the function:
(max{0; asin (b -t + ¢)})?, with the aim of representing daily fluctuation in the irradiance.
After a parameter adjustment, this function corresponds to equation (2.10)) and it is shown

in Figure [2.10]
Iy (t) = (max{0; 39.8202 - sin (0.2666 - t — 1.7771)})2 (2.10)
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Figure 2.10: I approximation. This function represents the daily fluctuation in the irradiance.

2.3.1 Maximization of Methane Produced

This objective function computes all the methane generated between ¢, = 3000 and t; = 5000
[h] (see equation [1.27)), because methane generated is considered when quasi steady state is
reached, it means since t,.

max {Energy in CH,} (2.11)

Where:
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Energy in CHy = [qCH, (ty) — qCHy (ts5)] - K4 (2.12)

As it was aforementioned, optimization will be carried out with the function fmincon in
Matlab ®[14] implementing the interior point algorithm [15].

K is the conversion factor to change the units of gC' Hy from a molar basis (mol) to energy
(kWh). Since 1 [ft%] of natural gas contains about 1.027 [BTU] [22], it means 1 [mol C Hy]
is equal to 0.254 [kWh]. Therefore:

(2.13)

K1:0.254[ MW h 1

mol CH,

Results are summarized in Table The final value of the objective function is: 25.39
[kW h) produced during ¢y — tgs = 2000 [h], with V; = 11 [m?] in the initial condition.

| Parameter | Value | Unit | | Flow | Value [L/h] |
o 0.2436 | ] Fos 3.1644
i 0.3601 | [—] F, 12872
Qg | 0.3100 | [ F, 3.6007
0 0.4323 | [] Fi out 3.9276
a; | 03514 | [ Fo | 5.6156
03572 | [ F. | 4.0834
aor | 0.3241 | [-] Fi 5.0657
hi 0.2808 | [ Frow | 4.1325
an ] 0.3300 | -] For | 4.2101
Vi 2.0000 | [m?] Fii 3.7577
v, 9.3203 | [m?] Fy | 42789
Vk 3.1001 [m3] Fk,out 4.9298

Table 2.4: Optimization results. Maximization of methane in AN ecosystem

The associated arrangement is represented in Figure [2.11]as a flowsheet and in Figure [2.12
as a graph, where it is possible to note all ecosystems are connected together and fed with
the input flow. This result determined that the spatial arrangement cannot be summarized
by a chain of processes since the flowsheet obtained is a circular one. Which makes sense
because all flows go to AD ecosystem to feed COD to generate methane, and this ecosystem
feeds the other ones because these can decrease the amount of COD and nitrogen in the
whole system, in order to follow the environmental constraints.

On the other hand, if (¢C'H,) . denotes the maximum methane mol from COD, it can be
calculated as follows, with the theoretical methane yield under standard conditions: Y = 350
[mL CHy/g COD] = 1.435-107° [mol CH,/mg COD] [23].
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Figure 2.11: Flowsheet obtained after maximization of methane produced. Volumes are in [m3]

and number above/below each arrow is value of the flow in [L/h].
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Figure 2.12: Graph obtained after maximization of methane produced. Volumes are in [m?], and

number above/below each arch is value of the flow in [L/h].

(QCH4)maX F() . CODWL Y
L mg COD _5 | mol CH,4
= 12. —1 - B2 | —=——1]-1435-1 _—
99{h] 370.3 [ } 35-10 [mgC’OD}
. 0.060 {mol C’H4]
= 0. —

24



So, in this case, it is produced 72.4% of (¢C'H,),,,.. Moreover Figure shows that the
highest flow is Fp;, which makes sense if the goal is to produce more methane.

However it is noteworthy that Fpy; and Fj, are the smallest flows, which also makes sense,
because if the aim is to generate methane there is no need to feed MP ecosystem and that MP
feeds WW'T, because they do not have the function of producing C'Hy. It was evaluated how
much change the objective function is one imposes Fy; = Fjr, = 0, it means ag; = o = 0,
results are shown in Figure [2.13

3.64
5.62 4.21
4 \4 A 4

MP 2.14 AD 3.70 WWT 3.01
Vi=2.0 - Vj=9-3 Ve,=3.1 E

A

2.61
2.29
3.80 3.02

v v

Figure 2.13: Flowsheet obtained after taking out the smallest flows in maximization of methane
produced. Volumes are in [m?], and number above/below each arrow is value of the flow in [L/A].

In that case, the objective function is 24.15 [kWh], corresponding to decrease of 4.9%. As
this decreasing is small and in order to keep a simplified system, a simplified configuration
should rather deploy (Figure [2.13)).

Finally, it is possible to get more energy from methane, if the COD in the input is higher,
because there will be more nutrients to consume by anaerobic microorganism. It will be
studied in the section: Sensitivity Analysis.

2.3.2 Maximization of Total Energy Produced

Under the objective function:

max {Energy in Biomass + Energy in CH,} (2.14)

Where
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12
Energy in Biomass = K - Z (Biomass; - Fou; + Biomassy, - Fou k), (2.15)

t=tss

Where K, is a conversion factor from [mg] of biomass to [kWh]. Energy in Biomass is
calculated, assuming an oil content in microalgae of 30% by weight of dry biomass (a realistic
fraction according experimental data [24]), and as 1 [kg] of lipid is possible to transform in
10.5 [kWh] [25], so the conversion is:

(2.16)

Ky =3.15-107° { FIWh ]

mg maicroalgae

And this biomass is obtained from MP and WW'T ecosystem. And energy from methane
was already explained in equation ([2.12]).

Results are summarized in Table 2.5] The final value of the objective function is: 115.5
[kWh], using as initial condition data shown in Table [2.3] but with V; = 10.5 [m?], because
with V; = 11 [m?] constraints were not satisfied.

In this case, the amount of energy coming from biomass corresponds to 93.5%, so methane
does not have a big influence, in fact, only 21.32% of (¢qCH,),,, is produced. In Figure ,
the biggest input flow feeds to WW'T ecosystem, which make sense, because this ecosystem
supplies 82.2% of the energy produce.

| Parameter | Value | Unit | | Flow | Value [L/h] |
Q;j 0.0018 | [-] F;; 0.0047
a1 0.0029 | ] F, 0.0075
a0 01219 | [] From | 2.5863
a1 07959 | [ Fo; | 1.5835
ax | 02034 | [ Fii | 2.5817
aon | 0.8769 | [] F, 0.6598
Qi 0.0001 | [—] F; out 0.0023
Qj 0.1373 | [-] For 11.3909
7 15740 | 1] Fu | 0.0012
v, 6.8200 | [m] Fo | 1.6556
Vi 3.9237 | ("] Frow | 10.4014

Table 2.5: Optimization results. Maximization of total energy produced

Once again, it was evaluated what happens if one cuts the smallest flows, it means,
imposing that Fy; = F;; = Fy, = F; = 0. Results are shown in Figure as a flowsheet
and in Figure as a graph, the objective function is equal to 115.53 [kWWh], it means there
is a small increasing, around 0.03%, due to Fy; was added to Fy, like this WWT ecosystem
has a higher feed. Because of this and in order to keep a simplified system, it should be
adviced to deploy this last arrangement.
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Figure 2.14: Flowsheet obtained after maximization of total energy produced. Volumes are in
[m?], and number above/below each arrow is value of the flow in [L/A].

In Figure [2.16] it is noteworthy only AD ecosystem and WW'T ecosystem are completely
connected and they are fed with the input flow, so it is possible to note the order of the
ecosystems as WWT, AD, and finally MP. As a result of this and maximization of methane
generated the general objective of this work was accomplished.

On the other hand, the amount of biomass that comes from autotrophic metabolism was
computed, which corresponds to 54.5% of the total biomass. This is something important,
because the higher is this percentage the less amount COD is necessary to grow microalgae,
because in the autotrophic metabolism light is enough.

With this arrangement maybe it is possible to expect that either MP reactor or WWT
reactor should be the biggest one, but it was not like that because the AD has the highest
hydraulic retention time, so the size of this one has to be the largest one. It is noteworthy
that in this case the AD reactor is smaller than the one obtained in methane optimization
(see Figure , which also makes sense because this optimization strategy does not want
to produce more C'H, but biomass.

2.3.3 Maximization of Profit from Produced Methane and Mi-
croalgae Biomass

The following objective function will compute a trade-off between the profit due to methane
and biomass. As it is shown in (2.17)):

max { Money from Microalgae Biomass + Money from C'H,} (2.17)
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v

produced. Volumes are in [m?], and number above/below each arch is value of the flow in [L/h].

It means:

max {

Ly
Z (Biomass;y, - Fourik), | - K3+ [qCHy (ty) — qCHy (L)) - K4} (2.18)

t=tss
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Where K3 is the conversion factor from microalgae biomass to US$[26] (value for human
nutritional products):

Ky=1-10"° [ US$ ] (2.19)
mg maicroalgae
And Kj is the conversion factor from methane to US$[27]:
US$
K;=218-107% | ——— 2.20
! {mol CHJ (2.20)

The value of the objective function was 343.6 US$, but the results are the same (ay,, and
V,.) as energy optimization. To explain this fact, first of all it is necessary to understand how
important is the initial condition in the final results. As the problem has several variables
to optimize the space where solutions exist has too many local minima, moreover some
constraints among these variables are non-linear, for instance the mass balance in ecosystem
iis: Fy = apiFy + aj Fj + o Fy, where each F,, is a non-linear function of Fj and a,,, (see

equations ([27), 28) and £.9)).

Most likely all these results do not correspond to the global optimum, that is why for each
objective function, different initial conditions were tried.

In this case the results of optimization from energy and methane produced were used as
a initial condition (values of Table are taken into consideration as well). The first one
lead to the best results, even in each iteration «,,, and V,, did not change, it could mean
under this objective function and with this initial condition, the arrangement optimization
algorithm (see Appendix |G| to see the code) started to be executed from a local minima and
that is why there were not changes in the variables.

Another explanation could be that objective function is similar to the optimization of
total energy, only conversion factor are different. If we write the objective function (OF)
explicitly as it shows in equation ([2.21).

Ly
Z (Biomass, - Fout,i,k>t] - K+ [qCH, (tf) — qCHy (tss)] - Kn} (2.21)

t=tss

OF = max{

If OF is optimize energy, the factors are (see equations ([2.13]) and (2.16))) shown in ([2.22]).
On the other hand, if OF' is optimize profit, the factors are (see equations (2.20) and (2.19))

shown in ([2.23)).

EW h

, (2.22)
mg microalgae

K,, =3.15-107° {

1, Kn:O.254[ MW h ]

mol C'H,

29



US$

mg macroalgae

Km:1-105[

} , K, =0.0218 [ USs }

_— 2.23
mol CH, ( )

As it is possible to see, the objective functions have the same form, with the only difference
that K, and K, are not equals, however the product K,,- K, is similar. So, these two reasons
could explain why both OF have identical local minima.

2.4 Sensitivity Analysis

This section aims to study the total energy produced by the whole system, using the arrange-
ment of Figure [2.15] when some parameters have variations.

2.4.1 Growth rates for all microorganisms (1)

A sensitivity analysis of these parameters will be carried out, because they are sensitive to
several variables, such as temperature [28]. Microalgae ponds are open to the atmosphere,
so it is common to register changes in temperature, therefore there are changes in .

In this case, we will analyze the effect of changing all microorganism rates in a range of 30%
around the calibrated values (see Table [2.2). Results are shown in Figure 2.17 We can see
something expected: the higher u, the higher energy production. Indeed, if microorganisms
grow faster, more methane and biomass can be produced in less time.

1k .......... P .......... e SURN GO ..... L _
'R1-1 T .......... .......... ........... LB L ......... 4

114F e .......... .......... G) .......... ........... ........... ........... ......... .

Energy [kvWh]

M2k ......... G' .......... ........... ........... ........... ......... 4

1ok L .......... A ........... ........... ......... |

108 1 | ] | i | 1
oy na 0.4 1 1.1 1.2 1.3 1.4
Percentage of u

Figure 2.17: Sensitivity Analysis. Growth rates for all microorganisms.
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2.4.2 yu from MP and WWT ecosystems

A sensitivity analysis of all g parameters from MP and WW'T model will be carried out
(denoted as ppp and pwwr, respectively), because normally AD ecosystem are highly con-
trolled, it means, changes in temperature, pH, pressure, etc. most of them are small, and
therefore variation on the growth rate of anaerobic microorganism would be negligible.

In this case, the range taken was 50% around the calibrated values (see Table[2.2)). Results
are shown in Figure [2.18 We can see, once again: the higher p in MP and WWT ecosystem,
the higher energy production, but it seems that a maximum is reached at 120 [kWh], when
the variation is close to a 30% greater than the original value.

This effect could be explained because the higher growth rates the faster nutrients con-
sumption, so after a while there is not enough nutrients to keep growing (growth in MP and
WWT ecosystem are modelled as Monod Kinetics, see equations ((1.4]) and (1.6])).

15k foen ........ e ey ........ TR .........
1ok ........ Le ........ ......... ......... ........ ........ -

1nsk D ........ ........ ........ ........ ........ .........

Energy [kywh]

ook o N ......... ......... ........ ........ e ........ ........ .........

(=13 R ........ ........ ........ ......... ........ ........ .........

an i | i i ! i 1 i i
ns 06 07 08 09 1 1.1 12 13 1.4 1.5
Percentage of u,, and u

W

Figure 2.18: Sensitivity Analysis. Only p from MP and WWT ecosystems

2.4.3 (COD;, concentration

The sensitivity analysis of COD input concentration will be carried out because of the afore-
mentioned relation between C'OD;, and the total energy produced. The upper bound for
this variation is 500% higher than the original CODj,. Results are shown in Figure [2.19]

According to the Figure [2.19] the higher COD;, concentration, the higher is energy pro-
duced, as it was expected. Moreover this increase in the efficiency is due to energy from
methane, because this curve grows almost parallel in comparison with the main energy curve.
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Figure 2.19: Sensitivity Analysis. COD;, concentration.

In Figure 2.20] it is possible to see two constraints that are not satisfied if COD;,, increases
significantly. As it was said, according to the French law: 1) It is forbidden COD output
concentrations over 125 [mg/L|. 2) The nitrogen removal rate must be higher than 75%[13].

If COD;, increases over 300%, the point 1) is not respected, and when is over 260% the
point 2) neither. Therefore, if COD,, increases over 260%, the arrangement used (see Figure
will not be able to follow with the French law. If the aim is this arrangement tolerates
higher COD,,, concentration, so it is necessary to run a new optimization.

2.5 General Discussion

Thus far three models have been utilized, two that were designed and one that was customized
specifically for this problem. After this customization, the models were coupled based on their
nitrogen and carbon flows. As a final step arrangement optimization was carried out, yielding
a circular or linear arrangement depending on the objective function.

While it is noteworthy that the methodology used was enough to reach the stated objec-
tives, there some unanswered questions could emerge. For instance, there could be a different
way to solve this problem, but the main steps would most likely be similar to the ones pre-
sented in this thesis. These steps include designing models and then coupling them to finally
carry out the arrangement optimization. Thus, the real question is related to which steps
can be modified.

Moreover, the models could have been more complex to the extent that more variables,
such as pH, could be used. However, that was not the aim of this work. If the arrangements
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Figure 2.20: Sensitivity Analysis. COD and Nitrogen regulations.

obtained were deployed in the reality, in that case models would consider all those phenomena.

A strength of the methodology is that the coupling of models was carried out in a general
way, thus it is possible to scale the system and add another ecosystem (or more than one),
the ones could be completely different to the MP, WW'T or AD, it is enough to follow the
steps showed in Appendix [F| to accomplish it, so this work could be useful in diverse fields.

Another strength is the results of the arrangements optimization because they are consis-
tent with the intuition under a qualitative point of view and moreover they give a quantitative

solution of the problem.

A weakness of the methodology is the assumptions taken in the coupling ecosystem, even
though each has a justification. It is possible to reduce the number of assumptions and design
models with the same inputs and outputs. A more pertinent weakness is that there is no
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guarantee that the solution found is the universal optimum. Other possible solutions will be
explained below in the section Projections.
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Chapter 3

Conclusions

3.1 Conclusions

One of the specific objectives of this work was to propose and/or select a simple model for
microalgae pond, anaerobic digester and waste water treatment plant. This objective was
accomplished and models have a good behavior with parameters comparable with literature
and produced minimal errors when compared with experimental data.

According to the experimental data, it is possible to conclude that there are nitrifiers in
the pond. Another conclusion is that total nitrogen decreases and is consumed by microor-
ganisms, revealing a problem with the measurement methodology made by the kit.

Three different objective functions were defined. When methane produced is maximized,
it obtained 99.96 [mol]. The anaerobic reactor has the biggest size, it received the highest
input flow, and C'Hy generated is the 72.4% of maximum theoretical.

If the aim is to maximize the methane produced, it is possible to conclude that the spatial
arrangement cannot be summarized by a chain of processes since the flowsheet obtained is
a circular one, in order to feed COD to the anaerobic digester and to follow environmental
requirements.

On the other hand, when profit and total energy are maximized, it obtained 343.6 US$ and
115.53 [kWh], respectively. Waste water ecosystem received the biggest input flow, which
produced the largest amount of revenues and energy. In this case methane produced is 21%
of maximum theoretical.

If the aim is to maximize profit and total energy produced, it is possible to conclude that
the first step is WWT ecosystem, then AD ecosystem and finally MP ecosystem. As a result
of this finding the general objective of this work was accomplished.

A sensitivity analysis was conducted that led to the conclusion that the growth rate is
positively correlated to the energy produced, but also has a maximum level of efficiency, which
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is reached at 120 [kW h]. Moreover, the higher COD concentration (CODj,) in the input, the
higher energy is produced, this is due to an increasing in the energy from methane. COD;,
can not increase more than 260%, otherwise French environmental requirements would not

be followed.

As a final point, while the methodology has weaknesses, its strengths are enough to reach
the objectives of this work, even it is possible to scale the system adding more than one
ecosystem or using this methodology in other fields.

3.2 Projections

In order to design a more realistic model, variables such as temperature, pH and phospho-
rus should be added. Moreover, initial condition of the different microorganism should be
measured and should not be calibrated. Finally a validation of the model should be done.

To improve the results of the optimization more initial conditions should be taken into
considerations to be closer to the global optimum, and others objectives functions, such as
to minimize operational costs or to maximize autotrophic metabolism in microalgae.

While this optimization strategy reduces the uncertainty about finding an optimal solu-
tion, it can not guarantee that is the universal optima. In order to further the search other
software programs, such as GAMS/BARON][29], could be used.

In order to decrease the amount of assumptions in the ecosystem coupling, models should
have the same input and output variables, and neither should be considered input constants
(Fy, COD;y, NO;y, and N Hy,, ) nor I approximation, but experimental data should be used.
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Appendix A

MP Model Codes

%% Clear variables

clc;
close all
clear all
tic

%% Time of program
tin = 0;

tfin = 934;

tspan = tin:1:tfin;

%% Initials Conditiones

Ci = zeros (5,1);
5|CODexp = 297;

kin = 0.0523;

Ci(1) = 0.0325%xCODexp; % Biomass: Something important: Initial
biomass plus initial COD should be equal to 297

Ci(2) = (1-0.0325)*CODexp; % COD: According to experimental data ”LHRA:
DCO filtré”

Ci(3) = 28.6; % Ntot: According to experimental data,
before filter

Ci(4) = 0; % M: Micraalgae dead

Ci(5) = kinxCODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

5|%% Experimental Data

experimental = xlsread (’data’, Experimental’ ’A2:F267); % Data filtered: LHRA

%% Inlets

influent = xlsread(’data’,’Inlets’,’A2:126°); % Data filtered: Eau Brute.
Between 11/05 and 19/06

1.0 = xlsread(’data’,’1.07,7A2:B3765"); % Irradiance. Between 11/05 and
19/06 at 8:45

%% Parameters
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%p = [um KI ucod Kcod R kN
]

% Literature:
Yp = [0.0708 100 0.041 20.000 0.0081/24 0.08

7lp = [0.0352 130.4245 0.0109 17.0062 0.0082 0.3935

3.1654]"; %22.5

9% Solver
[time y]=ode45(@QODEs_raceway ,tspan,Ci,[],influent ,1.0,p);
toc

%% COD and N total estimated (ye)
CODe = y (=, 1) 4y (:,2) 1

%% Graphs

% TSI TTSTTTSTTTS0 Biomass and COD YSTTSTTIT TS0
figure

subplot (2,2,1)

plot (time,y(:,1),’b")

xlabel ("Time [h]’);

5| ylabel (’Biomass [mg/L] ") ;

grid on

subplot (2,2,2)

plot (time ,y (:,2),’b")
xlabel ("Time [h]’);
ylabel (’COD [mg/L] ") ;
grid on

subplot (2,2,3)

5| plot (time ,CODe, "1 )

xlabel ("Time [h]’);

7| ylabel ("Estim. Tot COD [mg/L]’);

grid on

subplot (2,2 ,4)

plot (experimental (:,1) ,experimental (:,2),’r")
xlabel ("Time [h]’);

ylabel ("Exper. Tot COD [mg/L]’);

grid on

YOI Importants ones YOI e

figure

plot (experimental (:,1) ,experimental (:,2),’—0’, MarkerSize’ ,7)
xlabel ("Time [h]’);

ylabel (’COD [mg/L]’);

hold on

plot (time ,CODe, '—black ’, "LineWidth’ ;1.5)

legend (’exp’, est )

grid on

figure
plot (experimental (:,1) ,experimental (:,5),’—0’, MarkerSize’ ,7)
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xlabel ("Time [h]’);

ylabel ('N [mg/L]");

hold on

o1 plot (time ,y (:,3) ,’—black’, LineWidth’ ,1.5)
legend ("exp’, est )

o3| grid on

8¢

95| figure
plot (experlmental( 1) ,experimental (:,6),’—0’, MarkerSize’ ,7)
o7| xlabel ( "Time [h]7);
ylabel ("Norg [mg/L]’);
99| hold on
plot (time,y (:,5), —black’, LineWidth’ ;1.5)
01| legend ("exp’, Test ”)
grid on

N

function dy = ODEs_raceway(t,y,influent ,1.0 ,p)
dy = zeros(5,1); % Initialization of variables

> O/C% Parameters

5| um =p(l); % umax of u(I)
KI =p(2); % KI of u(I)
10| k = 0.2; % I=10xexp(—kxz)
ucod = p(3);
12|Kcod = p(4);
R =p(5); % Respiration
1|k N = p(6); % Kind of yield
Kn =p(7); % Half saturation constant
16| k_C = p(8);
L = 0.4; % Deep of the pond
15|V = 1880; % Volume pond
kin = 0.0523;
20

22|%% Inlets
CODint = interpl (influent (:,1) ,influent (:,2) ,t);

24/ Nint = interpl (influent (:,1),influent (:,8) ,t);
Norint = kin*CODint;

26| Qint = interpl (influent (:,1),influent (:,5) ,t);
10 = interpl (I.0(:,1),I.0(:,2),t);

30|%% Equations
% Auxiliar variables to make easier to write equations
s2| f_T = (1/(Lxkxy(1)))*log ((T0+KI) /(I0xexp(—kxLxy(1))+KI));

f.C = (y(2)/(y(2)+Kcod) ) ;
sl N = (y(3) /(y(3)+Kn) ) ;
36|% ODEs
dy (1) = —(Qint/V)*y (1) +(umx* f _I+ucod*f_C)*f_Nxy(1)-Rxy(1); % Microalgae
33| dy (2) = (Qint/V)*(CODint—y (2) )—k_Ckucod*f_C*f_Nxy(1); %
COD

dy(3) = (Qint/V)*(Nint—y (3))—f_Nx*(k_Nsumx f _I+(k_N—kinxk_C)*ucod+f_C)xy(1); %

43




Nitrogen
w|dy(4) = —(Qint /V)*xy (4)+Rxy (1) ; % Microalgae dead
dy(5) = (Qint/V)*(Norint—y (5) )—kinxk_Cxucod*f_C+f_Nxy(1); % Nitrogen organic
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Appendix B

Sensitivity analysis of MP model

The sensitivity analysis was made only with the most importants curves, it means COD and
nitrogen concentration. The range taken was 50% around the calibrated values.
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Figure B.1: Sensitivity analysis of parameter k in MP model.
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Appendix C

WWT Model Codes

s % = [(1)k  (2)k.NH2

%% Clear variables
cle;

clear all

%close all

tic

%global 1.0

%% Time of program
tin = 0;

tfin = 935;

tspan = tin:1:tfin;

%% Parameters
(3)k_C]
p = [0.1811  2.3723  3.6537]; %38.5

%% Initials Conditiones

Ci = zeros (7,1);

CODexp = 297;

kin = 0.0523;

Ci(1l) = 0.0325%*CODexp; % Microalgae: Something important: Initial
biomass plus initial COD should be equal to 297

Ci(2) = 0.0025%xCODexp; % Nitrifiers: Something important: Initial
biomass plus initial COD should be equal to 297

Ci(3) = (1-0.0325-0.0025) *CODexp; % COD: According to experimental
data "LHRA: DCO filtré”

Ci(4) = 28.39; % N/NH4: According to experimental data

Ci(5) = 0.216; % N/(NO34NO2) : According to experimental data

Ci(6) = 0; % M: Biomass dead

Ci(7) = kinxCODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

%% Experimental Data
experimental = xlsread (’data’,’Experimental’ ’A2:F267); % Data filtered: LHRA
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39

41

49

53

61

81

83

85

8¢

7| xlabel ("Time [h]7);

7| ylabel ('NO [mg/L]

9% Inlets
influent = xlsread(’data’, Inlets’,’A2:J26); % Data filtered: Eau Brute.
Between 11/05 and 19/06

1.0 = xlsread(’data’,’1.07,7A2:B3765"); % Irradiance. Between 11/05 and
19/06 at 8:45
%% Solver

%options = odeset (’MaxStep’,0.08,  AbsTol’ ,1e—9,’RelTol’,1e—6);
%[ time y]=oded5(@QODEs_raceway_N,tspan ,Ci,options ,influent ,1.0,p);

5| [time y]=ode45(@QODEs_raceway_N,tspan,Ci,[],influent ,1.0,p);

toc
%% COD total estimated (CODe), total biomass (Be)and total Nitrogen (Ne)

CODe = y(:,1)4+y(:,2)+y (:,3);
Be = y(:,1)+y(:,2)+y(:,6);

%% Graphs

s| WIS Importants ones YWISITTSo

figure

7| plot (experimental (:,1) ,experimental (:,2),’—0’, MarkerSize’ ,7)

xlabel ("Time [h]);
ylabel (’COD [mg/L] ") ;

hold on

plot (time ,CODe, '—black ', ’LineWidth ’ ,1.5)
legend (’Experimental ’, "Estimated ")

grid on

5| figure

plot (experimental (:,1) ,experimental (:,3),’—0’, MarkerSize’ ,7)
ylabel ('NH4 [mg/L]’);

hold on

plot (time ,y(:,4), ’—black’, ’LineWidth’ ,1.5)

legend (’Experimental ’,’Estimated ")

grid on

figure
plot (experlmental( 1) ,experimental (:,4),’—0’, MarkerSize’ ,7)
xlabel ("Time [h]’);
DE
hold on
plot (time,y (:,5), ’—black’, LineWidth’ ;1.5)
legend (’Experimental ’,’Estimated ")
%set (geca,’ YTickLabel ’ , num2str (get (gea,  YTick’) .’))

grid on
figure
plot (experlmental( 1) ,experimental (:,6),’—o’, MarkerSize’ ,7)
xlabel (’Time [h]’);
| ylabel (’Norg [mg/L] ") ;

hold on
plot (time ,y (:,7), —black’, ’LineWidth’ ;1.5)
legend ("Experimental ’, ’Estimated ”)

o1




o1l grid on

93
YWISISSTTTTTSSS Biomass IS TSSSI T
os| figure

subplot (3,1,1)

or| plot (time ,y (:,1),’b")

xlabel ("Time [h]’);

9| ylabel (*Microalgae [mg/L]");

grid on

101
subplot (3,1,2)

13| plot (time ,y (:,2),’b")
xlabel ("Time [h]’);

05| ylabel (’Nitrifiers [mg/L]’);
grid on

107
subplot (3,1,3)

09| plot (time ,Be, 'b )

xlabel ("Time [h]’);

11| ylabel (’Total Biomass [mg/L]’);
grid on

113

5| ISTTTTTTTIS Total Biomass and COD YT TSTIITSe

nr| figure

subplot (2,3,1)

19| plot (time ,y (:,1),’b")
xlabel ("Time [h]’);

21| ylabel (’Microalgae [mg/L]");
grid on

123
subplot (2,3,2)

25| plot (time ,y (:,2),’b")
xlabel (’Time [h]’);

127 ylabel (" Nitrifiers [mg/L]’);
grid on

129
subplot (2,3,3)

131 plot (time ,y (:,6) ,’b")

xlabel ("Time [h]’);

133) ylabel (’Biomass died [mg/L]’);
grid on

135
subplot (2,3 ,4)

37| plot (time ,Be, 't )

xlabel ("Time [h]’);

130 ylabel (" Total Biomass [mg/L]’);
grid on

141
subplot (2,3,5)

13| plot (time ,y (:,3),’1r")
xlabel ("Time [h]’);
ylabel (’COD [mg/L]’);
grid on

145

02




147

subplot (2,3,6)

119| plot (time ,CODe, 1 ")
xlabel (’Time [h]’);

151) ylabel (" Total COD |

grid on

mg/L] ") ;

155 | WITTTTTTTTS TS NHA and NO3 YIS SSTT o
figure

157 subplot (2,2,1)

plot (time y (:,4) , ")

50| xlabel ("Time [h]7);

ylabel ("Estim. NH4 [mg/L]’);

%axis ([0 1000 0 50]);

grid on

16

163
subplot (2,2,2)

65| plot (experimental (:,1) ,experimental (:,3),’r")
xlabel ("Time [h]’);

167| ylabel ("Exper. NH4 [mg/L]’);

grid on

169
subplot (2,2,3)

171 plot (time ,y (:,5),’g")
xlabel (’Time [h]’);

13| ylabel ("Estim. NO3 [mg/L] ) ;
grid on

175
subplot (2,2,4)

177| plot (experimental (:,1) ,experimental (:,4),'r ")
xlabel (’Time [h]’);

ylabel ("Exper. NO3 [mg/L]’);

grid on

17¢

function dy = ODEs_raceway N(t,y,influent ,1.0 ,p)
%global 1.0

dy = zeros(7,1); % Initialization of variables
1% 1.0

% influent

V]

%% Parameters
s|% Parameters from the literature

%p = [(1)uml (2)KI (3)k (4)ucod (5)Kcod (6)R1 (7)Knhl
(8)Kno3l (9)unh42 (10)Knh2 (11)R2  (12)kNO  (13)kNH  (14)k.N1 (15)
k_C]
10|%p = [0.0708 100.000 0.9979 0.041 20.000 0.0020 0.01
0.01 0.033 1.0000 0.0083 4.16 4.246 0.08 2.33
kin |;
L = 0.4; % Deep of the pond
12|V = 1880; % Volume pond

% Microalgae
16| uml = 0.0204; % umax of u(
KI — 44.4093; % KI of u(l

)

I
)
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18

24

28

36

38

4(

44

46

50

60

62

64

66

k =p(1l); % I=I10xexp(—kxz)

ucod = 0.0115; % umax of u(COD)

Kcod = 21.3288 ; % Kcod of u(COD)

R1 = 0.001; % Respiration

Knh4l = 0.0127; % Half saturation constant
Kno3l = 0.0047; % Half saturation constant

% Nitrifiers
unh42 = 0.009:
Knh42 = 1.0461;

R2 = 0.0006;
k.NO2 = p(2)-0.1;
k.NH2 = p(2);
kNI = 0.3871;
k_C = p(3);

kin = 0.0523;

9% Inlets

CODint = interpl (influent (:,1) ,influent (:,2) ,t);
NH4int = interpl (influent (:,1) ,influent (:,3) ,t);
NOint = interpl (influent (:,1) ,influent (:,4) ,t);
Qint = interpl (influent (:,1), 1nfluent( ,5),t);
%Norint = interpl (influent (:,1) ,influent (:,9) ,t);

Norint = kin*CODint;
10 interpl (I_.0(:,1),1.0(:,2),t);

%% Equations

% Auxiliar variables to make easier to write equations

f.I = (1/(Lxkxy(1)))*log ((I0+KI) /(I0xexp(—kxLxy(1))+KI));
%t 1 = (1/(Lxkxy(1)))=*log ((I04+KI) /(I0*xexp(—k*Lx(y(1)+y(2)))+KI));
£C = (v(3)/(y(3)+Keod))
fNHI = (y(4)/(y(4)+Knh41));
fNO1 = (y(5)/(y(5)+Kno31) ) *(Knh41l/(y (4)+Knh4l));
fNH2 = (y(4)/(y(4)+Knh42));
55/ % ODEs
dy (1) = —(Qint/V)xy (1) +(umlx f _I+ucodxf_C)*(f NHI+f NO1)xy(1)-Rlxy(1);
% 1. Microalgae Balance
%(137(2) = 0;
dy(2) = —(Qint/V)xy(2)+unh42«f NH2xy (2)—R2*xy(2); % 2. Nitrifiers balance
dy (3) = (Qint/V)*(CODint—y (3) )—k_-Cxucod*f_C*(f{ NHI+f NO1)xy (1) ;
% 3. COD Balance
dy (4) = (Qint/V)*(NH4int—y (4) )—f NHI1 % (k_NIsumlsf_T+(k-N1-kinxk_ C)*ucod*f_C)xy
(1)—k_NH2xunh42+f NH2xy (2) ; % 4. NH4 Balance
dy (5) = (Qint/V)*(NOint—y (5) )—f{_ NO1*(k_Nlsumlf I+(k Nl—-kinxk C)xucod+f_C)x*y
(1)+k_-NO2xunh42+f_ NH2xy (2) ; % 5. NO Balance
%dy (5) = (Qint/V)*(NOint—y (5) )—f-NO1x*(k_Nlsumlsf_T)*y(1)+k NO2+xunh42«f NH2xy
(2); % 5. NO Balance
dy (6) = —(Qint/V)*y (6)+R1xy (1)+R2xy(2);

% 6. Microalgae died Balance

o4




‘dy(?) = (Qint/V)*(Norint—y (7) )—kin*k_Cxucod*f_Cx(f NHI+f NO1 )=y (1) ;
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Appendix D

Sensitivity analysis of WWT model

The sensitivity analysis was made only with the most important curves, it means COD and
nitrogen concentration. The range taken was 50% around the calibrated values.
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Figure D.1: Sensitivity analysis of parameter & in WW'T model.
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Figure D.2: Sensitivity analysis of parameter ko1 in WWT model.
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Figure D.3: Sensitivity analysis of parameter Koop in WW'T model.
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Figure D.6: Sensitivity analysis of parameter kyp2 in WWT model.
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Figure D.7: Sensitivity analysis of parameter Ky, 1 in WWT model.

29



300 ! ! T T ) T ! Py
- : : : : : —Munaz = 05 a2

% 200 ——Kuna 2" = 075K 2
£ "l

= —Mra2" ™ Fura 2

g 1o _ — Rz = 125 a2 |]

Kana 2 = 15 Wuna 2

800 900 1000

30 T T T T T T T
1 : 1 : 1 : Rz T 05 K
S K2 = 075 WKy 2
— Rz = M 2
— Kz = 125K 2

Kina 2 = 1-5Wuna 2

T i
0 100 200 300 400 500 500 700 800 900 1000

NH, [mgiL]

—— Kz =05 K
Kz = 075 g 2
— a2 = Mouna 2
— Kz = 125K 2
Kina 2 = 1-5Wuna 2

: : : : ;
a 100 200 300 400 500 500 700 gaoo 0o 1000
Time [h]

NO [rmgiL]
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Figure D.9: Sensitivity analysis of parameter Kxo,,1 in WWT model.
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Figure D.11: Sensitivity analysis of parameter Ry in WW'T model.
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Figure D.12: Sensitivity analysis of parameter puc in WWT model.
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Figure D.13: Sensitivity analysis of parameter p,, in WWT model.
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Appendix E

Results AD Model

As it was said, in this work a simplification of model designed by Mairet et al., 2011 (see
[5]), in particular it was assumed pH constant, and neither inorganic carbon nor inert charge
imbalance were not taken into in consideration, that is why just parameters showed in Table
[E.1] were used in simulations.

’ Parameter \ Value \ Unit ‘
b1 0.3 |[g COD/g COD]
B 04 |[g COD/g COD]
k1 12.5 | [¢ COD/g COD]
ko 0.0062 | [mol/g COD]|
s 115 | [g COD/g COD]
ks 9.1 |[g COD/g COD]
ke 8.1 |[g COD/g COD]
k7 0.054 | [¢ COD/g COD]
kg 20 [¢g COD/g COD]
k1o 0.0062 | [mol/g COD]|
k11 0.30 [mol/g COD]|
I3 0.3 [1/day]

2 0.053 [1/day]

i3 0.14 [1/day|

Kgi 211 |[g COD/g COD|

Kgo 0.056 | [¢ COD/g COD]

K3 0.02 [¢ COD/L]
Kiy,, | 0.0018 ]

Table E.1: Parameters AN ecosystem.

Simulations under these assumptions are showed in Figure [E.1]

64



100

..................... 42
[wa]
..................... -}
[
........................ 42
==
......................... =
& R ]
=
oW % o O
= L] = L]
(1 0 Bled gy se)
=
T =
=]
=2
=
5 5
(1]
2 =
) =i =t (S =
oo
4=
w
|
==
=
(]
=

=

(,7007 B) 's alensong

1o %

0 = e o
o o o =

(,-1:002 8] % ssewaig

100

g0

40

100

80

B0

40

time (d)

[
)y wabiosuu aefiou)

:
L
[ B [
=

100

g0

40

100

g0

40

time (d)

time (d)

Figure E.1: Graphs AN model.

65



Appendix F

Deduction General Arrangement

In Figure it is possible to see all possibles configurations.

0o Fo (1 — agi— ag;)Fy

v

Figure F.1: All possible arrangements. Blue, black and red arrows are input, output and interior
flows, respectively.

So, the mass balance for each ecosystem are showed in the following equation system:

Fy = agiFo + ai By + au B, (F.1)
P}' = Cl{()jFO + Oéijﬂ + Oékij (F2)
Fk = aokFo + Oéjk}?j + OéikFl' (F3)

Replacing equation (F.1) in (F.2)), we will have:
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F; = ap,; Fo + cuj (ai Fo + aji By + o Fr) + o F,

Ordering terms:

(1 — ozijozji) F} — (OéijOZ]m‘ + Oékj) Fk = (Oé()j + Oéz'jOé(]Z'> FO (F4)

Repeating the idea: replacing equation (F.1)) in (F.3|), we will have, after ordering terms:

— (ouj + aiparji) Fy + (1 — cugou) Fi, = (aor + cipanoi) Fo (F.5)

b Qfj o0
Y 1—ayjaj;

So, if we multiply (F.4 plus (F.5)), result is:

gy + Qi Qi
1-— Q5 Oy

Qi + Qi

1 -y * (a% ko ) 0

(ogj + aupar;) - —(1- aikaki):| F, = |:<040j + a;j00;) -

(apj + qijoi) (ajr + quirpeyi) + (cor + ko) (1 — ayjau;)

(1 = aigon) (1 — aijagi) — (ijai + ang) (e + qirag:)

<~ Fk: FO

Therefore, we found an expression of Fj, in function of Fj, which could be rewriteen as
follow:

F =71y (F.6)
Where:

- (Oéoj -+ OéijOéOi>(Oéjk + OéikOéji) -+ (Oé()k + OéikOéol')<1 — OéijOéji)
(1 — aigomi) (1 — cijagi) — (ijani + aig)(agr + qiragi)

Now, using (F.6)) in (F.1) and in (F.2)), respectively:
F; — aji F; = (oo + auiy) Fo (F.7)
— oy by + Fjy = (ao; + aiy) Fo (F.8)
If we multiply (F.8) by a;; plus (F.7)), result is:

F; — 0;505,Q; = [(aoi + auiy) + (v + ajy) i) Fo
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(Oéoi + (077N ’}/) + (Oloj + Olij . y)ozji

— F;, = Fy
1-— OéijOéjZ'
So, F; in function of Fgy could be rewritten as follow:
Where:
_ (owi + o ) + (oj + v - 7) i
1— OéijCYjZ'
Finally, (F-9) in (F5)

Where:

>\:Oéij'€+a0j+akj"7

These expression will be used to arise the mass balance of nitrogen and carbon. As it is
known, the general mass balance is:

Accumulation = Input — Output 4+ Generation — Consumption (F.11)
If Y, = {COD, N, microalgae}, with n = {i, j, k}. So in ecosystem i, we will have:

dy; ani FiYy OéjiFjY} i Yy FY;
- _ + f; F.12
@ -V, v T v, = (F.12)

Where f; could be generation or consumption term. If we define D, = Fy/V,, for all
n =i, j,k}, so (F.12) could be rewritten in the following way, using (F.9)),(F.10) and (F.6]):

dY;

dt:Di(()é()iYo—FOéji')\'Y}—i—aki"y-Yk—E-Y;)ﬂ:fi (F13)

Similarly with the others ecosystems:

dy;
d—t]IDj(OéonE)‘FOCij'5'}/;+akj'7'}/k_7'1/j)ifj (F14)
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dy;
d—tk:Dk(a()k%—i-aik'g'}/i_'_@jk')\'}/}_V'Yk):tfk (F.15)
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Appendix G

Optimization codes

clear all
close all
clc
tic

%% Optimization

%p = [(1)alp_0i (2)alp_-ij (3)alp-ik (4)alp_-0j (5)alp_ji (6)alp_jk (7)alp_-0k

(8)alp_ki (9)alp_kj (10)Vi (11)Vj (12)Vk

= [0.33 0.33 0.33 0.34 0.33 0.33 0.33
0.33 0.33 2 10.5 2];

p0 = [0.0012 0.0018 0.0029 0.1219 0.7959 0.2034 0.8769
0.0001 0.1373 1.5740 6.8290 3.9237];

%p0

% Restriction: Axp <= b; alp_ijtalp_ik <=1; alp_jk+alp_ji <=l;alp_kitalp_kj<=1;
Vi+Vj+Vk<=25%1880
% (Output of each ecosystem can not be negative, where output is for example

:1—alp_ij—alp_ik)

S M= 1.88%25; % M = 47 [m 3]

A=[011000000000;000011000000; 00000001100
0; 00000000011 1];
b=[111M];

% Restriction: Aeq*p = beq; alp_0Oit+alp_0j+alp_0k=1 (all input enters to the
system )

Aeq =1 0010010000 0];

beq = 1;

3|% Restriction: alp.mn in [0,1] and Vn>=1 [L].

Ib=[00000000011 1];

Sub=[111111111MMM;

options = optimoptions (@fmincon, ’Algorithm’, interior —point ’);
[p,OF] = fmincon(@objective_function ,p0,A,;b,Aeq,beq,lb,ub,@rest,options)
toc

Y TITTTTTITS Anaerobic WISSIITITISSIITSo

% Initial conditions
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35

39

43

S

49

61

63

67

69

71

81

Xi(1) = 0.1; % S1
Xi(2) = 0.2; % XI
Xi(3) = 0.1; % S2
Xi(4) = 0.2; % X2
Xi(5) = 0.02; % S3
Xi(6) = 0.024; % N

Xi(7) = 0.2; % SI
Xi(8) = 0.2; % X3
Xi(9) = 0.65; % PCH4

9% TTTIISTTTTIISSST S0 MP YIS TTTISSTTTISSSTTTIIS ST

5% Initials Conditiones

CODexp = 297;

kin = 0.0523;

Xi(10) = 0.0325+xCODexp; % Biomass: Something important: Initial
biomass plus initial COD should be equal to 297

Xi(11l) = (1-0.0325)*CODexp; % COD: According to experimental data ”LHRA:
DCO filtré”

Xi(12) = 28.39; % N/NH4: According to experimental data

Xi(13) = 0.216;

Xi(14) = kin*CODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

T WITISTITSTITSTITITIS0 WWI SITST TSI TSI IS TISSTITSTISTISTISSTIS o

Xi(15) = 0.0325+xCODexp; % Microalgae: Something important: Initial
biomass plus initial COD should be equal to 297
Xi(16) = 0.0025%xCODexp; % Nitrifiers: Something important: Initial

biomass plus initial COD should be equal to 297
Xi(17) = (1-0.0325-0.0025)*CODexp; % COD: According to experimental data "LHRA

: DCO filtré”
Xi(18) = 28.39; % N/NH4: According to experimental data
Xi(19) = 0.216; % N/(NO34NO2) : According to experimental
data
5/ Xi(20) = kin*CODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

9% Solver

tin = 0;

tfin = 5000;

inter = 0.1;

tspan = [tin:inter:tfin];

[timel X]=o0de45(@QODEs.-W_A N_p,tspan,Xi,[],p);

time = timel /24; % From hours to days
%% Graphs
% YTTTSTTITTSITTTSIS0 MP TITTSIITTSTTo

figure
subplot (3,2,1)
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83

85

8¢

91

93

97

99

101

103

105

107

109

111

113

115

119

121

125

127

129

131

133

137

plot (time ,X(:,11),’r")

ylabel (’COD MP [mg COD/L] ") ;

axis ([0 time(end)+2 0 max(X(:,11))+10])
grid on

subplot (3,2,2)

plot (time ,X(:,12)4X(:,13),’b")

axis ([0 time(end)+2 0 max(X(:,12)+X(:,13))+10])
ylabel ('Inorg. nitrogen MP [mg N/L]7);

grid on

subplot (3,2,3)

5| plot (time , (X(:,5) )*1e3, 1)

ylabel (’COD AN [mg COD/L] ")
axis ([0 time(end)+2 0 max((X(:,5))*1e3)+10])
grid on

subplot (3,2 ,4)

plot (time ,X(:,6)*(14e3),’b")

ylabel ('Inorg. nitrogen AN [mg N/L]’)

axis ([0 time(end)+2 0 max(X(:,6))=(14e3)+10])
grid on

WISIIIISS WWT VITISSTTTIISSTTTII o
subplot (3,2,5)

plot (time ,X(:,17),'r ")

xlabel ('Time [h]’);

ylabel (*COD WWT [mg COD/L] ) ;

axis ([0 time(end)+2 0 max(X(:,17))+10])
grid on

subplot (3,2,6)

plot (time ,X(:,18)4X(:,19),’b")

xlabel ("Time [days]’);

ylabel ('Inorg. nitrogen WWI' [mg N/L]’);

axis ([0 time(end)+2 0 max(X(:,18)+X(:,19))+10])
grid on

YW Methane WSTITISIIT o

figure

plot (time ,X(:,9),'r")

ylabel (’Methane Generated [mol] ")

%legend (sprintf (’Recicle= %0.5g.  ,maximum) )
axis ([0 time(end)+2 0 max(X(:,9))+10])
xlabel ("Time [days]’);

grid on

WIISTIITS Microorganism YOS IT
figure
subplot (3,1,1)

5| plot (time ,X(:,10),’b")

ylabel (’Microalgae MP [mg COD/L] ) ;
axis ([0 time(end)+2 0 max(X(:,10))+10])
grid on
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139

14

14

w

145

149

159

161

163

165

167

169

181

189

191

55| %967 Anaerobic

7| plot (time ,X(:,1

subplot (3,1,2)

plot (time ,X(:,2)x1e3, r’ ,time ,X(:,4)x1e3, ’k’ ,time ,X(:,8)x1e3, g
ylabel (’Biomass X_i AN [mg COD/L] ")

axis ([0 time(end)+2 0 210])

legend ('X_17,’X.2",'X_3")

grid on

subplot (3,1,3)

plot (time ,X(:,15),’b’ ,time ,X(:,16),’r ")

legend (’Microalgae’,’ Nitrifiers’)
xlabel ("Time [days]’);
ylabel (’Biomass WWI' [mg COD/L]’

)
axis ([0 time(end)+2 0 max(X(:,15))+10])

3| grid on

Information YIS TITS
figure
)*1led, v’ time ,X(:

,3)*1e3, 'k’
[mg COD/L] *)

,time , X (:
ylabel (’Substrate S_i
xlabel (’Time [days]’)
axis ([0 time(end)+2 0 60])
legend (’Sugar—lipid ’, ’Protein
grid on

7’7VFA7)

%% Print Information

NonNegativeOutput = Axp’
SumOne = Aeq*p’

% Connections/Recycle
% i
alp_0i = p(1l); % Percentage recycle
alp_ij p(2);
alp_-ik = p(3);
751% ]
alp_0j =p(4); % Percentage recycle
alp,ji = p(5)7
alp_jk = p(6);
% k
alp_.0k = p(7); % Percentage recycle
alp_ki = p(8);
alp-kj = p(9);
% Factors
1Qo = 12.99

gam = ((alp_Oj+alp_-ijxalp_0i)«*(alp_jk+alp_ikxalp_ji)
x(1—alp_ijxalp_ji))/((1—alp_ikxalp_ki)x(1—alp_ij*xalp_ji)
alp_kj)*(alp_jktalp_ikxalp_ji));

Qk = gamxQ0

((alp-Oi+alp_kixgam)

eps

73

,5)*le3,’

g’)

+(alp_Ok+alp_ikxalp_0i)
—(alp_ijxalp_ki+

+(alp_0j+alp_kjxgam)*alp_ji)/(1—alp-ijxalp_ji);




103| Q1 = eps*xQ0

95| lam = alp_ij*eps+alp_0j+alp_kj*xgam;

Qj = lam=*Q0

197

Fout = [(1—alp_ij—alp_ik)*Qi (1—alp_ji—alp_jk)*Qj (1—alp_ki—alp_kj)=*Qk]’

199

%% Restrictions

201|%tss = 3000;

tss_index = 3000/inter; % tss = 3000 [h], but tss will be an index in the
following vectors, that is why is divided by inter

203

Fout = [(1—alp-ij—alp_ik)*xQi (1—alp_ji—alp_jk)*Qj (1—alp_ki—alp_kj)=Qk] ’;

% Nitrogen Flows

207| Ni = Fout (1) *(X(tss_-index:end,12)+X(tss-index:end,13));
Nj = Fout(2)*(X(tss_index:end,6))x(14x1e3);

200/ Nk = Fout (3) *(X(tss_index:end,18)4X(tss_index:end,19));
YN = (Ni+Nj+Nk) /(Qi+Qj+Qk) ;

Ci = Fout(1)*(X(tss_index:end,11));

213 Cj = Fout (2) *(X(tss_index:end,5))*1e3;

Ck = Fout(1)*(X(tss_index:end,17));

% Inputs

217 kin = 0.0523;

NH40 = 48.67; % NH4
219 NOO = 0.19;

Co = 370.32;

221| Norg0 = kin*CO0;

223|% Output nitrogen requirements
Nitrogen = mean (( Ni+Nj+Nk) /(Fout (1)4+Fout (2)+Fout(3)))—15
% N_out < 15
225|COD = mean (( Ci+Cj+Ck) /(Fout (1)+Fout (2)+Fout (3)))—125
% COD_out < 125
Nitrogen_-remotion = (CO—mean (( Ci+Cj+Ck) /(Fout (1)+Fout(2)+Fout(3))))=*100/C0
% Remotion > 75%
227 COD_remotion = ((NH40HNOM-Norg0)—mean (( Ni+Nj+Nk) /(Fout (1)+Fout (2)+Fout(3))))
%100/ (NH40+NOO+Norg0 ) % Remotion > 75%

220|% Mass balance

EcosystemFlowBalance = [alp_0ixQ0+alp_ji*xQj+alp _ki*xQk—Qi alp_0j*Q0+alp_ij=*Qi+
alp_kj*xQk—Qj alp_0kxQO0+alp_jkxQj+alp_ik xQi—Qk]

GlobalFlowBalance = Fout (1)+Fout (2)+Fout(3)—Q0

¥

function OF = objective_function (p)
Xi = zeros (20,1);
Y YITTTTTTIS Anaerobic WITIIITIIIIIIIIS,

4% Initial conditions

Xi(l) = 0.1; % S1
6| Xi(2) = 0.2; % X1
Xi(3) = 0.1; % S2
5| Xi(4) = 0.2; % X2
Xi(5) = 0.02; % S3
0| Xi(6) = 0.024; % N
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12

20

22
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Xi(7) = 0.2; % SI
Xi(8) = 0.2; % X3
Xi(9) = 0.65; % PCH4

5| Y0 SSTTTITISSTTTIIIS S0 MP TISSSTTTISSSTTTIISSTTIIS o

% Initials Conditiones

CODexp = 297;

kin = 0.0523;

Xi(10) = 0.0325xCODexp; % Biomass: Something important: Initial
biomass plus initial COD should be equal to 297

Xi(11) = (1-0.0325)*CODexp; % COD: According to experimental data ”LHRA:
DCO filtré”

Xi(12) = 28.39; % N/NH4: According to experimental data

Xi(13) = 0.216;

Xi(14) = kinx*CODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

T WITISTITSTIISTITITIS0 WWI SIISTISTISSTISTISSTISTIISTISTISTIIS o

Xi(15) = 0.0325+xCODexp; % Microalgae: Something important: Initial
biomass plus initial COD should be equal to 297
Xi(16) = 0.0025%xCODexp; % Nitrifiers: Something important: Initial

biomass plus initial COD should be equal to 297

Xi(17) = (1-0.0325-0.0025)*CODexp; % COD: According to experimental data "LHRA
: DCO filtré”

Xi(18) = 28.39; % N/NH4: According to experimental data

Xi(19) = 0.216; % N/(NO34+NO2) : According to experimental
data

Xi(20) = kin*CODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

%% Solver

tin = 0;

tfin = 5000;

inter = 0.1;

tspan = [tin:inter:tfin];

%tspan = [tin tfin];

%[ time X]=oded5(QODEs. W_A N_p,tspan,Xi,[],p,influent ,1.0);
[time X]=o0de45(@QODEs.-W_A N_p, tspan,Xi,[],p);

%% Connections/Recycle

% i

alp_0i = p(1l); % Percentage recycle
alp_ij = p(2);

alp_ik = p(3);

% ]

alp_0j = p(4); % Percentage recycle
alp_ji = p(5);

alp_jk = p(6);

% k
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alp_0k
alp_ki
alp_kj

% Percentage recycle

[
e}
—

0]
~— —

%% Factors
Q0 = 12.99;

gam = ((alp_-Oj+alp_ijxalp_0i)*(alp_jk+alp_ikxalp_ji)+(alp_Ok+alp_ikxalp_0i)
x(l1—alp_ijxalp_ji))/((1—alp_ikxalp_ki)x(l—alp_ijxalp_ji)—(alp_ij*xalp_ki+
alp_kj)*(alp_jktalp_ikxalp_ji));

Qk = gamxQO0;

eps = ((alp_-Oi+alp_kixgam)+(alp_0j+alp_kjxgam)*xalp_ji)/(1—alp_ijxalp_ji);
Qi = epsxQO;

lam = alp_ij*eps+alp_0j+alp_kjx*gam;

5| Qj = lamx*QO;

Fout = [(1—alp_ij—alp-ik)*Qi (1—alp_ji—alp_jk)xQj (1—alp_ki—alp_kj)=*Qk] ’;

Y TISSTTTTTTT Objective Function YSISTSTTTTTTISSSIT T

tss = 3000;

tss_index = 3000/inter; % tss = 3000 [h], but tss will be an index in the
following vectors, that is why is divided by inter

WSS TSTTTTTISSSTSTT TSI ISSSSTT ST SIISSSSTSITSTTISSSSTSITSTTSSSSI TS
WISTSITSISSSSSIITISTS - Methane WSSSSTTITITIIIISISSSSSIIITSo
WITTITTTISTTTISSTTIISITTISTTIISSTIISSTTISTSTIISSTISTSSISTIISTITTS o
%

% OF = —(X(end,9)—X(tss_index ,9))*0.254

WITSTISTISTISTISSTISSIISIISIISTISTISTISTISSTISSTITSIISTI o
WITITTTITTITITTIITTIS Money TITISTTIITTISTIISTISSTIISITII o
WITTTTITISTTTTITISTITITISIITISTISIITISISTISTISITTITISIIT o

Methane_in_dolar = (X(end,9)—X(tss_-index ,9))*2.18e—2;
% 2.18e—2 [dolar/mol CH4]
Biomass_in_dolar = sum(X(tss_-index:end,10)*Fout(1)4X(tss_index:end,15)*Fout(3)
)#le—5; % le—5 [dolar/mg Biomass]
OF = —(Methane_in_dolar+Biomass_in_dolar)

WITSTISTISTTSTISTISSTITSISSIISIISTISTISTISTISTISSTISTITS TS
WITTTTTITTIITTIITTITS  Energy TITTITTIITIISTIISTIISTIITIIS o
WITTTTITISTTTIITISISTISTISITIITIS TSI ISISIITISISIITISISTITSSo

% Methane_energy = (X(end,9)—X(tss_index ,9))=*0.254; % 1 mol methane —> 0.254
kWh

% lipid_content = 0.3;

% Biomass_energy = sum(X(tss_index:end,10)*Fout(1)+X(tss_index:end,15)«Fout(3)
)xlipid_content *x1.05e—5 % 1 mg lipid —> 1.05e—5 kWh

% OF = —(Methane_energy+Biomass_energy)

WITSTTSTISTTSTISTISSTITSIISIISIISTISTISTIS TS TSI IS TITST TS
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p

end
function [c,ceq] = rest(p)
Xi = zeros (20,1);

Y% TITTTTTITS Anaerobic WISIITTITISIIITSo

% Initial conditions

Xi(1) = 0.1; % S1
Xi(2) = 0.2; % XI
Xi(3) = 0.1; % S2
Xi(4) = 0.2; % X2
Xi(5) = 0.02; % S3
Xi(6) = 0.024; %N

Xi(7) = 0.2; % SI
Xi(8) = 0.2; % X3
Xi(9) = 0.65; % PCH4

Y TITSTTITTISTTTTTITS MP TITSTISTTISTISTISIITISTI o

% Initials Conditiones

CODexp = 297;

kin = 0.0523;

Xi(10) = 0.0325%CODexp; % Biomass: Something important: Initial
biomass plus initial COD should be equal to 297

Xi(11) = (1-0.0325)*CODexp; % COD: According to experimental data ”LHRA:
DCO filtré”

Xi(12) = 28.39; % N/NH4: According to experimental data

Xi(13) = 0.216;

Xi(14) = kin*CODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

T VITTITTTSTISTTTTST IS0 WWI TSI TS TSI TS ITT IS TSI IS TSI IS TSI ITT o

Xi(15) = 0.0325xCODexp; % Microalgae: Something important: Initial
biomass plus initial COD should be equal to 297
Xi(16) = 0.0025+xCODexp; % Nitrifiers: Something important: Initial

biomass plus initial COD should be equal to 297
Xi(17) = (1-0.0325-0.0025)%*CODexp; % COD: According to experimental data "LHRA

: DCO filtré”
Xi(18) = 28.39; % N/NH4: According to experimental data
Xi(19) = 0.216; % N/(NO34NO2) : According to experimental
data
Xi(20) = kin*xCODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

9% TIIISSTTITISTITIISSTI Nitrifiers WITTISTITISSTTIISTITIISTIIISSIIISSSo

Xi(14) = 0.0325%xCODexp; % Microalgae: Something important: Initial
biomass plus initial COD should be equal to 297

Xi(15) = 0.0025%CODexp; % Nitrifiers: Something important: Initial
biomass plus initial COD should be equal to 297

Xi(16) = (1-0.0325-0.0025)*CODexp; % COD: According to experimental

7
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96

data "LHRA: DCO filtré”

Xi(17) = 28.39; % N/NH4: According to experimental data
Xi(18) = 0.216; % N/(NO34NO2) : According to experimental data
Xi(19) = kin*CODexp; % Norg = Ntot, filt — NH4 — NO2 — NO3

%% Solver

tin = 0;

tfin = 5000;

inter = 0.1;

tspan = [tin:inter:tfin];

[time X]=o0de45(QODEs W_A N.p,tspan ,Xi,[],p);

%% Connections/Recycle

% i
alp_0i = p(1l); % Percentage recycle
alp_ij = p(2);

alp_ik = p(3);

%
alp_.0j = p(4); % Percentage recycle
alp_ji = p(5);

alp_jk = p(6);

% k
alp_.0k = p(7); % Percentage recycle
alp_ki = p(8);

alp_kj = p(9);

4|%% Factors

Q0 = 12.99;

gam = ((alp_0Oj+alp_ijxalp_0i)«(alp_jk+alp_ikxalp_ji)+(alp_Ok+alp_ikxalp_0i)
x(l—alp_ijxalp-ji))/((1—alp_-ikxalp_ki)x(l—alp_ijxalp_ji)—(alp_ij*xalp_ki+
alp_kj)*(alp_jktalp_ikxalp_ji));

Qk = gamxQO;

eps = ((alp_0Oit+alp_kixgam)+(alp_0j+alp_kj*gam)xalp_ji)/(1—alp_ijxalp_ji);
Qi = eps*QO;

lam = alp_ij*epst+alp_0j+alp_kjxgam;
Qj = lamxQO0;

%% Restrictions

%tss = 3000;

tss_index = 3000/inter; % tss = 3000 [h], but tss will be an index in the
following vectors, that is why is divided by inter

Fout = [(1—alp_.ij—alp_ik)*xQi (1—alp_ji—alp_jk)*Qj (1—alp_ki—alp_kj)=Qk]’;

% Nitrogen Flows

Ni = Fout (1) *(X(tss_index:end,12)+X(tss_index:end,13));
Nj = Fout(2)*(X(tss_index:end,6))x(14x1e3);

Nk = Fout (3)*(X(tss_index:end,18)+X(tss_index:end,19));
9N = (Ni+Nj+Nk) /(Qi+Qj+Qk) ;
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10

14

26

Ci Fout (1) *(X(tss_index:end,11));
Cj = Fout(2)*(X(tss-index:end,5))*le3;
Ck = Fout(1)*(X(tss_index:end,17));

% Inputs

kin = 0.0523;

NH40 = 48.67; % NH4
NOO = 0.19;

Co = 370.32;

Norg0 = kinxCO0;

% Output nitrogen requirements

¢ (1) = mean ((Ni+Nj+Nk) /(Fout (1)+Fout (2)+Fout (3))) —15;

N_out <15

¢(2) = mean((Ci+Cj+Ck) /(Fout (1)+Fout (2)+Fout(3))) —125;

COD_out<125

21 ¢(3) = mean ((CiH+Cj+Ck) /(Fout (1)+Fout (2)+Fout (3))) —0.25%xC0;

Remotion: 75%

c(4) = mean (( Ni+Nj+Nk) /(Fout (1)+Fout (2)+Fout (3))) —0.25% (NHAHNOM-Norg0 ) ;

Remotion: 75%

% Mass balance
ceq(l) = alp_0ixQ0+alp_jixQjt+alp_ki*xQk—Qi;

%

[0y
0

%

ceq(2) = alp_0jxQ0+alp_ij«Qitalp_kj*xQk—Qj;
ceq(3) = alp_0kxQ0+alp_jkxQj+alp_ik xQi—Qk;
ceq(4) = Fout(1)+Fout(2)+Fout(3)—Q0;
ceq = [];
function dX = ODEs.-W_A N.p(t,X,p)
kin = 0.0523;
L = 0.4; % Deep of the pond
%% Connections/Recycle
% i
alp_0i = p(1l); % Percentage recycle
alp_ij = p(2);
alp_ik = p(3);
Vi = p(10)x1e3;
%
alp_0j = p(4); % Percentage recycle
alp_ji = p(5);
alp_jk = p(6);
5|Vj = p(11)*1e3;
% k
alp_.0k = p(7); % Percentage recycle
alp_ki = p(8);
alp_kj = p(9);
Vk = p(12)x1e3;

%% Factors
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% Qk = gam*Q_0

2s|gamK = ((alp_0Oj+alp_ijxalp_0i)*(alp_jk+alp_ikxalp_ji)+(alp_Ok+alp_ikxalp_01)
x(1—alp_ijxalp_ji))/((1—alp_ik*alp_ki)x(1—alp_ijxalp_ji)—(alp_ij*xalp_ki+
alp_kj)=*(alp_jktalp_ikxalp_ji));

% Q.1 = eps*Q_0

s0| eps] = ((alp_-Oi+alp_kixgamK)+(alp_0j+alp_kjxgamK)*xalp_ji)/(1—alp_ij*xalp_ji);

% Q_j = lamxQ_0

32/ lamJ = alp_ijxepsl+alp_0j+alp_kjxgamK;

34

36

9% Inlets

35| 10 = (max(0,39.8202xsin (0.2666«xt —1.7771))) "2;
NH40 = 48.67;

10| NOO = 0.19;

12| CO = 370.32;
Norg0 = kinxCO0;

14| QO = 12.99; % Average in [L/h]
X0 = 0;

46
bl = 0.3;

15| b2 = 0.4;
bl = 0.3;

50

%% Importantes Variables

% i
54| Xi = X(10); % Microalgae
ci =X(11); % CoD
s6) NH4I = X(12); % Nitrogen
NOi = X(13); % Nitrogen
5| Norgi = X(14); % Nitrogen organic
60| % ]
Xj = 0; % Assumption: Anaerobic microorganism do not survive in other
ecosystems , in particular, Microalgae
62| Cj = X(5); % VFA: S3, in [g/L], to be coupled with any acosystem should
enter in [mg/L]
Nj = X(6); % N in [mol NH4/L], to be coupled with any acosystem should
enter in [N mg/L], as a NH4 = 97% Nj and NO = 3% Nj
6| Norgj = 0; % Nitrogen organic
66 % k
Xk = X(15); % Only microalgae. Assumption: Nitrifiers do not
survive in other ecosystems
63| Ck = X(17); % COD
NH4k = X(18); % NH4
0|NOk = X(19); % NO
Norgk = X(20); % Nitrogen organic
72
74

9% TITTTTIIIS0 §j : ANAEROBIC Y99S TTTISTITISSSTTIISSTTISSSTTII o

76| %Physio—chemical parameters
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Knh3=1.1e—9;

% Coef stochio alpha_i
— 12.5:

o
P N N N e N N N T
1
[eniy
. —_
ot

) = 0.00625;
) = 0.30;
) = 0.20;

O LYY D
— = = ©O© 000 Ui WwiNd
N = O —
I
N O O o ©

% coef kinetic

pa(l) = 0.3/24;

pa(2) = 2.11;
pa(3) = 0.053/24;
pa(4) = 0.03;
pa(5) = 0.14/24;
pa(6) = 0.02;
pa(7) = 16.4;
pa(8) = 0.0018;
ni=X(6)

h=10"-7

nh3=Knh3/(Knh3+h)*ni ;

% Contois

mul = pa(1)*X(1)/(X(1)+pa(2)*X(2));
mu2 = pa(3)*X(3) /(X(3)+pa(4)+X(4));
mu3 = pa(5)*(X(5) /(X(5)+pa(6)+(X(5)"2)/pa(7)))=(pa(8)/(pa(8)+nh3))

rhoT9 = a(11)*mu3*X(8);

% ODE Anaerobic

Dj=(Q0/Vj);
% S1[g COD/L]: bl per cent of X(13)xle—3 plus COD=X(14)xle—3 (X(13/14)comes in
mg/L)

dX(1)=Dj*((alp-0j*«X0+alp_ij*xepsI*«Xitalp_kj+gamK«Xk)+blxle—3+(alp_0j*xCO+alp_ijx
epsI*Citalp_kj*gamK«Ck) xle—3—lamJ*X (1) )—a(1l)*mul+X(2) ;

% X1

dX(2) =(mul-lamJ*Dj)+X(2) ;

% S2[g COD/L]: b2 per cent of Xi (in mg/L) and X(14)4X(20)=Norg_{i,k} (in mg N
/L) from COD. Using protein: 6.63 [mmol N/g COD]

1|dX(3)=Dj*((alp-0j*«X0+alp_ij*xepsI*«Xitalp_kj*rgamK«Xk)+*b2xle—3+(alp-0j«Norg0+

alp_ij*xepsIxNorgitalp_kj*gamK*Norgk) *(1/(14%6.63))—lamJ+«X(3))—a(5)*mu2+X(4)
% X2

dX(4)=(mu2-lamJ*Dj)*«X(4) ;
% S3 [g COD/L]= Cj. Implies X(5) should be recycle with a factor 1le3
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166

68| DI =

ilunh42 =

dX (5)=Dj*lamJ*X(5)+ a(3)*mul*X(2)+a(6)+*mu2+«X(4)—a(9)*mud*X(8) ;

% NH4[M]=[mol NH4/L]: Coupled with ither ecosystem with a factor of *(18/(14e3
)) because Ni and Nk come in [mg N/L]

dX(6)=Djx*((alp-0j«(NH40HNOO)+alp_ij*epsl*(NH4i+NOi)+alp _kj*xgamK (NH4k+NOk) )
x(1/(14e3))—lamJ*Nj)+ a(7)*mu2xX(4)—a(2)*mul*X(2)—a(10)*+mud+X(8) ;

%dX(6)=Djx((alp_0j*(NH40)+alp _ij*xepsl«(NH4i)+alp_kj+gamKx(NH4k) )*(1/(14x1e3))—
lamJ«Nj)+ a(7)*mu2xX(4)—a(2)*mul*X(2)—a(10)+*mu3+«X(8);

% S_1[g/L]:b3 per cent of X(13)xle—3 (X(13)comes in mg/L)

dX(7)=Dj*((alp_0j*bI+«X0Halp_ij*epsl«bl*Xitalp_kj+gamK*bI+«Xk)*1le—3—lamJ+X (7)) ;

% X3

dX (8)=(mu3—lamJ*Dj)*X(8) ;

% P CH4 gaz

dX(9) = rhoT9%Vj;

Y VISSSITTTSSS 1+ MP SSISTTSSSSIT T

% Microalgae

umn = 0.0204; % umax of u(I)

KIn = 44.4093; % KI of u(TI)

kn = 0.1811; % I=I0xexp(—kxz)

ucod = 0.0115; % umax of u(COD)

Kcod = 21.3288 ; % Kcod of u(COD)

R1 = 0.001; % Respiration

Knh41l = 0.0127; % Half saturation constant
Kno3l = 0.0047; % Half saturation constant

% Nitrifiers

0.009;
Knh42 = 1.0461;
R2 = 0.0006;
k. NO2 = 2.2723;
k.NH2 = 2.3723;
kN1 = 0.3871;
k.C = 3.6537:

% Auxiliar variables to make easier to write equations
fIm = (1/(Lxkn*Xi))xlog ((I0+KIn)/(I0xexp(—knxLxXi)+KIn));
£Cm = (X(11)/(X(11)+Kcod))

fNHm = (X(12) /(X ( 2)+Knh42) ) ;

fNOm = (X(13)/(X(13)+Kno31))*(Knh41l/(X(12)4+Knh41));

(QO/Vi);

170|% ODE MP

dX(10) = Dix(alp_0i*X0+alp_jixlamJ+«Xj+alp_kixgamK«Xk—epsI*Xi)+ (umn*f_Im+ucod
f_.Cm) * (f_ NHm+ _NOm) *Xi—R1xXi; %
Microalgae

dX(11) = Dix(alp_0ixCO+alp_jixlamJ*xCjxle3+alp _kixgamK«Ck—epsI+Ci)—k_Cxucodx
f-Cm (£.NHm+f NOm ) #Xi ; % COD

dX(12) = Dix(alp_0i*NH40+alp_jixlamJ«Njx1x(14x1e3)+alp_kixgamK«NH4k—epsI«NH4i)
—f NHm* (k_N1sumn*f_Im+(k_N1-kin*k_C)xucod*f_-Cm)=*Xi; % NH4

dX(13) = Dix(alp_0i*NOO-alp _ji*lamJ*Nj*0x(14*1e3)+alp_ki*gamK«NOk-epsI*NOi)—
fNOmx* (k_N1lsxumn+f Im+(k N1-kinxk C)xucod*f Cm)*Xi; % NO

dX(14) = Dix(alp-0ixNorg0+alp_jixlamJ«xNorgj+alp_kixgamK«Norgk—epsI*Norgi)—kinx
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180

182

184

186

190

192

194

196

198

200

20

206

k_Cxucod*f_Cm+f NHm=Xi ;

78| % WSITTTITSSTTTTITSTTTTSo k : WWI SITTTISSSITTTISSSITT o

% Auxiliar variables to make easier to write equations

fIw = (1/(Lxkn*X(15)))*log ((I10+KIn) /(I0*exp(—kn+L+X(15))+KIn));
f.C = (X(17)/(X(17)+Kcod) ) ;
f NHw = (X(18)/(X(18)+Knh4l));
f NOw (X(19) /(X(19)+Kno31) ) *
f NHw2 = (X(18) /(X(18)4+Knh42))

(Knh41 /(X(18)4Knh41) ) ;

Dk = (QU/VK)
%0ODEs

% Microalgae Balance

dX(15) = Dkx(alp_0k*X0Halp_ik*epsI*«Xitalp_jk xlamJ*Xj—gamK*Xk)+ (umnx* f _Iw-+ucod
f_C)*({.NHw+H_NOw ) *Xk—R1+Xk;

% Nitrifiers balance

dX(16) = —DkkgamK*X(16)+unh42+f NHw2+X(16)—R2xX(16) ;

% COD Balance

dX(17) = Dkx(alp_0k*C0+alp_ik*epsI+Citalp_jkxlamJ*Cjx1e3—gamK*Ck)—k_Cxucod*f_C
* (. NHw+H _NOw ) «X(15) ;

% NH4 Balance: Assumption, 97% of Nj (in g/L) is NH4

dX(18) = Dkx(alp_O0k«NH40+alp ik xepsI«NH4it+alp_jk «xlamJ«Nj*1*(14x1e3)—gamK+«NH4k)
—f NHw* (k_N1sumnf_Iw+(k-N1-kin*k_C)xucod*f_C)«Xk—k NH2xunh42+f NHw2+X(16) ;

% NO Balance

dX(19) = Dkx(alp_0k*NOWMalp_ik*epsI+«NOitalp_jk «xlamJ«Nj*0x(14x1e3)—gamK+«NOk)—
f NOw* (k_N1sumnxf_Iw+(k-N1-kinxk_C)*ucod*f_C)*Xk+k NO2xunh42+f NHw2+X(16) ;

% Organic Nitrogen

dX(20) = Dkx(alp_Ok«NorgO+alp_ik*epsI«Norgi+alp_jk+lamJxNorgj—gamK«Norgk )—kin
k_Csucod*f_C (. NHw+H_NOw ) *Xk;

dX=dX’;
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