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ABSTRACT

With a growing share of energy being produced from renewable sources, new chal-
lenges emerge on how to deal with this new energy paradigm, where production is highly
affected by conditions humans cannot manipulate. In the EU, wind and solar energy capac-
ities have rapidly increased in recent years. Solar energy production peaks during sunny
days and ceases at night, while wind energy generation fluctuates with wind speed. This
variability in electricity production will have to be accounted for in the future energy grid,
which will need new energy storage solutions and grid management strategies.

In this scenario, the development of multi-energy platforms will be required, as one
source can compensate for or store the energy produced by another. In addition, it will
enable to explore synergies from these different systems. Integrating methanation and
anaerobic digestion, for instance, represents an alternative to convert renewable electric-
ity into gas in a power-to-gas approach. Moreover, it enables the energetic valorization of
CO, from biogas. However, these two reactors are operationally different in terms of their
characteristic time and thermal behavior. For this reason, mathematical models can play a
valuable role in defining their adequate management.

In such context, at first, a model for a biogas digester was developed. This model
contains the kinetics from a modified version of the Anaerobic Digestion N°1 (ADM1), one
of the most widespread models in this domain, along with an advanced thermal description
based on empirical correlations for the heat transfer terms. In addition, the biogas storage
in an air-inflated double-membrane gasholder was also included in this work. The digester
model was validated using literature data for both lab-scale and large-scale digesters. It was
also used in a study case to evaluate the influence of geographical location of the biogas
plant on its heat losses.

To simulate an entire biomethane plant, the process units composing the biogas clean-

ing and upgrading stages were also modeled. Integrating these models with the digester

16



allowed for the evaluation of the entire system’s functioning.

In addition, an existing model for catalytic methanation developed in a previous PhD
thesis carried out in LaTEP was included in this simulation environment. This allowed
simulating the whole system: biomethane and catalytic methanation plants. Simulations of
this multi-energy platform showed that this solution would be able to store excess energy
from the grid, as the start-up of the methanation reactors could started up within a few
minutes. Besides, it was shown that the production in these reactors would be affected by
seasonal variations in weather conditions. Finally, insights into the process safety of this

system and potential opportunities for heat integration were discussed.

17



RESUME EN FRANCAIS

Avec une part croissante de 1’énergie produite a partir de sources renouvelables, de
nouveaux défis émergent quant a la gestion de ce nouveau paradigme énergétique, ou la
production est fortement influencée par des conditions que les humains ne peuvent pas
manipuler. Dans I’'UE, les capacités éoliennes et solaires ont rapidement augmenté ces
dernieres années. La production d’énergie solaire atteint son pic pendant les journées en-
soleillées et cesse la nuit, tandis que la production d’énergie éolienne fluctue avec la vitesse
du vent. Cette variabilité de la production d’électricité devra €tre prise en compte dans le
futur réseau énergétique, qui nécessitera de nouvelles solutions de stockage d’énergie et
des stratégies de gestion du réseau.

Dans ce scénario, le développement de plateformes multi-€nergies sera nécessaire,
car une source peut compenser ou stocker 1’énergie produite par une autre. De plus,
cela permettra d’explorer les synergies entre ces différents systemes. L’intégration de la
méthanation et de la digestion anaérobie, par exemple, représente une alternative pour con-
vertir I’électricité renouvelable en gaz dans une approche power-to-gas. De plus, cela per-
met la valorisation énergétique du CO, provenant du biogaz. Cependant, ces deux réacteurs
sont opérationnellement différents en termes de temps caractéristique et de comportement
thermique. Pour cette raison, les modeles mathématiques peuvent jouer un rdle précieux
dans la définition de leur gestion adéquate.

Dans ce contexte, un modele pour un digesteur de biogaz a d’abord été développé. Ce
modele contient la cinétique d’une version modifiée du Anaerobic Digestion Model N°1
(ADM1), I'un des modeles les plus répandus dans ce domaine, ainsi qu'une description
thermique avancée basée sur des corrélations empiriques pour les termes de transfert de
chaleur. De plus, le stockage du biogaz dans un gazometre a double membrane a également
été inclus dans ce travail. Le modele du digesteur a été validé a 1’aide de données de la

littérature pour des digesteurs a I’échelle de laboratoire et a grande échelle. 1l a également
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été utilisé dans une étude de cas pour évaluer I’influence de la localisation géographique de
I’usine de biogaz sur ses pertes de chaleur.

Pour simuler une usine de biométhane entiere, les unités de traitement composant les
étapes de nettoyage et de valorisation du biogaz ont également ét€ modélisées. L’ intégration
de ces modeles avec le digesteur a permis d’évaluer le fonctionnement de I’ensemble du
systeme.

De plus, un modele existant de méthanation catalytique développé dans une these de
doctorat précédente réalisée au LaTEP a également été inclus dans cet environnement de
simulation. Cela a permis de simuler I’ensemble du systeme : usines de biométhane et
de méthanation catalytique. Les simulations de cette plateforme multi-énergies ont montré
que cette solution serait capable de stocker I’exces d’énergie du réseau, car le démarrage
des réacteurs de méthanation pourrait €tre effectué en quelques minutes. En outre, il a été
démontré que la production dans ces réacteurs serait affectée par les variations saisonnieres
des conditions météorologiques. Enfin, des perspectives sur la sécurité des procédés de ce

systeme et des possibilités d’intégration thermique ont été discutées.
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Nomenclature
A

Ay, j

Amem

ASH

COD

1D
IR

Surface (m?)

Frequency factor of hyrdolysis reaction j (s™)
Frequency factor in membrane capcity estimation for compound i (mol s”! Pa!)
Ash content of biomass (%)

Chemical oxygen demand (kg)

Heat capacity at constant pressure (J mol! K1)
Heat capacity at constant pressure (J kg! K1)
Constant

Heat capacity at constant volume (J mol! K1)
Valve constant (Nm> h'! mbar )
Concentration of compound ¢ (mol m>)
Hydraulic diameter (m)

Diffuse horizontal irradiance (W m2)

Direct normal irradiance (W m2)

Energy (J)

Activation energy of reaction j (J mol"' K1)
Friction factor

Molar flow rate (mol s™!)

Molar enthalpy (J mol ™)

Enthalpy (J)

Convective heat transfer coefficient (W m?2 K1)
Hydraulic retention time (d)

Height (m)

Inhibition factor

Internal diameter (m)

Inner radius (m)

Radiosity (W m)

Heat flow rate (W)
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kpe

kg

k’gain

LHV
LVILG

mpy
m fuel
MHEX

Mpias

S
e

OLR
OR

pHLL

pHyr

Cell death kinetic constant (s!)

Mass transfer coefficient in the gas phase (m s!)
Gain of the P-controller

Henry’s law constant (mol m? Pa’l)

Inhibition constant (mol m™)

Hydrolysis reaction constant of reaction j (s™)
Maximum substrate uptake rate in reaction j (s
Cosubstrate constant (mol m™)

Mass transfer coefficient in the liquid phase (s™!)
Tonic product of water (10 mol? L2)

Length (m)

Lower heating value (J kg.;)

Gas storage level

Month

Monthly biomass feed (kg)

Monthly fuel use (kg)

Mass flow rate of water in the heat exchanger (kg s™)
Bias of the heat exchanger’s P control (kg m™')
Molar quantity (mol)

Number of intervals or blower rotation speed (Hz)
Number of membrane modules in membrane stage m
Membrane cut-ratio

Outer diameter (m)

Organic loading rate (kg VS m= d!)

Outer radius (m)

Pressure (Pa)

Parameter that indicates pH lower limit

Parameter that indicates pH upper limit

Power (W)
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T

Rcap
Ry,

Shg

SRT

TMY

S

< < <

VFA

VS

W

x;

Y

Yi

z
Superscripts
A

adv

cd

Heat flow rate (W)

Reaction rate (mol s m™)

Permeation factor

Ideal gas constant (8.314J K! mol'!)

Radius of the spherical cap (m)

Thermal resistance (K W)

Temperature deviation that leads to half growth rate (K)
Solid retention time (d)

Time (s)

Temperature (K)

Temperature at which the microorganisms are adapted to (K)
Typical metorological year

Total solids (%)

Speed (m s7!

Overall heat transfer coefficient (W m?2 K1)
Volume (m?)

Volumetric flow rate (Nm> h'!)

View factor

Volatile fatty acids

Volatile solids

Shaft work (W)

Molar fraction of compound ¢ in liquid phase
Generic data value

Molar fraction of compound ¢ in gas phase

Length in the axis perpendicular to the spherical cap base (m)

Air layer
Advection

Conduction

22



cv

cv/ed
DHI
DNI

env

GL
HEX

rad

sky

ug
Subscripts
cool

el

in

is€

nat
net

out

Convection

Convection and conduction

This indicates the surface that actually receive DHI
This indicates the surface that actually receive DNI
Environment

Gas phase

Gas-liquid transfer

Heat exchanger

Liquid phase

Radiation

Sky

Underground

Cooling

Electric

Feed

Forced convection
Gas-liquid transfer
Hot water
Compound %

Inlet

Isentropic
Reaction j or stream j
Membrane stabe
Natural convection
Net

Outlet

Permeate

Retentate
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R

z

Greek letters
(6

ay

R

Y
¢

Compounds
AA

CH

HAc

HBu

HPr

HVa
LCFA

Reaction

Types of energy efficiency (electric fuel and thermal)

Zenith angle

Absorptivity of surface z

Coefficient of linear variation of ; with temperature (s'! K1)
Stoichiometric coefficient

Inclination angle between a point in a spherical cap and the horizontal plan
Microorganism maximum growth rate (s!)

Thickness (m) or pressure ratio

Variation or difference

Emissivity or pipe roughness

Efficiency

Polytropic coefficient

Thermal conductivity (W m™' K1)

Membrane permeability (mol m™? s™' bar'!)

Density (kg m™)

Stefan-Boltzmann constant (5.67 108 W m? K#)

Adaption time constant (s)

Angle between a tilted surface and the horizontal

Frictional losses in pipeline elements

Amino acids (CsHg ¢250,5N1 25)
Carbohydrate (C¢H¢Os)

Acetic acid (C,H40»)

Butyric acid (C4HgO5)
Propionic acid (C3HgO»)

Valeric acid (CsH¢0O»)

Long chain fatty acids (C16H3,0,)
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LI Lipids (C5] H9806)

PR Proteins (CsH7,62501.5N1.25)
SU Glucose (C¢H120¢)

X Microorganism (CsH;0,N)
Reactions

AFE Acetogenesis

Al Acidogenesis

HY Hydrolysis

ME Methanogenesis

Model units

SMEM Three-stage membrane separator
BGC Biogas cleaner

CAT Catalytic methanation reactor
CHL Chiller

CMP Compressor

DIG Digester

GST Gas stream

LST Liquid stream
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CHAPTER 1
CONTEXT AND OBJECTIVES

1.1 Context

In 2021, more than 77% of European greenhouse gas (GHG) emissions were originated from energy
use or production [1]. To face the climate change, the European Union has stablished an audacious
objective of becoming the first carbon neutral continent by 2050 [2]. This will require profound
changes in the energy sector, which will have a growing share of renewable sources. Although fossil
fuels still represented the largest fraction of final energy consumption in 2022, the participation of

renewable energies has been steadily growing in the recent years (Figure 1.1) [3].
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Figure 1.1: Share of renewable sources in EU final energy consumption. Adapted from [3].

To support this transition, a significant emphasis has been placed on intermittent renewable
sources, notably wind and solar power. Indeed, from 2012 until 2022, the generation potential of
these two sources increased by 1.9 and 2.6 fold respectively in the EU (Figure 1.2) [4]. Despite

having a key importance in reducing greenhouse gas emissions, a high share of intermittent sources
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in the energy mix will require advancements in energy storage solutions and grid management to

address their variability [5].
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Figure 1.2: Production capacity of wind and solar energy in the EU.

1.1.1 Biogas

The biogas industry can play a major role in such energy transition. Not only it generates a green gas,
it also produces a nutrient rich digestate that can be returned to the soil as a fertilizer, thus helping
also to decarbonize the agriculture sector, which was responsible for 10.7 % of GHG European
emission in 2021 [1]. The biogas generated from the degradation of organic matter is composed
mainly by CH4 and CO», and it can be energetically valorized in several ways. In combined heat and
power units (CHP), it can be used to cogenerate heat and electricity. Alternatively, it can be upgraded
into biomethane, which can be transported and stored in the existing natural gas infrastructure, or
used as vehicle fuel. In addition, the biogas industry is already a mature sector, with over 18 000
operating plants across Europe [6].

In France, heat and power generation is the most common valorization route of biogas. How-
ever, in recent years, there has been a shift towards upgrading to biomethane. From 2018 until

2023, the number of biogas plants using a CHP increased by 2.1 fold, while biomethane upgrading
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increased by more than 10 fold in this same period (Figure 1.3 (a)) [7, 8]. The biogas plants are
often classified according to the type of feedstock used. The agricultural sites are the most common
among the French biomethane units (Figure 1.3 (b)) [8].
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Figure 1.3: Number of cogeneration and biomethane plants in France (a) and classification
of French biomethane plants (b).

In the current context, biomethane production offers some advantages over electricity generation
using biogas. From an energy perspective, biomethane can be transported with minimal losses
and stored in existing infrastructure used for natural gas. Therefore, it allows a temporary and
local decoupling of production and utilization [9]. In addition, it has a higher flexibility in terms
of utilization, as it can then be employed in electricity and heat generation, as a vehicle fuel, or
as a reagent in chemical plants. Besides, biomethane plants achieved a higher energy conversion
efficiency compared to cogeneration ones [10].

Regarding the environmental perspective, the comparative performance between biomethane

production and cogeneration depended heavily on the carbon footprint of the country’s electricity
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[11]. In cases where the electricity generation is decarbonized, such as in France, the net GHG
emissions of cogeneration plants might be positive, thus favoring the biomethane upgrading [11].
This scenario is the most likely for the upcoming years, with an increasing electricity production

from renewable sources [12].

1.1.2 Power-to-gas

Other solution to the intermittency in electricity generation is to convert its surplus into hydrogen
by electrolysis. Then, this gas can be reacted with CO, to form CHy using the methanation reaction.

This approach is called Power-to-gas (P2G) and has many benefits [13]:

Electricity storage;

Possibility of using natural gas infrastructure for storing and transportation;

CO, capture and valorization;

* Process waste heat can be recovered and used internally or sent to heat networks.

In this context, one promising possibility is to use the carbon dioxide from biogas to achieve
a fully renewable energy system (Figure 1.4). Indeed, various projects in Europe are adopting this
concept. For instance, in Lescar (France), there is the Cap Ecologia project, which will be a multi-
energy platform that includes a wastewater anaerobic digester, a catalytic methanation reactor and
an electrolyzer [14]. The yearly capacity of this plant will be of 13 000 MWh, from which more
than 30% will come from the CO; conversion in the methanation reactor. The electricity used will
be locally generated by 12 000 m? of solar panels. Other examples of projects in Europe are: Power-
to-X project of Nature Energy in Denmark, with a gas production of 500 m? h'!; MéthyCentre in
France, with a methane production of 12.5 m?® h'!'; and OCCI-BIOME by Arkolia, in France, with a

methane production capacity between 50 and 100 m> h™! [8].

1.2 Objectives

Given the role that biomethane can play in the energy transition, the objective of this work will

be to develop computational models to dynamically simulate a biomethane production in a biogas
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Figure 1.4: Scheme of a P2G system using CO, from biogas.

plant combined with a catalytic methanation reactor in a P2G approach. The produced gas should
meet the grid injection specifications. Although these values may vary from country to country, the
specifications for injection into the French natural gas grid were adopted in this work (Table 1.1)

[15].

Table 1.1: Gas quality requirement for grid injection in France.
Parameter Specification

Gas type H: 10.7-12.8 kWh Nm~

Gas type B: 9.5-10.5 kWh Nm™

Higher heating value

H,S < 5mgS Nm?
CO, <2.5%
H, < 6%
CO < 2%

As the majority of biogas digesters in France use agricultural biomasses as feedstock, which
corrspond to the biogas plant type that will be modeled in this thesis. Besides, to reach the injection
requirements, the CO, present in biogas should be separated. Therefore, cleaning and upgrading
units of the biogas plant will also be included in the modeling work. Then, all these models will
be integrated and used to simulate the whole system, including the biogas plant and the P2G plant.
These simulations will be used to evaluate the operation of such multi-energy platform and identify
possible synergies between the process units.

This PhD manuscript is structured as follows: in Chapter 2, the technologies and modeling

approaches used in biogas and P2G context are presented; in Chapter 3, a biogas plant in Italy
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is assessed in terms of energy and environmental performance; in Chapter 4, the digester model
is developed and validated against experimental data; in Chapter 5, the auxiliary models used to
simulate biomethane and P2G plants are described; and in Chapter 6, these models are used in

several study cases.
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CHAPTER 2
INTRODUCTION AND LITERATURE REVIEW

Anaerobic digestion is a complex process that comprehends a number of bioreactions. Besides,
concerning the available biogas technologies, there are several options of digester types and biogas
treatment routes. This Chapter presents an overview on the anaerobic digestion process and the
available technologies in the biogas industry. These information guided the modeling approach
used throughout this work. Moreover, some approaches on P2G integration with biogas is explored

at the end of this Chapter.

2.1 Anaerobic digestion

In short, anaerobic digestion (AD) consists in the biodegradation of organic matter in the absence
of oxygen (i.e. anaerobic conditions). It can be represented by one general equation (Eq. 2.1) [16].

However, this process is not a simple one.

C.Hp,OuN,Ss + yH20O — xCHy +nNHs + sHyS + (¢ — 2)COq 2.1

1
x:§(4c+h—20—3n—2s)

1
y = Z(4c—h—20+3n+23)
In fact, AD comprehends a myriad of reactions carried out by hundreds of different bacteria
and archaea [17]. These processes are commonly grouped into four steps: hydrolysis, acidogenesis,
acetogenesis and methanogenesis (Figure 2.1). Similarly to a production chain, the product of each

step is processed by the next one, until the last one, in which methane is produced.
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Figure 2.1: The four stages of anaerobic digestion.

2.1.1 Hydrolysis

In the hydrolysis phase, the macromolecules, which are biopolymers, are broken down to their
monomers, solubilizing them as well (Eq. 2.2). Carbohydrates are reduced to sugars, proteins into
amino acids, and lipids into fatty acids. This process is extracelular and is catalyzed by enzymes
secreted by hydrolytic bacteria. The degradation kinetics depend on the organic matter composition.
Carbohydrates are generally decomposed within a few hours, while proteins and lipids take a few
days. Fibers, however, have a lower degradation rate. For instance, the hydrolysis of lignocellulose
and lignin is slower and incomplete. Regarding the whole AD process, the hydrolysis is generally

considered the rate-limiting step, but this depends on the composition of the organic matter.

RCCR+H20 — RCOH +HCR (2.2)

2.1.2 Acidogenesis

The molecules produced in the hydrolysis phase become the substrate of the acidogenic bacteria.

They are degraded into organic acids, alcohols, hydrogen and carbon dioxide. As these acids have
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a short carbon chain, it is common to refer to them as volatile fatty acids (VFA) in the literature.
The acidogenesis reactions take place inside the bacteria cells, and they are heavily influenced by
their conditions. For instance, a high hydrogen partial pressure promotes the formation of organic
acids with longer chains instead of acetic acid [16]. Using glucose as an example, there are several

different products that can be obtained from it, which are shown in Table 2.1 [18].

Table 2.1: Possible products from acidogenesis of glucose [18].

Product Reaction

Acetic acid CeH120¢ + 2H50 — 2CH3COOH + 2C0O5 + 4H,

Propionic acid CeH120¢ + 2Hy — 2CH3CHCOOH + 2H50

Acetic and propionic acids CgH120¢ — CH3CHCOOH + CH3COOH + 2C0O2 + 2Ho
Butyric acid CgH190¢ — CHs (CH2)2 COOH +2C0s 4+ 2H,

Ethanol CeH120¢ — 2CH3CH20H + 2C0Oq

Ethanol and acetic acid CeH1206 + HoO — CH3CHyOH + CH3COOH +2C0O9 + 2H,
Lactic acid CeH190¢ — 2CH3CHOHCOOH

Lactic acid and ethanol CeH1206 + HoO — CH3CHyOH + CH3sCHOHCOOH + 2C09

2.1.3 Acetogenesis

In acetogenesis phase, the organic acids are converted to acetic and formic acid, releasing also
H; and CO; [19]. In fact, acetogenic bacteria are mandatory H, producers. However, the reactions
carried out by these microorganisms are only favorable at low hydrogen concentrations [16]. For this
reason, the acetogenic bacteria live in syntrophy with methanogens, as the latter are H, consumers
[16, 19], as it will be explained in the next section. The acetogenic reactions are shown in Table 2.2

[16].

Table 2.2: Acetogenic reactions [16].
Substrate Reaction
Propionic acid CHs (CH2) COOH + 2H20 — CH3COOH + CO2 + 3Ho
Butyric acid CH3 (CH3), COOH + 2H,0 — 2CH3COOH + 2H,
Valeric acid CHs (CH3); COOH + 2H>0 — CH3COOH + CH3CH>COOH + 2H,
Isovaleric acid (C'H3), CHCH>COOH + HCOsH + H,O — 3CH3COOH + H,
Capronic acid CHj (CH3), COOH + 4H,0 — 3CH3COOH + 5H,

CO,/H, 2C09 +4Hy — CH3COOH + 2H50

Glycerine C3HgO3 + Hy,O — CH3COOH + 3Hy + CO4

Lactic acid CH3sCHOHCOOH +2H20 — CH3COOH 4+ HCOsH + 2H>
Ethanol CHs (CHy) OH + H,O — CH3COOH + 2Hy
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2.14 Methanogenesis

The forth stage of AD is the methanogenesis. In this phase, acetic acid, formic acid and H, formed
in the acetogenesis reactions are converted into methane by methanogenic archaca. Compared to
the anterior group, methanogens require H, to survive. Thus, by living in syntrophy with aceto-
gens, one group produces H, and the other one utilizes it, balancing it to achieve the survival of
both microorganism groups. Among the methanogens, two groups are especially of interest in AD:
acetoclastic methanogens and hydrogenotrophic methanogens. The difference between them corre-
sponds to the substrate used. The former consumes acetate, and the latter hydrogen. In Table 2.3,

the methanogenic reactions are shown [16].

Table 2.3: Methanogenic reactions [16].
Substrate  Reaction
CO, COs+ 4Hy — CHy + 2H50
Formate 4HCOOH + H,O — CH,+3HCOsH
Acetate CH3COOH + H,O —- CHy+ HCOsH
Methanol CH3OH + Hy — CHy + H0
Ethanol 2CH3;CH>;OH + COy — CHy +2CH3COOH

2.2 Biogas technology

The processes in a biomethane plant can be separated into 3 categories: anaerobic digestion, biogas
cleaning and biogas upgrading. In this Section, the available technologies for each one of these
parts are analyzed. The objective here is to define the biomethane plant structure that will be used

in the next parts of this work.

2.2.1 Digesters

The reactor in which the anaerobic digestion reactions take place is commonly called digester. The
choice of which digester technology should be used depends on the process operating conditions,
as for instance humidity and temperature, and the feedstock characteristics.

The temperature plays an important role in AD. It influences in a number of parameters, such

as the digestion rate, the substrate solubility and the solution ionization equilibria, and most impor-
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tantly, it selects the microorganism community that will carry out the bioreactions. There are three
ranges of operating temperature: thermophilic (45-70 °C), mesophilic (20-40°C) and psychrophylic
(4-15 °C). While, this process parameter defines mostly the necessity of heating or not the digester,
the humidity, or alternatively total solids content (TS), is important to decide which type of digester
should be used.

Initially, the digesters can be separated in two main groups: wet and dry digesters (Figure
2.2) [20]. The former then can be subdivided according to whether the microorganisms are grown
suspended in the reaction medium or attached to a packing medium. The dry digester subcategories
depend if the reactor is operated continuously or in batch. Dry digesters are recommended for
feedstock with high TS content (TS >20). However, wet technologies can also be applied to these

materials, but it requires diluting it with water or liquid digestate.

[ Anacrobic reactor |

Wet digestion Dry digestion
TS < 15% TS >20%
Attached Suspended Continuous Batch
Fixed bed Covered lagoon Plug-flow digester Garage digester
Fluidized bed UASB
CSTR

Figure 2.2: Classification of anaerobic digester. Adapted from [20].

Plug-flow digester

Plug-flow digesters can be either be vertical or horizontal (Figure 2.3). The first constitutes of a
cylindrical tank in which the digestate can flow upwards or downwards, while horizontal reactors
can also be structured as a rectangular ducts. The effluent flows continuously inside the reactor and

part of it is recirculated.
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Figure 2.3: Vertical plug-flow digester (a) and horizontal plug-flow digester (b). Adapted
from [20].

Garage digester

The garage digester is a batch dry digester that consists of a gas-tight chamber (Figure 2.4). During
the digestion period, the leachate is continuously recirculated over the substrate and the biogas is
collected from the headspace. Then, the reactor is unloaded and loaded with fresh matter. Part of
the digestate is left inside the digester to serve as inoculum for the next batch. This type of digester

can treat materials with up to 50% TS.

T Biogas

PNENEN

Biomass

>
>

Leachate recirculation

Figure 2.4: Garage digester. Adapted from [20].

Fixed and fluidized bed reactors

In these reactors, the microorganisms grow attached to an inert surface, which can be a fixed struc-
ture or suspended particles (Figure 2.5). In fixed bed reactors, the digestate flows through a filter
impregnated with the biofilm, while in fluidized bed, the particles are kept in suspension due to an

upwards influent injection. In both cases, the degradation occurs as the organic compounds enter in
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contact with the microorganisms. In anaerobic filter reactors, the solid retention time is between 1
and 10 days, and TS <5%, with an organic loading rate (OLR) of up to 16 kg of chemical oxygen
demand (COD) m? d"!. Alternatively, in the fluidized bed ones, the OLR is in the range 10-50 kg

COD m? d'!. These types of reactor have been used mostly in wastewater treatment [21].

(a) Gas (b)

Gas

1

Effluent

Effluent:

Influent

Influent

Figure 2.5: Fixed bed reactor (a) and fluidized bed reactor (b). Adapted from [20].

Covered lagoon

The covered lagoon is one example of a plug flow digester. It consists in a tank dug into the soil,
which is then impermeabilized with a polymeric material (Figure 2.6). The biogas is stored and
collected in the headspace, which is also delimited by a gas tight polymeric membrane. This type
of digester has a low technological level and do not have a heating or mixing system. Generally, it
is used in rural areas to treat animal wastes [19]. The material treated has a TS <3% and retention

time can reach up to 100 days.

Biogas

A\
Substrate Sludge Digestate
outlet

Figure 2.6: Covered lagoon reactor. Adapted from [19].

Upflow Anaerobic Sludge Blanket (UASB)

The UASB is a vertical reactor in which the substrate flows upward (Figure 2.7). The sludge con-

centration varies from a high density at the bottom, to a light one close to the top. The highest
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microbial activity is located on the fresh material feed side. The digestate and the biogas are col-
lected at the top of the digester. This type of reactor operates with TS of up to 3%, a hydraulic
retention time (HRT) of less thane 72 hours, solid retention time (SRT) in the range of 20-30 d, and
OLR between 0.5 and 8.0 kg of volatile solids (VS) m® d"!. This reactor has been used especially

in the wastewater treatment sector.

Gas

—» Effluent

Sludge blanket

Sludge bed —

Influent

Figure 2.7: UASB reactor. Adapted from [21].

Continuous stirred-tank reactor (CSTR)

The CSTR is a tank where the biomass is kept in suspension by mixing (Figure 2.8). It is the most
common digester type in Europe [19]. For instance, in the French region Hauts-de-France, more
than 96% of installed digesters were of such type [22]. Mixing can be carried out by mechanical
agitators or by digestate or biogas recirculation. The HRT is highly variable in these reactors,
reaching up to more than 100 days in some applications. The OLR is tipically between 1 and 4 kg

VS m3 d![19].

2.2.2 Biogas cleaning

The biogas leaves the digesters saturated in water. Besides, it also contains many other contami-
nants, such as H,S, NH3 and siloxanes (Table 2.4). Despite relative low concentrations of its im-
purities, removing them is important to avoid process problems, such as corrosion and mechanical

wear [23]. Among impurities, the most relevant ones are water and hydrogen sulfide.
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Table 2.4: Typical composition (%) of raw biogas [24].

Compound Agricultural biomass  Landfill  Industrial waste
Methane 50-80 50-80 50-70
Carbon dioxide 30-50 20-50 30-50
Hydrogen sulfide 0.7 0.1 0.8
Hydrogen 0-2 0-5 0-2
Nitrogen 0-1 0-3 0-1
Oxygen 0-1 0-1 0-1
Carbon monoxide 0-1 0-1 0-1
Ammonia Traces Traces Traces
Siloxanes Traces Traces Traces
Water Saturation Saturation Saturation

Water should be removed from the biogas before its utilization in combustion engines or in-
jection into the gas grid. Generally, this compound is the first one to be removed from biogas to
avoid equipment and pipeline corrosion [19]. This is carried out by either cooling or compressing
the gas stream. The former can be carried out in a chiller or in buried pipes with condensate traps,
depending on the tolerance of water vapor content in the downstream units [19, 25].

Hydrogen sulfide is a relevant nuisance to the biogas process, as it is toxic and corrosive. Gen-
erally, its removal takes place in two phases: a rough and then a fine one. In the former, methods
like biological desulfurization and iron chloride dosing are employed. Biological desulfurization
consists in adding controlled amounts of oxygen or air to the biogas, thus this method is also known
as microaeration. The oxygen allows the development of aerobic microorganisms that oxidize H,S
into elemental sulfur. The oxygen injection can be carried out using pure O, or air, and it can take
place either directly in the digester headspace or in a dedicated unit, such as a biofilter. On the

other hand, iron chloride dosing involves adding iron chloride to the digestate, which reacts with

40



H;S in the liquid phase, leading to the precipitation of iron sulfide. These methods are said rough
desulfurization because, despite removing up to 80% of H;,S from the biogas, the concentration of
this compound is still too high to some applications, notably for grid injection.

In the fine phase, adsorption with activated carbon or iron oxide is generally used. A previous
H;S removal is recommended before these methods to avoid the saturation of the adsorption material
and ease its regeneration [19]. While the adsorption with activated carbon is a physical process, the
iron oxide one is based on the reaction between H,S and the bed material, which leads the formation
of iron sulfide. These methods are effective in reducing the H,S concentration to levels below 5 ppm

[19].

2.2.3 Biogas upgrading

After the cleaning stage, the clean biogas is basically constituted by CH4 and CO;. In the upgrading
stage, the carbon dioxide is separated from biogas to produce biomethane. Several techniques can be
employed for this separation. The main ones are: pressure swing adsorption (PSA), water scrubbing,

chemical absorption, membrane separation and cryogenic distillation (Table 2.5).

Table 2.5: Overview of main biogas upgrading technologies.

Water Amine  Membrane Cryogenic

PSA scrubber  scrubber  separation  distillation Sources
Biomethane purity (%) 90-99 80-99 98-99.9 90-99.5 98-99.9 [9, 26]
Methane losses (%) 1-5 0.5-3 0.1-0.5 0.1-4 0.1-2 [9, 26]
Electricity demand (kWh Nm3) 0.16-0.43  0.2-0.5 0.05-0.25 0.18-0.35 0.18-1.5  [9, 26, 27 28]
Operating pressure (bar) 1-10 4-10 0.05-4 7-20 10-50 [9, 28]
Fine desulfurization Yes No Yes Yes Yes [9, 27]

PSA is an adsorption separation method that relies on the different adsorption capacity under
varying pressures. A PSA unit constitutes of 4-6 columns in parallel that have a cyclic operation
[27]. In some of them, biogas is passed at high pressure, leading to the adsorption of CO; to the
bed material. The other ones operate at a low pressure without biogas feed, which releases the CO,,
thus regenerating these adsorption columns.

Water and amine scrubbing are both absorption processes. The difference is that the former is a
physical absorption, while the latter is a chemical one. Water absorption is based on the higher solu-

bility of CO; in water compared to methane. In this unit, the biogas is passed through an absorption
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column, in which the carbon dioxide and other soluble compounds (e.g. H,S) are transferred to the
water stream. The absorbant is then regenerated by a pressure reduction and degassing using air [9].
After passing through the absorption column, the biomethane stream requires to be dried before be-
ing injected. The amine scrubbing process works in a similar way. However, the absorption process
takes place by a chemical reaction between carbon dioxide and the absorbant, which is regenerated
by heating [9]. The biomethane stream also needs to be dried after this separation unit.

Membrane separation is based on the permeability difference between CO, and CHy through
polymer membranes. In this process, the biogas is pressurized and passed through a series of mem-
brane stages, typically arranged in a three-stage configuration in modern plants [29]. In the perme-
ate, a CO,-rich gas is obtained, while a CHy4 is obtained in the retentate. Over the last years, the
cost of membrane units has significantly decreased, making it one of the most cost-effective bio-
gas upgrading technologies available [30]. Consequently, its use in biogas plants has significantly
increased. For instance, in 2021, this technology was used in 84% of biomethane plants in France

(Figure 2.9) [31].

83.8% (306)
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Figure 2.9: Upgrading techonologies used in French biomethane plants in 2021 [31].

Cryogenic distillation involves compressing and cooling the biogas to condensate and separate
its compounds. This process yields high-purity biomethane and liquid CO, as by-products, which
can be sold to other industries [28]. This technology is particularly interesting to produce liquefied

biomethane. However, its application is still limited due to its high energy consumption, despite
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recent advancements that managed to considerably reduce this power demand [28].

2.3 Anaerobic digestion modeling

The AD process can be mathematically described with several approaches, which range from sim-
ple empirical models to complex mechanistic ones [32]. Empirical models are based on statistical
correlations derived from experimental data. On the other hand, mechanistic models represent the
biochemical reactions occurring inside the digester to estimate the biogas production. Thus, dif-
ferently from the former group, the latter category incorporates several physical parameters of the
reactor, such as substrate concentration, microbial growth rates and temperature [18, 32]. Although
empirical models can be useful for a number of applications, such as process control for example,
the focus here is given to mechanistic ones.

Among them, the Anaerobic Digestion Model N°1 (ADM1) stands out as the most widely
used in the literature [18, 32, 33, 34]. Since its release in 2002, it has become the benchmark for
AD modeling. In fact, it was the result of a task group that harmonized different AD modeling
approaches. Although ADM1 was initially designed for wastewater treatment, it has since been
applied to a range of other areas, including wastewater [35], urban waste [36], and agricultural
residues [37, 38]. Fitting to other kind of feedstocks was generally carried out by re-estimating its
parameters or changing its structure. For example, Ozgun [35] calibrated ADM1’s parameters with
experimental data from a full-scale sludge digester, while Koch et al. [37] added inert particles to
consider the inert fraction of lignocellulosic fibers.

In a recent ADM1 modification, Weinrich and Nelles [39] enhanced its applicability to agricul-
tural biomasses. This version, here noted as ADM1-W, presents a mass-based stoichiometry instead
of using the chemical oxygen demand (COD). Besides, a systematic simplification was suggested,
with four different levels of complexity, which can be used according to the intended use.

Other mechanistic model that has a similar complexity level as the ADM1 is the BioModel. Its
original version was released in 1993 [40], with a relevant update four years later [41]. Although the
BioModel is one of the approaches that led to the development of ADMI, this earlier model is more
focused on manure-based systems. In the last years, this model has also received several improve-

ments. Kovalovszki et al. [42] expanded the model application to various co-digestion scenarios.
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Then, hydrogenotrophic methanogenesis was added to simulate a biomethanation scenario [43].
In addition, Kegl and Kovac Kralj [44] integrated three-phase (gas-liquid-solid) physico-chemical

processes, such as precipitation and dissolution reactions, into BioModel.

ADM1

Due to its acceptability and extensive application in AD modeling, the ADM1 was used as base
model for this work. This section provides a brief overview of the original version [33]. Then, the
changes proposd by Weinrich and Nelles [39], ADM1-W, are presented. Our work is based on this
modified version.

In the ADMI, the digestion process is separated in five phases: composite disintegration, hy-
drolysis, acidogenesis, acetogenesis, and methanogenesis (Figure 2.10). In the first step, composite
particulates are broken down to particulates of proteins, carbohydrates, lipids, and inert compounds.
These individual particulates are then hydrolyzed into their respective monomers. Then, in the aci-
dogenesis, these monomers are converted into VFAs, H, and CO,. The VFAs considered in ADM1
are: propionic acid (HPr), butyric acid (HBu), and valeric acid (HVa). In acetogenesis, these com-
pounds are converted into acetate, CO, and H,. The last step includes both the acetoclastic and
the hydrogenotrophic methanogens. Therefore, acetate and H; are transformed into methane in this
stage. Inorganic carbon (IC) and nitrogen (IN) are also included to consider the ammonia uptake
and the CO, release by microorganisms. These two compounds play also a significant role as pH

buffer in the digestate.
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Figure 2.10: AD biochemical reactions of ADM1. The colored elements indicate the biore-
actions: acidogenesis from sugars (Xg,); acidogenesis from amino acids (X4,); acidogen-
esis from LCFA (Xicpa); acetogenesis from propionate (Xp,); acetogenesis from butyrate
and valerate (Xp,v,); aceticlastic methanogenesis (Xa.); and hydrogenotrophic methano-
genesis (Xyp). Adapted from [45].
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The reaction rates are calculated in terms of substrate uptake. As a general form, the rate of
reaction j is calculated as the product of the uninhibited rate, r; 42, and its inhibition factors (Eq.
2.3). The microorganism biomass growth is calculated as a function of the substrate uptake by
including a yield coefficient. The concentrations of organic compounds are expressed in terms of
COD, while inorganic ones (e.g. carbon and nitrogen) are expressed in molar basis. IC, IN and
VFAs are used to estimate the pH with a charge balance within the solution, which also include
anions (AN) and cations (CAT) (Eq. 2.4). In Eq. 2.4, the concentrations are expressed in molar

basis.

Tj = Tj,maacljl-[jQIj?) (23)

Ky

—— —Cyyny-=0 24
Cuv AN (2.4)

Coart +Cny+ +Cr+ = Choo; = Cac- = Cpr- = Cpy= = Cya- —

The inhibition factors include non-competitive inhibition for hydrogen and free ammonia (Eq.

2.5), co-substrate limitation for total ammonia (Eq. 2.6), and pH inhibition (Eq. 2.7).

1
Il = P l= H2 or NH37f7aee (25)
1+
Cin
Ih=——"—— 2.6
7 Oiv+ Kin (2.6)
1+ 2.1005(HLL—pPHyL)
I3 + 0 2.7

- 1+ 10pPH—pHuL 4 10pHLL—PH

The composite disintegration, macromolecules hydrolysis and cell decay were described using
a first-order kinetics. On the other hand, the other bioreactions used a Monod equation. Eq. 2.8
represents the Monod-type kinetics, where k.4, ; is the maximum substrate uptake rate, C; the

substrate concentration and K ; its half-saturation constant.
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Ci

Tjmax = kmaz,jm (2.8)
s, i

H,, CO, and CHy4 are assumed to be produced in liquid phase and then transferred to the gas
phase using a mass transfer equation (Eq. 2.9). In addition, the water vapor concentration is sup-

posed to be at its saturation level.

FSL = kra (Of - KHiPi) 2.9)

In comparison, ADM1-W converted all compounds and reaction rates to a mass-basis format.
Besides, instead of representing the rates in terms of substrate uptake, Weinrich and Nelles [39]
expressed them as cell growth rates. To achieve a stoichiometric balance in all equations, the com-
pounds without a known molecular composition were removed, which includes, the composite par-
ticulate and the inert particles. Therefore, the disintegration step of ADM1 was removed. Its kinetic
effect was integrated into the kinetic constants of the hydrolysis reactions. Besides, the pH inhibi-
tion factor was calculated with Hill functions instead (Eq. 2.10). Despite the efforts in adapting all
ADM1’s stoichiometries, the cell decay reaction still presented a slight atomic unbalance (Eq. 2.11,

as in [39]). A more complete description of ADM1-W will be presented in Chapter 4.

K'ﬂ
L — (2.10)
Ky + Cppy
3
n=———
pHyr —pHrL
H H
Kph _ IO_P UL;'P LL
CsH70oN — 0.126 CgH19Os5 + 0.997 CyHg101.9N + 0.007 Cs1 HggOg (2.11)
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2.4 Thermal modeling

Due to the large size of industrial-scale anaerobic digesters, the heat losses from these reactors can
be important. Indeed, the self-consumption of biogas to provide this thermal energy can reach up to
15% depending on the digester’s structure and weather conditions [46, 47]. Thus, reducing theses
losses is of paramount importance to improve the performance of biogas plants. For this reason,
modeling also the digester’s thermal aspect is required to properly represent the energy flows within
such system.

Different approaches have been used to evaluate the thermal behavior of anaerobic digesters.
Teleszewski and Zukowski [48] described the heat losses through digester’s structures using an
overall heat transfer coefficient. In other studies, the energy flows through the digester’s structure
was computed using a heat resistance network, with a dynamic energy balance on the digestate [49,
50]. This approach, however, does not take into account the thermal inertia of structural bodies.
This aspect was addressed by Avila-Lopez et al. [47] by including also the structure in the differ-
ential energy balances. Indeed, they developed a comprehensive thermal model that included the
different heat transfer forms (advection, convection, conduction and radiation) inside and through
the digester’s boundaries as a function of weather conditions [47].

Calise et al. [36] combined a simplified ADM1 version with a thermal model based on the
logarithmic mean temperature difference (LMTD) method. Then, in a later work, they improved
the thermal model by replacing the LMTD method by an energy balance on the digestate, replacing
thus the steady state assumption of their previous work [51]. This led to a significant difference in
biogas production, suggesting that a good prediction of the temperature dynamics has an important
effect on the evaluation of the bioreactions yields [51]. In these studies, the thermal model was quite
simple compared to others available in the literature [47, 49, 50, 52]. Therefore, the integration of

thermal and kinetic modeling has not been fully explored yet.

2.5 AD and catalytic methanation integration

In the literature, there are few works that performed dynamic simulations of a P2G system including

AD and catalytic methanation. In some cases, the stream coming from the biogas plant was adopted
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with constant flow rate and composition [53] or with data from an existing plant [54]. In contrast,
Calise et al. [55] developed a dynamic model for a P2G system including a catalytic methanation
reactor, a biogas digester and an electrolyzer to perform a thermoeconomic evaluation of such multi-
energy platform. In this first work, they employed simplified models. For instance, the methanation
reactor was described only using a plug-flow model to calculate the mass balance in such unit.
However, in a later work, Calise et al. [56] adopted a more advanced model that included mass,
energy and momentum conservation equations [57]. These studies have focused on evaluating the
P2G system in terms of environmental benefit [53, 56], economic performance Calise et al. [55],
or energy conversion efficiency Calise et al. [55, 56]. However, the possible synergies between the

biogas and the P2G systems have not been evaluated.

2.6 Conclusions

The survey on biogas installations revealed that the CSTR digester is the most common in Europe
and in France. In addition, the majority of biogas plants use feedstocks originated from agricul-
ture or livestock activity. Regarding the technology employed to upgrade biogas into biomethane,
membrane separators are widely used in France.

Concerning the modeling approaches, the ADM1 is the mainstream approach for bioreactions
description in AD systems, with a good acceptability in the scientific community. In addition, a
modified version of ADMI1 that is more suitable for agricultural systems have already been de-
veloped [39]. Comprehensive thermal models for agricultural digesters are also available in the
literature [47]. These works capture the effects of weather conditions and digester structure in the
heat losses evaluation. The coupling of these two aspects (kinetics and thermal) has not been thor-
oughly explored yet. For this reason, a dynamic model that combines this complex kinetics and an
advanced thermal model will be developed in this thesis.

The literature on coupling AD and catalytic methanation, however, is still much more limited,
with few studies that coupled these two reactors. In this field, the possibilities on thermal integration
in such platform has not been evaluated yet.

From the literature review, it was possible to define a typical biogas plant to be modeled and

reference studies for kinetic and thermal modeling. This unit consists of an agricultural biogas plant,
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with a CSTR digester and a membrane upgrading unit. Therefore, the works of Weinrich and Nelles

[39] and of Avila-Lopez et al. [47] will be used as basis for the model development.
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CHAPTER 3
TECHNICO-ENVIRONMENTAL EVALUATION OF A BIOMETHANE PLANT IN
NORTHERN ITALY

The environmental benefits of a biogas plant is strongly influenced by its technical performance
[11]. Thus, a comparative analysis between different biogas valorization routes were carried out
in terms of energy efficiency and carbon footprint. An agricultural biomethane plant located in
Northern Italy (Cooperativa Speranza’ biogas plant) was used as reference to compare with two
main biogas usages: biomethane obtained by membrane separation, and cogeneration in combined

heat and power (CHP) engines.

3.1 Cooperativa Speranza’s biogas plant (CSBP)

The biogas plant of Cooperativa Speranza is located in Candiolo (44°57°20.2”N, 7°34°06.5”E),
province of Turin, Italy. It is composed of two concentric digesters with a total capacity of 14 000
m?, followed by one post-digester and a digestate storage tank, both with a capacity of 6 100 m> each
(Figure 3.1). The digesters operate under mesophilic conditions (40°C) with a hydraulic retention
time (HRT) of around 130 days. The biomass intake is around 50 000 t year'!. This feedstock
consists of a mixture of cattle slurry and manure, and silage of energy crops (sorghum and triticale)
and crop residues from several farms that are part of the Cooperativa Speranza (Table 3.1).

The desulfurization of biogas is carried out by oxygen microinjection inside the digesters’
headspace and by adsorption in activated carbon filters. The oxygen used is produced in-situ in
an air separation unit. The clean biogas is then upgraded into liquified biomethane (Bio-LNG) by
cryogenic separation (CRYO), and is used as fuel for heavy trucks. As a co-product of the upgrading
process, liquified CO, (LCO2) is also obtained and it is sold to a beverage company. The cryogenic
distillation process is the main electricity consumer of the system, as it involves compressing biogas
up to 40 bar and cooling it up to — 140°C.

The electricity demand of the system is partially met by internal production from solar photo-
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Figure 3.1: Aerial view of the biogas plant. It is indicated in the picture the digesters (F1
and F2), the post-digester (F3), the digestate storage (F4), the natural gas CHP (NG CHP),
the biogas CHP (BG CHP), the biogas cleaning and upgrading units. *The moment the
picture was taken, the BG CHP had not been installed yet.

voltaic panels (PV) and two CHP units: one powered by natural gas from the Italian gas grid (NG
CHP) and the other one that uses biogas from the plant (BG CHP). The remaining part is bought
from the national electric grid. The heat produced in CHPs and in the upgrading unit’s compressors
is recovered and, in addition to heating the digesters, is sold to a neighbor glass industry by a heat
district system. To reduce the excess heat dissipated to the environment during summer, an absorp-
tion refrigeration system (ARS) was installed in the glass manufacturer. The ARS produces chilled
water at a temperature of 7°C, by using the heat recovered from the biogas plant through absorption
in a lithium bromide and water solution (LiBr/H,O).

Specifications and monthly values of inputs and outputs of CSBP for the year 2023 were ob-
tained from the plant manager, except for the biomass intake data which were provided by the plant
owners. In Table 3.2, it is presented the monthly electricity sources and sinks in CSBP. While, in
Table 3.3, the main plant outputs and dry biogas production are shown. The plant manager also

provided the CHPs’ electric and thermal efficiencies, which are respectively 35.8% and 45.5% for
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Table 3.1: Biomas input in CSBP during 2023.

Monthly biomass input [t]

Month ~ Slurry Manure Sorghum?® Triticale® Olive pomace  Shelled corn® Corn cob®  Corn stalk?
1 2492 327 475 0 0 142 519 61
2 1909 292 374 0 0 112 409 48
3 2770 348 393 0 0 118 430 50
4 2 801 439 453 0 0 136 495 58
5 2 496 310 394 0 0 118 431 51
6 2273 452 297 0 0 89 325 38
7 3286 475 299 0 0 90 327 38
8 3600 470 541 0 0 87 252 28
9 3387 308 0 908 0 0 0 0
10 3259 437 0 1031 142 0 0 0
11 3553 365 461 420 185 26 95 0
12 3486 437 890 0 0 50 184 0

4 Energy crops produced in double-cropping system
b Crop residues

NG CHP, and 38.5% and 43.6% for BG CHP. Thus, the heat produced in each cogeneration unit

was calculated from their electricity production. The thermal power recovered from the upgrading

unit was approximately 80 kW throughout the whole year. Although the digesters’ thermal energy

consumption was not monitored, the plant manager estimated it to be 80 kW in summer and 380 kW

in winter. Therefore, the heating power, () p;g, was estimated for each month, m, using a cosine

function with its maximum in February and its minimum in August (Eq. 3.1). A scheme of the

system boundary for CSBP considered in energy and environmental analyses is shown in Figure

3.2

33

—9
Oprc = 150 cos <(m6)w> + 230

(3.1)



Table 3.2: Electric energy input and consumption in CSBP during 2023.

Source [kWhg]

Consumption [kWh]

Month NGCHP BGCHP PV Grid Digesters® ARS CRYO
1 245290 26350 9278 10457 30 666 0 213 472
2 209573 95592 13921 10120 28 563 0 188 728
3 212278 103186 22167 18630 32190 0 206 249
4 238937 110689 27830 13454 31 467 0 271 746
5 226973 108524 25538 23634 39512 0 318 483
6 228257 30928 26984 88469 39938 1584 304484
7 249466 65205 30702 81634 38569 5906 341431
8 253971 49549 26941 102040 39731 619 333919
9 248 515 8257 22067 128156 37504 2789 328878
10 259881 54407 15072 86464 36 509 27 345 464
11 238876 87733 12985 3799% 27775 0 331292
12 249240 112714 8914 28069 31126 0 349 400

aStirring, pumping and production of O, for desulfurization

Table 3.3: CSBP’s outputs and biogas production during 2023.

Outputs Biogas production
Month  Bio-LNG [kg] LCO2 [kg] Heat[kWh] Cold [kWh] Volume [Nm’]  CHy4 [%] CO, [%]
1 157 690 257 870 8 0 395 561 52.6 47.1
2 119 270 243 850 12 706 0 337 188 53.1 46.7
3 157 330 192 750 12 115 0 346 663 524 47.1
4 146 400 304 510 3279 0 477 620 51.0 48.6
5 134 350 287 050 342 0 398 759 51.5 48.1
6 138 932 230 680 0 35816 398 667 52.0 473
7 182 529 325750 0 133 441 503 798 51.6 47.7
8 180 233 282900 0 19 731 505 120 51.6 47.6
9 183 220 292 120 0 64 118 497 680 51.5 47.5
10 195 621 274 950 0 545 512770 52.0 47.5
11 124 895 322740 28 810 0 478 710 522 47.6
12 133 234 303 630 67 020 0 528 280 51.7 48.1
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Figure 3.2: Process scheme of CSBP. The dotted line delimits the system boundary and, in
each box, arrows entering corresponds to inputs and exiting to ouputs.

3.2 Hypothetical scenarios

To compare the performance of CSBP, two alternative scenarios for biogas valorization were devel-
oped. These two hypothetical cases represent classical usages of biogas. The first one corresponds
to the heat and power cogeneration in a CHP engine, which will be referred as COGEN. The sec-
ond one refers to a biogas upgrading to biomethane through membrane separation, which will be
referred as MEM. In both cases, it was considered that the biogas digesters would be identical as in

CSBP.

3.2.1 Biogas CHP

In this hypothetical scenario, the biogas is sent to a CHP unit, where it is used to cogenerate heat
and electricity. (Figure 3.3). The thermal energy produced in the CHP was supposed to be used to
heat the digester, and its surplus was sold to the glass industry according to its demand, which was
assumed to be the same as in CSBP. However, as there is not the ARS in this case, no heat could be
exported from June to October, when the neighbor industry only required chilled water.

The CHP’s outputs were calculated considering the same efficiencies of CSBP’s BG CHP. The

biogas production was also taken as the same of the reference case (Table 3.3) and a LHV of 50 MJ
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Figure 3.3: Process scheme of COGEN. The dotted line delimits the system boundary and,
in each box, arrows entering corresponds to inputs and exiting to ouputs.

kg™! was adopted for methane. The energy produced and sold in this case are exhibited in Table 3.4.

Table 3.4: COGEN’s calculated production and outputs.

Production in CHP Sold
Month Electricity [kWh,] Heat [kWhy,] Electricity [kWhe] Heat [kWhy,]

1 794 242 899 453 763 576 8

2 683471 774 009 654 908 12 706
3 693 414 785 268 661 224 12 115
4 929 836 1 053 009 898 369 3279
5 783919 887 763 744 407 342
6 791 348 896 175 751 410 0

7 992 338 1123791 953 769 0

8 994 942 1126 740 955211 0

9 978 388 1107 992 940 884 0
10 1017 840 1152 671 981 331 0
11 953 886 1 080 245 926 111 28 810
12 1042 577 1 180 685 1011451 67 020

3.2.2 Membrane upgrading

In this scenario, the biogas was considered to be upgraded into biomethane using a membrane
separation process and then injected into the gas grid. It was assumed that no thermal energy would
be recovered in the upgrading unit. Therefore, the heat demand of digesters would be supplied by
sending a fraction of the biogas produced into a boiler (Figure 3.4).

The biogas volume sent to do boiler was calculated considering a thermal efficiency of 0.82

[58]. In the membrane unit, the product gas was considered to have a purity of 97%, 1% of methane
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Figure 3.4: Process scheme of MEM. The dotted line delimits the system boundary and, in
each box, arrows entering corresponds to inputs and exiting to ouputs.

loss in the lean gas and a specific electricity consumption of 0.30 kWh Nm™ biogas [59]. The

electricity consumption of membrane upgrading and the outputs of MEM are shown in Table 3.5.

Table 3.5: Membrane inputs in MEM and biomethane sent to the gas grid.

Membrane input Gas grid
Month Electricity [kWh] Biogas [Nm’] Biomethane [kg]

1 99 585 331 949 123 772
2 83 245 277 482 104 342
3 84 717 282 392 105 104
4 126 888 422 960 153 063
5 106 938 356 459 130 262
6 110 899 369 664 136 811
7 144 793 482 644 177 251
8 146 102 487 005 179 033
9 142 699 475 663 174 877
10 144 920 483 066 178 421
11 131 643 438 811 162 210
12 142 004 473 346 173 300

3.3 Energy efficiency

Each system was evaluated in terms of energy efficiency using the output-input ratio method, in
which the energy content of the output is divided by the energy of all inputs [60]. Here, this ef-
ficiency was separated into three categories, z, to account for the different products of each study

case: electric, fuel, and thermal (i.e. heat and cold) (Egs. 3.2 and 3.3).
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Natural gas was assumed to be constituted by methane only. Thus, its LHV was also used as
50 MJ kg'!. To evaluathe the energy content of each feedstock, a similar method used by Erol et
al. [61] was employed. A linear correlation based on the ash content of the feedstock, AS H;, was
obtained through regression with agricultural biomasses from Phyllis2 database [62] (Eq. 3.4 and
Figure 3.5). Compared to the work of Erol et al. [61], only ash content was used here as fixed carbon
was not measured in the analyses done with the biogas plant biomasses. Besides, total and volatile
solids did not have a significant correlation with LHV in the data from Phyllis2. Thus, Eq. 3.4 was

used to evaluate the LHV of each feedstock used in the biogas plant (Table 3.6).

LHV; = —0.1949ASH; + 18.916, R* = 0.84 (3.4)

Table 3.6: Biomass composition and calculated lower heating values.

Biomass TS [%] ASH [% db] LHV [MJkg']
Slurry 4.64 16.9 15.63
Manure 20.85 15.1 15.97
Sorghum 29.69 5.70 17.81
Triticale 35.25 6.15 17.72
Olive pomace  8.85 16.5 15.70
Shelled corn® 91 1.4 18.64
Corn cob 69.80 1.72 18.58
Corn stalk 35.99 4.38 18.06

AComposition from Phyllis2 [62]

Using the calculated energy content of each feedstock, the monthly 7),4,; Was calculated for
each case (Figure 3.6). During the year of 2023, the two biogas upgrading routes had similar values
of energy efficiency. However, CSBP results were slightly superior to MEM. Indeed, the annual
average of 7),4,+ for CSBP, COGEN and MEM were respectively: 54.6%, 47.1% and 51.9%. The

difference between CSBP and MEM can be explained in terms of heat production. In CSBP, part
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Figure 3.5: Lower heating value for different biomasses from Phyllis2 database [62].

of the biogas is used in a CHP unit, reducing biomethane output. However, this lower output was
compensated by a lower electricity input and by the heat recovery in the cryogenic separation unit.
Regarding COGEN, even though the differences among the studied technologies were not el-
evated, a large fraction of energy output corresponded to heat (Table 3.4). However, only a small
part of this thermal energy could be actually used (Figure 3.7). Indeed, the heat usage rates ranged
from 18.1% in August to 66.8% in January in CSBP, while these values were between 5.3% and
35.6% in COGEN. This evidences the importance of having enough heat customers in case of large
heat generation. For instance, in CSBP, the average heat use was 46.3% due to a relatively low heat
demand in the neighbor industry and to the absence of another heat consumer. In COGEN, this was
more noticeable, as only 18.2% of 12 000 MWh year™' of thermal energy could be valorized.
Besides that, in many cases, thermal energy demand can be subjected to seasonal variations.
Therefore, technologies that allow converting heat to cold can be useful in improving the thermal
energy usage. For instance in CSBP, the ARS delivered 253 651 kWh of cool water to the glass

industry, which resulted in an augmentation of up to 29.6% in heat usage in Summer (Figure 3.7).
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Figure 3.6: Monthly energy efficiency for each study case.

3.4 Environmental evaluation

A carbon footprint (CF) analysis was used to evaluate the environmental performance of each sce-
nario. This kind of study is similar to a LCA, but it is focused in only one indicator: global warming
potential (GWP), which is measured in kg CO, equivalents (kg CO;-eq). This analysis was carried
out considering the whole year of 2023.

Therefore, to calculate the inventories of each case, the values of inputs, outputs and emissions
were summed for the entire year. 1 kg of CHy in clean biogas (kg CHy4-bg) was adopted as functional
unit. This choice was made because the main product of each biogas valorization route is different.
For instance, CSBP produces Bio-LNG, while COGEN produces heat and electricity. Besides that,
as the digestion part was kept constant in all scenarios, this analysis quantifies the environmental
impact of different biogas utilization means for the same amount of untreated biogas.

Based on the monthly inputs and outputs, the inventory of each scenario was calculated for the

whole year of 2023 (Table 3.7). Regarding the biomass used, only the energy crops were considered
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Figure 3.7: Monthly heat usage in CSBP and in COGEN. The heat usage in CSBP without
ARS is shown with dotted lines.

in the inventory. The other feedstocks consisted of crop wastes, and, therefore, they were considered
to be burden-free, following the cut-off method [63]. The nitrogen, phosphorous and potassium
content of the digestate were obtained from chemical analyses carried out by the plant owners.

The emissions for each study case were estimated using emission factors from Ecoinvent database
[67] mainly (Table 3.8). Alternatively, the values published by the Italian Environmental Agency
(Istituto superiore per la protezione e la ricerca ambientale - ISPRA) were used for heat and elec-
tricity in Italy [68, 69]. For direct emissions (fossil CO, and fossil and biogenic CHy), the values
suggested by the Intergovernmental Panel on Climate Change (IPCC) were used [70].

The emissions of products were accounted as avoided emissions, which were included as neg-
ative values in the carbon footprint balance. These avoided emissions correspond to the GWP of
an equivalent alternative. Heat and cold supplied to the neighbor industry could be replaced by an
in-situ production. Thus, their emissions were taken as the ones to produce the same amount of

heat or cold. More specifically to CSBP, the Bio-LNG would be replaced as truck fuel by diesel.
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This was considered by taking the equivalent energy content of both fuels, including also a ratio of
0.79 between the energy efficiency of LNG and diesel engines [71, 72]. LCO2 was considered to be
replaced by liquid CO; from Ecoinvent database. For COGEN, the electricity produced was consid-
ered to be injected to the grid, thus the emission factor of Italian electric grid was used. Finally, for
MEM, as the biomethane would be injected into the gas grid, the value that corresponds to Italian
natural gas was used. The use of digestate as fertilizer was accounted by taking a fertilizer substi-
tute for each key nutrients in digestate (i.e. N, PsO, and K,0) and a 75% substitution efficiency of
digestate compared to chemical fertilizers [73].

All the three scenarios yielded negative net emissions, exhibiting thus an environmental benefit
regarding GWP (Figure 3.8). CSBP had, at the same time, the lowest value of net emissions and the
highest positive emissions due to especially the use of natural gas in heat and power cogeneration.
This fossil fuel use, however, was compensated by a higher Bio-LNG output and CO, valorization,
which corresponded respectively to 66.7% and 24.1% of avoided emissions.

Although COGEN had the lowest posive emissions, its environmental performance depends
strongly on the energy mix that constitutes the electricity production. Indeed, its positive emissions
corresponded to around a third of those of CSBP. Taking the emission factor of electricity in France,
for instance, which has a low GWP due to a major power fraction produced by nuclear plants, the
net emissions of COGEN would drastically increase from —1.95 to —0.27 kg CO,-eq. Besides, in
this particular case, the heat exported corresponded to only a small fraction of the amount produced.
If all thermal energy available could sold, net emissions would be reduced by up to —1.05 kg CO»-
eq kg'! CH4-bg, showing that heat recovery is also important for the environmental performance of
heat and power cogeneration.

In the scenario with membrane upgrading, positive emissions were at an intermediary level
between CSBP and COGEN, with a value 41.8% lower than the former. Despite of that, in absolute
values, MEM’s net emissions were only 11.3% lower than the one of CSBP, which indicates that the
alternative with membrane upgrading can reach a similar level of environmental performance with
lower emissions. The main difference between the upgrading routes came from CO; valorization
in CSBP. Without it, the net emissions of this scenario would be at around —1.9 kg CO,-eq kg'!

CHjy-bg, at the same level of COGEN. Therefore, implementing an alternative to valorize such gas
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Figure 3.8: Emissions for each study case.

along with the membrane upgrading could achieve lower net emissions compared to CSBP or other

classical biogas technologies.

3.4.1 Power-to-gas scenario

An improvement that could be done in MEM scenario is the addition of a catalytic methanation
reactor (MET). In this unit, the off-gas of the membrane unit, which is rich in CO,, would be sent

to a methanation reactor, where it would be converted into CHy (Eq. 3.5 and Figure 3.9).

4Hy + CO9 — CHy +2H50 3.5
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Figure 3.9: Process scheme of MET. The dotted lines delimits the system boundary and, in
each box, arrows entering corresponds to inputs and exiting to outputs.

Based on the work of Goffart De Roeck et al. [53], a simplified inventory of such unit was esti-
mated (Table 3.9). It was supposed that the methanation reaction would be carried out completely
and that H, would be supplied at stoichiometric proportions. Electricity consumption and water
used in the electrolyzer were estimated at 5 kWh Nm H, and 0.22 kg H,O kWh'! respectively
[53]. In the chilling step, electricity use was estimated considering 0.12 kWh kg™! H,O and, in the
drying step, 0.04 kWh Nm™ dry gas [53].

Regarding the emissions, this unit yielded a positive value of net emissions. Therefore, adding
a methanation reactor to the MEM case would not be environmentally beneficial with current en-
ergy mix in Italy. Indeed, electricity corresponded to almost all emissions of this additional unit.
However, the emission factor of electricity varies greatly from country to country. In addition, the
power CF in Europe has been reducing in recent years due to an increase of renewable energies
[74]. When analyzing each scenario’s net emissions for different values of electricity EF, adding a
methanation unit to MEM case becomes environmentally interesting for values below 0.14 kg CO,-
eq (Fig. 3.10). For countries which electricity has a lower EF or if the electrolyzer is powered by
renewable sources, this power-to-gas technology could achieve a better environmental performance

compared to a biomethane plant without CO, valorization.

3.5 Conclusions

Cooperativa Speranza’s biogas plant achieved the highest energy efficiency and the lowest net emis-
sions compared to classical biogas utilization routes. The absorption chiller installed in it allowed

the valorization of thermal energy even during the summer months, when there was only demand for
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Figure 3.10: Net emissions as a function of emission factor of electricity for different
scenarios. The dotted vertical line indicates the EF of French energy mix.

chilled water in the neighbor industry. Indeed, ARS could be an interesting solution to increase the
heat usage in biogas plants. Moreover, regarding GWP, generating biomethane should be privileged
over cogeneration using biogas in a scenario with decreasing emissions from electricity production.
In this context, adding a catalytic methanation to the membrane upgrading plant could achieve lower

GWP compared to CSBP depending on the source of the electricity used.
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Table 3.7: Inventory data for each scenario.

Input CSBP COGEN MEM

Electricity [kWh] 640 045 1 877 982
Digester feedstock

Sorghum [kg] 9372160 9372160 9372160

Triticale [kg] 2357950 2357950 2357950
Biogas cleaning

Activated carbon' [kg] 9955 9955
NG CHP

Natural gas [kg] 575 448

Output

Electricity [kWh] 10 656 202
Sold to glass industry

Heat [kWh] 124 280 124 280

Cold [kWh] 253 651
Digester

Biogenic CH,4 emissions? [kg] 19 928 19 928 19 928
Digestate [kg] 46 154 304 46 154304 46 154 304

N content [kg] 142 155 142 155 142 155

P,Os content [kg] 114 693 114 693 114 693

K,O content [kg] 48 693 48 693 48 693
Cryogenic upgrading

Biogenic CH,4 emissions® [kg] 9269

Bio-LNG [kg] 1 853704

LCO2 [kg] 3318 800
Membrane unit

Biogenic CH,4 emissions* [kg] 18 166

Biomethane [kg] 1798 447
NG CHP

Fossil CH, emissions’ [kg] 2877

Fossil CO, emissions [kg] 1 582 483
BG CHP

Biogenic CH,4 emissions® [kg] 798 9 964
Biogas boiler

Biogenic CH4 emissions’ [kg] 881

!Calculated considering 1.85 g activated carbon Nm™ biogas [59]
?Biogas leakage in the plant assumed at 1% [11]

3 A methane loss of 0.5% was assumed [9, 64]

“Methane losses in membrane assumed at 1% [59]

3 A methane loss in combustion of 0.5% was adopted [65, 66]
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Table 3.8: Emissions for each study case.

Emissions [kg CO,-eq]

Input CSBP COGEN MEM

Electricity 256 274 751 944
Digester feedstock

Sorghum 303511 303511 303511

Triticale 89 667 89 667 89 667
Biogas cleaning

Activated carbon 8 201 8 201
NG CHP

Natural gas 655 747

Output

Electricity -4 266 743
Sold to glass industry

Heat -26 223 -26 223

Cold -100 852
Digester

Biogenic CH,4 emissions 538 069 538 069 538 069
Digestate

N content -462 862 -462 862  -462 862

P,0s content -183 682 -183 682  -183 682

K,O content -137 358 -137358  -137 358
Cryogenic upgrading

Biogenic CH,4 emissions 250 250

Bio-LNG -6 732 764

LCO2 -2430 984
Membrane unit

Biogenic CH,4 emissions 490 486

Biomethane -6 995 135
NG CHP

Fossil CH4 emissions 85742

Fossil CO, emissions 1582 483
BG CHP

Biogenic CH,4 emissions 21539 269 034
Biogas boiler

Biogenic CH,4 emissions 23792
Emissions (+) 3791482 1200281 2205669
Avoided emissions (-) -10074 726 -5076 869 -7 779 038
Net emissions -6283243 -3876588 -5573369
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Table 3.9: Inventory and emissions of MET.

Input Inventory  Emissions [kg CO2-eq]
Electrolyzer

Electricity [kWh] 45 176 466 18 088 657

Water [kg] 9938 823 4 306
Methanation

CO, [kg] 4 434 456

CH, [kg] 18 166
Chilling/drying

Electricity [kWh] 526 754 210912
Output
Chilling/drying

Syntethic CHy 1 630 695 -6 342 658
Emissions (+) 18 303 875
Avoided emissions (-) -6 342 658
Net emissions 11961 217
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CHAPTER 4
ANAEROBIC DIGESTER MODEL AND VALIDATION

Wet digestion using a CSTR digester is the most used technology in biogas plants across Europe.
Here, the modeling of such kind of reactor is described. The kinetics were based on a modified

version of ADM1 and the thermal description on an advanced thermal model from the literature.

4.1 AD Kkinetics

The reactions taking place inside the digester were described using an ADM1-derived model devel-
oped by Weinrich and Nelles [75], which was briefly described in Section 2.3. Here, a more detailed
explanation is given.

Weinrich and Nelles [75] restructured ADMI1 into 4 different versions with varying level of
complexity. Here, the most complete one with fixed stoichiometry, noted as ADM1-W, was used.
This model contains the four reaction stages of AD: hydrolysis, acidogenesis, acetogenesis and
methanogenesis. Each one is further detailed in the following sections.

The modifications that were included to ADM1-W are:

* the cell decay reactions were rebalanced in order to fulfill the atomic conservation;

* sulfate reduction reactions were added to the kinetic model so that the HaS production could
be estimated, which was carried out by adding acetate and hydrogen uptake by sulfate reduc-

ing bacteria (SRB) [76];

* an inert carbohydrate compound (C'H I') was added to account for inert fraction in lignocel-

lulosic biomass [37, 77].

In total, 30 species and 23 reactions are involved in the kinetics (Tables 4.1 and 4.2).
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Table 4.1: Species involved in AD kinetics.

Species Notation Molecular formula
Carbohydrates CH CeH1005
Proteins PR C5H769501.5N7 .95
L1p1ds LI 051 Hgg 06
Glucose SU CsH1204
Amino acids AA C5H9,62502_5N1‘25
Long-chain fatty acids LCFA Ch16H3204
Valeric acid HVa C5H1909
Butyric acid HBu CyHgOo
Propionic acid HPr C3HgO-
Acetic acid HAc CoH40-
Hydrogen H, Hy
Methance CHy CHy
Carbon dioxide CO, COy
Ammonia NH; NHs
Water H,O H>0
Glucose acidogens Xsu CsH70Oo9N
Amino acids acidogens Xaa CsH7;09N
LCFA acidogens XLCEA CsH70OoN
Valeric acid acetogens XHVa CsH7;09N
Butyric acid acetogens XHBu CsH70OoN
Propionic acid acetogens Xupr CsH7;09N
Acetoclastic methanogens XHAc CsH7OoN
Hydrogenotrophic methanogens X CsH70sN
Anions AN AN~
Cations CAT CAT @
Inert carbohydrates CHI CsH19O5
Sulfate H,SO, H5S504
Hydrogen sulfide H,S H>S
Acetoclastic sulfate-reducing bacteria X ASRB CsH7OoN
Hydrogenotrophic sulfate-reducing bacteria ~ Xysrp CsH7;09N

2 These species do not participate in any reactions, they are only used to estimate the pH.

Table 4.2: Reactions involved in AD kinetics.

Reaction Notation
Carbohydrates hydrolysis HY-CH
Proteins hydrolysis HY-PR
Lipids hydrolysis HY-LI
Glucose acidogenesis AI-SU
Amino acids acidogenesis Al-AA
Long-chain fatty acids acidogenesis AI-LCFA
Valeric acid acetogenesis AE-HVa
Butyric acid acetogenesis AE-HBu
Propionic acid acetogenesis AE-HPr

Continued on next page
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Table 4.2 — Continued from previous page

Reaction Notation
Acetoclastic methanogenesis ME-HAc
Hydrogenotrophic methanogenesis ME-H,
Acetoclastic sulfate reduction ASRB
Hydrogenetropic sulfate reduction HSRB
Glucose acidogens decay DE-SU
Amino acids acidogens decay DE-AA
LCFA acidogens decay DE-LCFA
Valeric acid acetogens decay DE-HVa
Butyric acid acetogens decay DE-HBu
Propionic acid acetogens decay DE-HPr
Acetoclastic methanogens decay DE-HAc
Hydrogenotrophic methanogens decay DE-H;
Acetoclastic sulfate-reducing bacteria decay DE-ASRB

Hydrogenotrophic sulfate-reducing bacteria decay DE-HSRB

4.1.1 Hydrolysis

In this stage, three reactions take place: carbohydrates hydrolysis (Eq. 4.1), proteins hydrolysis (Eq.
4.2) and lipids hydrolysis (Eq. 4.3). The rates of these reactions were calculated using a first-order

kinetic equation as a function of their respective substrates concentrations (Egs. 4.4-4.6).

06H1005 + HQO — CﬁHlQOﬁ “4.1)

Cs5H7.62501.5N1.25 + HoO — C5Hg 62502.5N1.25 4.2)

C51HggOg + 0.538 CO9 + 2.538 HoO — 0.604 CgH1206 + 2.995 C16H3204 4.3)
rHy—cH = kny—cuCcn 4.4)

raHy -PR = kny—pPrCPR 4.5)
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raHY -1 = kay -1CLI (4.6)

4.1.2 Acidogenesis

The monomers originated from the macromolecules cleavage in the hydrolysis step are broken down
to volatile fatty acids in the acidogenesis step. This stage comprehends: glucose acidogenesis (Eq.
4.7), amino acids acidogenesis (Eq. 4.8), LCFA acidogenesis (Eq. 4.9). These reactions take place
inside the cells and they were calculated using a Monod-type equation as a function of the inhibited
growth rate, 1 (Eqs. 4.10-4.12). In these equations, I corresponds to the inhibition factor, which
varies between 0 and 1 and represents the reaction impairment effect due to non-ideal reaction

conditions; and K g is the half-saturation constant.

8.33 CsH120¢ + NH3 + 2.64 HyO —1.17 C4HgOy + 3.48 C3HgOo + 9.23 CoH4,Oo  (4.7)

+17.10 Hy + 11.46 CO9 + C5H7Oo N

11.90 C5Hy 62502.5N1.95 + 21.20 H,O —2.02 C5H1902 + 2.98 C4HgO- 4.8)
+ 0.82 C3HgO9 + 11.43 CoH4O9 + 6.87 Hy

+7.24 COq + C5H;OsN

3.62 C16H3202+1.86 CO2+ N H3+45.54 HoO — 27.42 CoH4O9+47 Ho+ C5 H;Oa N (4.9)

Csu
TA[-SU = MSUmCXSUIAI—SU (4.10)
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Caa
TAT_ = — = ___C Tar_ 4.11
AI—AA = [LAA Ks an+Con xaalar—aa (4.11)

Crcra
TAI-LCFA = LLCFA Ke torat Cromn Cxrcralai-rcra (4.12)

In the inhibition factors evaluation, NH3 was considered a co-substrate and it was included the
effect of pH as well (Eqs. 4.13-4.15). For LCFA acidogenesis, hydrogen inhibition effect was

included (Eq. 4.15).

Knaa CL
h, aa NH
Lar-sv = i : 4.13)
Kyt aa + CL." Oy, + Ks 1N
Knaa CL
h, aa NH.
Tar—aa = i Taa AL 3 (4.14)
Ko+ Chi ™ O, + K 1v
Inr—rcra = K aa O, Ki rcra @.15)
Kgl(ll:laa + C[l;(+nm C][\}Hg, + KS, IN K], LCFA *+ C]L{Q

Kph aq and ng, that appear in the pH inhibition effect were calculated using Egs. 4.16 and 4.17.

3
n, = 4.16)
“ pHUL,aa - pHLL,aa

pHUL,aa+pHLL,aa

Kphaa =107 2 (4.17)

4.1.3 Acetogenesis

The VFAs produced in acidogenesis are then converted to acetic acid in the acetogenesis reactions,
which includes: valeric acid acetogenesis (Eq. 4.18), butyric acid acetogenesis (Eq. 4.19), and
propionic acid acetogenesis (Eq. 4.20). Their reaction rates were calculated using Eqs. 4.21-4.23.

Inhibition effects included NHj3 as co-substrate, pH effect and H; inhibition (Eqs. 4.24-4.26).
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+ 23.5 Hy + Cs H;Oa N

16.67 C4HgO9 + C O+ N Hs +29.33 H5O — 31.33 CoH4O9 +31.33 Ho+ Cs H7OoN (4.19)

35.71 C3HgO2 + N Hs + 66.46 HoO —34.21 Co H4O2 + 103.21 Hy + 33.75 CO4

+ C5H7;09N

Crva Chva
Ks nve+ Crve Cuva + CHBu

TAE—-HVa = MHVa CxnavalAE-HVa

CHBu CHBu
Ks mu+ Cupu CuBu + CHva

TAE—HBu = [HBu CxuBulAE-HBu

Crpr
TAE—HPr = [HPr CxuprlaE—HPr
Kgs npr+ Chpr

Naa L
IAB Ve = ph, aa CNu, Ki cacs
- a Naa L I
Kopt o+ Ch ™ Oy, + K, v K1, cacs + C,
Naa L
T Ab By = ph, aa O, K1, cacs
_ u — oa Toaa AL T
Kpiton + CH." Cly, + Ks, 1n K1, cacs + Cy,
Naa L
Inptpr = ph, aa CN sy K1, gpr
- L Naa L L
Kg]z?aa+cjg+ CNH3 +KS, IN KI, HPT+CH2
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4.1.4 Methanogenesis

Two methane producing reactions were included: acetoclastic methanogenesis (Eq. 4.27) and hy-
drogenotrophic methanogenesis (Eq. 4.28). Their reaction rates were estimated with Eqs. 4.29
and 4.30. Fx corresponds to a short-term effect of temperature variations [78], which is further

described in Section 4.1.7.

50 CoH4O9 + NH3 — 47.5 CHy + 47.5 CO9 + 3 HyO + C5s H7;O9N 4.27)
16.67 Hy +44.17 CO9 + NHz — 39.17 CHy + 86.33 H,O + C5s H7;O9N (4.28)
. CHAC L
TME—HAc = JVHAc CxuaclmE-mAFK (T ; Ta> (4.29)
Ks nac+ Crac

Cu,

TME-H2 = MHgm
2 2

CxmyImE-—H,FK (T T) (4.30)

The inhibition factors were calculated using Eqgs. 4.31 and 4.32, in which it was also included
the effect of hydrogen sulfide in the solution. Ig,s was estimated according to the approach sug-
gested by Pokorna-Krayzelova et al. [79] (Eq. 4.33). The evaluation of the non-ionized H,S con-

centration, C'fce H,5 is €xplained in Section 4.1.8.

Nac CL K
h, ac NH. I, NHj
IvE-HA = i — - ; In,s (4.31)
Kgﬁcac C][;H-n C]%]H:; + K& IN KI» NH3 + C]%Tee NH3 ’
K”h2 CL
h, h2 NH.
Inp-n2 = £ > In,s (4.32)

K"”Q,12 +CL, "tz CJI\}HS + Kg 1N
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CJ% s NI, HyS I

ree Ho

<1 ~ KI, s > s Clree mys < K1, Hys
Iy,s =

(4.33)
107%, Cree 1y = K1, a5
Ky, h2 and njpo were evaluated with Eqs. 4.34 and 4.35 respectively.
PHy L n2+PHLL h2
Kpppo=10"" =2z (4.34)
3
Npy = (4.35)

pHyr ne — pHLL p2

4.1.5 Sulfate reduction

In anaerobic digestion, sulfate is biochemically reduced to hydrogen sulfide. As this contaminant
was not accounted for in ADM1-W despite being relevant in agricultural biogas plants [80], the
sulfate reduction reactions were added (Eqs. 4.36 and 4.37). Similarly to the work of Fedorovich et
al. [81], H,SO4 was used to represent the sulfate in the digestate, even though it would be actually
present in its ionized forms as HSO; and SO2~. The reactions rates were calculated with Egs.
4.38 and 4.39, and the inhibition factors with Eqs. 4.40 and 4.41. Iy,s was estimated with Eq.
4.33.

71.43 CoH4O9 + N H3 4 69.21H2504 —138 CO2 + 141.86 H20 + 69.21H3S (4.36)

+ CsH709N

0.125 Hy + 5 COg + NH3 + 28.75H2504 — 123 Hy0 + 28.75H2S + C5s H7;OoN  (4.37)
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Chac CH,504
Ks aseB + Crac Ks, Hy50,4, ASRB + CHy50,

TASRB = [LASRB CxasrBlasrB (4.38)

Ch, CH,y504
Ks nsrB + Cu, Ks, Hy50,, HSrRB + CH,50,

THSRB = ILHSRB CxusrBlusrB (4.39)

Kpe Cku
ITasrB = P - Ig,s (4.40)
Kppe e CL." Cly, + Ks,in
KnhQ CrL
h, h2 :
Insrp = P, M Ty, (4.41)

n Nhr2
Kop2, + CL™ Oy, + Ks, v

4.1.6 Cell decay

Several reactions of AD are accompanied by microorganism cell growth. The death and degradation
of these bacterial biomass are represented by the cell decay reactions (Eq. 4.42), which were adopted
for each microorganism species (e.g. Xgi7, X a4, etc.). Compared to the reaction used by Weinrich
and Nelles [75], H,O and CO, were added to the reactions to fulfill the atomic conservation. The
rates of these reactions were calculated with a first order kinetic equation (Eqs. 4.43-4.51). The

same kinetic constant value was used in all cell decay reactions.

C5H705N + 0.158 Ho0O —0.326 CO9 + 0.007 Cs51 HggOg + 0.800 C5H7.69501.5N1.95 (4.42)

+0.053 CsH100s5

rpE—su = kpeCx gy (4.43)

rpE—AA = kpECx 4, (4.44)
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"DE-LCFA = kDECX cpa

"DE-HBu = kDECX 5.

rpE-HPr = kDECX;4p,

TDE-HAc = kpECX ;4.

rpE—-H2 = kpECX 4,

rpE—ASRB = kDECX s5rp

"pE—HSRB = kDECX j15r5

4.1.7 Temperature effect on kinetics

(4.45)

(4.46)

(4.47)

(4.48)

4.49)

(4.50)

4.51)

In ADM1-W, two sets of kinetic parameters are provided: one for mesophilic (310.15 K) and another

one for thermophilic digestion (328.15 K). For each temperature regime, these values are considered

constant. However, the reaction rates actually are variable with temperature fluctuations [82], but

such variations are not easily quantifiable [83].

The Arrhenius Law was used to evaluate the kinetic constant at different temperatures for the

hydrolysis reactions (Eq. 4.52). The value of 64 kJ mol~! was adopted for the activation energy

of all hydrolysis reactions, which corresponds to an average value obtained for different biowastes

[84] and the frequency factors were calculated so that the kinetic constants corresponded to the ones

provided in ADM1-W.
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Table 4.3: Calculated kinetic parameters

Parameter Unit Value
AO, HY—-CH st 1.74 10°
Ao, my-pPR s7! 1.39 10°
1407 HY —LI s! 6.96 10*
QAT_SU d K 0.2
QAT_AA d'K' 008
QAI—-LCFA dil K_l 0.012
Qap—nve dPKY 003
Qap_ppe dTKH 003
Qap_ppr dTK1 0014
ave-mae dTKTE 002
ayp—m, ~ dTTKTY O 0.02

E,.
/{j = A(), FETP <—RT]L> (4.52)

Regarding the other bioreactions, the same methodology used in BioModel was employed [40,
41]. Thus, the maximum growth rates were considered to increase linearly with temperature until

from which they decrease also linearly until 7%

. L
a maximum value, at T max>

opt> when the growth

rates reach zero (Eq. 4.53). The value of o ; was estimated in such way that the growth rates
coincided with the suggested values for mesophilic and for thermophilic temperatures. The optimal
temperature was adopted at 328.15 K and the maximal at 338.15 K [40]. The cell decay reactions
were assumed to not vary with temperature. The calculated kinetic parameters are summarized in

Table 4.3.

1 = 131015 K. § + OR, (TL — 310.15) , TE < TE,

TL 7TL
Hj = Hopt, i 712> Triaa > T (4.53)
pj =0, T2 T

Besides that, it has been evidenced that quick variations of temperature can significantly impair
the bioreactions inside the digester [82, 85]. Therefore, an inhibition factor that accounts the effect
of short-term variations of the temperature was included in the estimation of the reaction rates of

the two methanogenesis reactions (Eq. 4.54) [85], which have been pointed out as the reactions
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involving the microorganism groups the most sensitive to temperature changes [85]. This factor,
Fy, represents the inhibition that occurs when the reaction temperature is different from the one
at which the microorganisms are adapted. The long-term adaption to new reaction conditions is
represented by 7, the temperature to which the microorganisms are adapted, which was evaluated
as a dynamic variable that continuously shifts towards the digestate temperature 7% (Eq. 4.55). The

parameters 7, and s, were taken as, respectively, 30 d and 5 K [85].

2
TL_Ta) $2 0.2
Fg (TF, T,) = —(7 =(——o 4.54
K( ’ ) “rp 202 ) 0K ( 2ln(0.5)> (4.54)
ar, Tr-T,
= ¢ 4.55
dt Ty ( )

4.1.8 pH estimation

The pH is another factor that influences the bioreactions inside the digester [33, 86]. This property
was calculated through a charge balance in digestate (Egs. 4.56-4.58 ). In these equations, the molar

concentrations were converted to mol L.

pH = logio (Cy+) (4.56)

(I)pH = COH* - CHJr - (457)
= Coar + Cypt — Can = Cheo; = 20002~ — Cac — Cpr — Cput

—Cva—Cps- — CHSO; - 20502*

dp 1
Cre = ——5— + 5/ P +4- Kw (4.58)

In acid-base reactions, the total concentration of each compound was obtained from the mass

balances and the amount in each ionic form was estimated considering the chemical equilibrium.
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Using H Ac as an example, the concentration of ions acetate, Ac~1, was calculated as a function of
Cirac and C+ (Eq. 4.59), and the acid in its free form was estimated as the difference between the
acid in its free form and its dissociated form (Eq. 4.60). This approach was equally used for other

acids and, analogously, for ammonia.

L
CHAC ) KaHAC

Cy = 4.59
Ac Cy+ + Kapgac (459)

clree oL Oy (4.60)
HAC HAC AC .

However, the acid-base reactions of CO, in water involves two reactions. Thus, Egs. 4.61 and

4.62 were used to quantify C' HCO; and Ccog—'

L
o B Kay, co, - CCOQ - Kas, co, 4.61)
HCO; - C K CH+.Ka27 COy CHJF + KCLQ co :
H+ T Laz co, — Cyt+Kaz, co, P 2
Ka K(Il cO -CL
C - 2, COq . 5 2 CO2 (4 62)
003_ C +KCL CH+~KCL2 cO '
H+ 2,CO2 Cy+ + Kag, co, — g

Cy++Kaz, co,

4.2 Digester model

The digester was modeled considering a wet digestion technology with a double-membrane gash-
older (Figure 4.1). Thus, a 0-D model approach was used to represent each part of the digester:
liquid phase (L), gas phase (G) and the air layer inside the zone between the two covers (A). In all
these parts, a perfect mixing was assumed. In the gas phases (i.e. G and A), it was adopted an ideal

gas behavior.

4.2.1 Material balances

In the liquid and the gas phases, partial mass balances were applied for each component ¢ (Egs. 4.63

and 4.64). The same was done for air in A (Eq. 4.65).
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A
nl,, TA, V_A' PA

rad
Qenvyrora \

FA TA ) A A
inrlin \ f Foutr T
_MID1
ng,T¢ V¢, P¢ =
FG in i T-G —»Q I ‘ : | — FOGutlyilTG
m’ ym,r.» mn [ rad
Qb2 -/ 0 /C/d
cv d cv/cd ENV/MID1
Q¢/L Q" Quiipz/c <l "%a;‘_
THEX Q1!{1/M1D2
. < QZ?IC'\‘IV/MIDI
d
— QGrp/Mip2
L L L L
Fin, Xin,ir Tin > 9 > Foue %, T

cd
AQgor1/Bor2

I Hed
T AQCrp/BOTA
[

Figure 4.1: Model scheme of a digester with a double-membrane gasholder. Material
streams are represented by black arrows, the energy flows are in red, and the main vari-
ables in green.

dnk

d_'[;i = Fiﬁxin,i — Fol;’LtCI?i + Z v, jTjVL — FZ-GL (4.63)
J
dn&
d_tZ - Fzgyin,i - Fo%tyout,i + FiGL (4.64)
dn’
— i = Fip — Fou (4.65)

The molar fractions in L and in G were calculated from the molar quantities in each phase (Egs.
4.66 and 4.67). The inlet flow rates F/% and F were either model parameters or calculated from
the outlet of another unit. For example, with two digesters in series, the inlet of the second one
corresponds to the outlet of the first. The evaluation of outlet flow rates is explained in Section 4.5.
In the air layer, the inlet was calculated considering a blower and the outlet a valve, and they are
further developed in Section 4.4.

In the chemical reaction term, the stoichiometric coefficients and the reaction rates were evalu-
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ated according to Section 4.1. The mass transfer between the gas and liquid phases was accounted
for in FZL, which calculation is explained in Section 4.2.2. The molar concentrations were esti-

mated from the molar quantities and the phase volumes (Eqs. 4.68 and 4.69).

e — (4.66)

J (4.67)

oL = (4.68)

G _ '
cf = o (4.69)

In total, it was considered 30 species in the liquid phase (the same as in Table 4.1) and 6 in the

gas phase (H,, CHy4, CO,, NH3, H,O, H,S).

4.2.2 Mass transfer

The mass transfer flow rate between the liquid and the gas phase, FiGL , was evaluated considering
that the diffusion in the liquid phase was the limiting step, the equilibrium concentration in the
liquid phase being described by Henry’s Law for each component ¢ solutilized in water (Eq. 4.70).
In the literature, the mass transfer coefficients, kja;, were either considered as constant values [33,
39] or calibrated with other model parameters [87, 88]. In large scale anaerobic digesters, there are
different stirrer configurations, which can vary, for instance, on the number of stirrers, the rotation
speed, type and size of the devices [89]. For this reason, the use of empirical correlations that relates
the stirrer dimension to the mass transfer coefficient values [90] would be difficult. Thus, in this
study, a mass transfer coefficient of 55 d~! was taken for the CO2 [91] and the values for the other
solutes were corrected according to their diffusivities in the gas phase [92].

)
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For the mass transfer of water the analogy between heat and mass transfer was employed con-
sidering natural convection over the liquid to estimate the mass transfer coefficient kg [93]. It was
used a correlation for natural convection over an horizontal plat (Appendix B.1.1), replacing Nu
by Sh, Gr by Gry,, and Pr by Sc [93]. Moreover, as water is the solvent, the limiting step was
adopted to be in the gas phase (Eq. 4.71). The mass transfer surface was adopted as the circle

formed by the digester’s internal diameter I D (Eq. 4.72).

Fiilo = kaAar (CSe, o — Clho) (471)
ID?
Aor =" 4.72)

4.2.3 Energy balances

The temperatures of each part (L, G and A) were evaluated through energy balances on each phase
(Egs. 4.73-4.75). Additionally, energy balances were applied to the digester’s structure to repre-
sent their thermal inertia. The structure was composed by: two wall layers (M ID1 and M 1D2),
two floor layers (BOT'1 and BOT?2), two covers in the double membrane gasholder (T’OP1 and
TOP2), and the heat exchanger’s tube (H F X), as depicted in Figure 4.1. M 1D?2 correspond to
the inner layer of the above-ground walls and the integrality of the underground part. The energy
conservation equation to each of the digester’s elements are shown in Eqs. 4.76-4.82.

The heat flow rates appearing in the energy balance equations, (), correspond to the different
heat transfers of each body with the surrounding materials or phases. The calculations of these terms
are explained in Section 4.3. Liquid and gas mixtures were considered ideal and it was assumed
that all gases were ideal as well. The enthalpy reference of each component ¢ was set to 0 for
the standard state and the enthalpies were then evaluated as enthalpy variations (depending on the
temperature) from this standard state. In case of gases dissolved in liquid phase (CHy, CO2, NH3,
Hs, H5S), the hydration enthalpy was supposed constant at the temperature range used in the model.
The physical-chemical properties used to calculate the enthalpies and other parameters used in the

model were obtained from various sources [93, 94, 95, 96, 97, 98].
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The gas and liquid inlet temperatures are either model parameters or obtained from the result of
another unit (e.g. digesters in series). The air inlet temperature was adopted equal as the external

air temperature, which was obtained from meteorological data.

Z n; Cpi—— ar” Z Fliwin, <IZL (ﬂﬁ) - it (TL>> =Y AHg jrVF + W, (4.73)
j

d d d d
+ Q1" + Q?\%”CDQ/L + Qg}(/)CTQ/L + Qg‘j/L — QL+ Q%}EX/L

T ) _
ZnchG Z G (Hﬁ (Tﬁ) —AE (TG)> (4.74)
+ RTG Z (FGL + mem T outyl) Qadv

cv/ed cv/cd cv
+ QMIDZ/G + QTOPQ/G - QG/L

dT4
Apy, A _ A A (A A A (A cv/ed ev/ed
nACo S = FOp* (T = T4) + BT (Fi) = By ) + Qi — Qo lop: (479

TOP1 TOP1 dTTOPl rad cv/cd rad
m Cp =QENv/Top1 T QENV/TOPl Qrop1/TOP? (4.76)
cv/ed
o QTOPl /A
TOP2 TOP2 a7 cv/ed cv/cd rad
Cp 7d = QS yrop2 T Qarop2 = Qropsc — QTor: 4.77)
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MID1r, MID1 drMIpt _ ch/cd _ ch (4.78)

m p di “ENV/MID1 MID1/MID2 :

miD2 o arp2 dTMP? cd cd cv/ed
m Cp dt =QGrp/mip2 T @urpimip2 — @urrpyc (4.79)
ev/ed rad
_QM]DQ/L_ MID?2
BOTIC BOT1 dTBOTl __ ned _ ed 4.80
m p a Qarp/Bor: — QBoOT1/BOT? (4.80)
dTBOT2
BOT2 ., BOT2 d d

m Cp —a QBori/Bor2 — Q?é(}z/L (4.81)

wex o mpx ATTEX
cv cv
m Cp a QHW/HEX - QHEX/L (4.82)

4.3 Thermal model

The digester’s thermal model correspond to a resistance-capacitance approach [99], where the en-
ergy balances evaluate the energy accumulation and the thermal flows are calculated using heat
transfer resistances. Similarly to the work of Avila-Lopez et al. [47], energy conservation equations
were applied to many parts of the reactor structure, as seen in Section 4.2.3 (Eqgs. 4.76-4.81). Here,

the calculations of heat flow rate terms are described.

4.3.1 Conduction and convection

Conduction, convection and their combined effect in the heat transfer effect were computed con-

sidering the total resistance to heat transfer. Between the gas and liquid phases, it was assumed
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only a convective resistance (Eq. 4.83). In the heat transfer between the heat exchanger’s tubes, the
conduction in the tubes was neglected. The calculation of Q% /L is detailed in Section 4.3.4.
TG _ TL
QC/L = Ja (4.83)

CU
Rth,G/L

Between the wall and the floor layers, the conduction flow rate was calculated from the sum of
thermal resistances in each body (Eqs. 4.84 and 4.85). The heat interactions with the ground (i.e.
GRD/BOT1 and GRD/M1D?2) are described in Section 4.3.5.

TMID1 _ pMID2
(4.84)

cd _
MIDl/M]D2 - cd cd
Rth,MIDl + Rth,MIDQ

TBOTI _ TBOT2
(4.85)

cd _
QBor1/BOT2 = Hed od
Ry sor + Biy pors

In case where there was conduction and convection, their respective resistances were summed.
This was applied to the following pairs: BOT2/L (Eq. 4.86), MID2/L (Eq. 4.87), MID2/G
(Eq. 4.88), ENV/MI1D1 (Eq. 4.89), TOP2/G (Eq. 4.90), A/TOP2 (Eq. 491), TOP1/A (Eq.
4.92), ENV/TOP1 (Eq. 4.93).

TBOT2 _ TL

d
Qi = (4.86)
/ R gorayr + ng,BOTZ
ch/cd B TMID2 _ TL (4 87)
MID2/L — d .
/ Rgz,MID2/L + th,MIDQ
ov/ed TMID2 _ TG
Qe = (4.88)
MID2/G — .
/ REZ,MIDQ/G + lefil,MIDQ
ch/cd _ TENV o TMIDI (4 89)
ENV/MID1 d .
/ Rgz,ENV/MIDl + Rgh,M[Dl
TTOP2 _ TG
Qe (4.90)

TOP2/G ~ pev cd
Rth,TOP2/G + Ri} rops
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TA _ TTOP2

d
Qet = 4.91)
jrors R arop2 + Ry rops
ch/cd B TTOP1 _ TA 4.92)
O AT .
TOPYA R ropiya + Bifmop
TENV _ TTOPl
Qe (4.93)

ENV/TOP1 — pcv cd
Ry gnvyrort T i ropt

The conductive thermal resistances, ng, were evaluated using geometry-based equations [93].
The wall layers were described as cylindrical layers (Eq. 4.94), while the other bodies (floor and
cover) were evaluated considering conduction through a flat plate (Eq. 4.95). Although the cover
has a spherical shape, it can be considered a flat object because its thickness is much smaller than

its radius.

OR
Rcd,cyl o in <ﬁ)

= 4.94

th 2nAH T\ 1D 454
. 5

ReLPIE — Vi (4.95)

On the other hand, the convective thermal resistances, R;}, were calculated as a function of the
heat transfer coefficient, h (Eq. 4.96), which were estimated from empirical correlations (Appendix

B).

b

Bih =54

(4.96)

Overall, the convective heat transfer coeffients, h, were described using natural convection cor-
relations. As in the work of Avila-Lopez et al. [47], the coefficients related to the heat transfer be-
tween the cover and the biogas (T'O P2/(), the biogas and the digestate (G/ L), the air layer and the
covers (I'OP1/A and A/TOP2), and the external environment and the outer cover (ENV/TOP1)
were calculated considering natural convection with a horizontal plate (Eqs. B.9 and B.10). Be-

sides, this method was employed to evaluate the energy transfer between the floor and the digestate
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(BOT2/L) as well. The heat convection between the walls and the digestate (M [ D2/ L), the bio-
gas (M ID2/G), or the external air (EN'V/M1D1) were computed considering the interaction with
a vertical plate (Eq. B.11).

In situations where there was also the occurrence of forced convection, the coefficients for mixed
correlations were used (Eq. 4.97), as it could happen a shift between the predominance of each
phenomenon according to operational conditions.The forced convection heat transfer coefficients,
I gor, were calculated as in the work of Avila-Lopez et al. [47]. The energy flow between the external
air and the cover (ENV/TOP1) was described with a correlation for a flat plat, and between the
environment with the walls (ENV/MI1D1) with one for a cylinder in cross a flow. External air
conditions (i.e. temperature and wind speed) that are used in this approach were obtained from
meteorological data.

h = (h3or 3 )1/ ’ (4.97)

nat

To evaluate h ., inside the air layer (A), the zone delimited by the two cover layers (I'OP1 and
TOP2) was described as a non-circular duct. Nu was evaluated using correlations for internal flow
in a circular duct. However, the tube diameter was replaced by the hydraulic diameter (Eq. 4.98) as
characteristic length in these equations (Eqgs. B.15 and B.16).

. 4Aduct

D, = 4.
h Per (4.98)

As a simplification, the central cross-section of the air zone was taken as reference (Figure 4.2).
The surface, Ag,.t, Was calculated as the difference of two disk segments, and the perimeter, Per,

as the sum of their arc lengths. To estimate an average air velocity inside the air layer, the average

r

T HTTOPl

HTTopzl
il

Figure 4.2: Cross-section of the central part of the covers.

volumetric flow rate was divided by A gt

: 0D |

89



4.3.2 Advection

The advection heat terms refer to the energy flow related to the mass transfer between the gas and
the liquid phases. They include both the energy carried by the material stream and the latent heat
involved in the phase changes (i.e. vaporization and condensation). In the liquid phase, Q“Ld“ was
calculated as a function of the direction of the mass transfer of each compound (Egs. 4.99 and

4.100), and, in the gas phase, Q‘éd” was evaluated analogously (Egs. 4.101 and 4.102).

Qi == AHWFF" (4.99)

NS ag (T4) - iE (TF), FE >0 w100
ik (1¢) = ik (TF), FE <0

Qade _ Z AE[&?ZP‘ZGI (4.101)
%

) aE (TH) — f8 (19, FEE >0
AHE" = (4.102)

HC (TG> e (TG) , FGL <0

4.3.3 Radiation

Two kinds of heat exchange through radiation were considered: internal and external. The former
corresponded to the exchanges between the surfaces inside the digester (TTOP2, MID2 and L,
or TOP1/TOP2) and the latter considered the infrared exchanges with the surroundings and the
energy uptake from solar light. Although anaerobic digesters typically work at mild conditions of
temperatures, internal radiations account for a significant part of heat losses from the digestate [47,
50]. The reason for such effect is that the surface areas in industrial digesters are elevated.
Regarding the internal exchanges, the digester’s interior was considered a three-surface enclo-
sure constituted by the walls (M I D?2), the liquid surface (L) and the inner cover (T'O P2) (Figure

4.3). It was assumed that biogas was not a participant medium, thus the gas effect on radiation was
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neglected. The radiation energy flow rate leaving each of these surfaces was estimated as a function
of their respective view factors, surface areas and temperatures (Eqs. 4.103-4.105). These equa-
tions form a 3-equation linear system, which solution for Jz,, JTop2 and Jy 7 p2 allowed estimating

rad Qrad . and Q%4 ,,. The view factors were evaluated according to the digester’s dimensions

considering a geometry of a cylinder with a spherical cap on its top [100].

TOP2 GTTOP24

l

€ropaAtop2

‘]TOPZ (Anip2VFypzror2)”!
. 4
(AI,VFL-WOMY >’ L GTMIDE
Ev2Amip2

J L (ALVF )
1€, MID2

? eLAL
4

L oTh

Figure 4.3: Representation of the three-surface formed by L, M I D2 and T'O P2 for internal
radiation calculation.

rad UTL4 —Jr
L= A —ep) /(e AL) =ALVFprop2 (JL — Jrop:) (4.103)
+ ALV Fpnvp2 (JL — Jmip2)
4
rad oTTOP% — Jrops
= —ALVF Jrops —J 4.104
QTOP? (1= erora) / (cromaArors) 1t ryrop2 (Jror2 — J1) ( )

+ Amip2V Fyripasrop2 (Jrop2 — Juinz)
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MID2*
ol — Jmip2

1 —emrp2) / (emrp2Anin2)

rad _
MID2 — (

=Amip2V Fyripasr (Jmip2 — JL) (4.105)

+ Amrp2V Fuiparors (Jmip2 — Jrops)

Similarly, the radiative exchange between the two membranes that constitute the digester’s cover
was evaluated considering it as an enclosure as well. In this case, however, it is formed by only two
surfaces. Thus, the heat flow rate between the two covers ('O P1/T'O P2) was evaluated according
to such geometry (Eq. 4.106). The view factors were calculated using the reciprocity and the

summation relations [93].

o (TTOP14 _ TTOP24)

rad _
QTOP]‘/TOP2 - 17€TOP1 + 1 176TOP2 (4106)
eror1Aropr1 ' AropiVFropiyrop2 ' €rop2Aropr2

Regarding the radiative heat exchange with the external environment, it was separated into
infrared emissions and solar irradiance uptake. The first one was computed considering two terms:
exchange with the sky, at 7**Y, and with the environment, at 7™ (Eqgs. 4.107 and 4.108). The view
factor to the sky was calculated using the same expression used in the work of Avila-Lopez et al.
[47] (Eq. 4.109). The sky temperature was estimated as a function of external air temperature (Eq.

4.110) [101], and the ground and the surroundings were assumed to be both at equilibrium with the

environment.
4 4
Qenviniipr = AMrpioenrinn (VFﬁ?Dl (Ts‘“y — M ) 4.107)
+ (1 _ VFﬁ?Dl) (Tenv4 _ TMID14)>
rad, env . sky sky? 4
QENV/TOPl = Aropioerop1 | VErgp (17 — Trop: (4.108)

+ (1 - VF;’(“)@’PJ (Tenv4 _ TTOP14>)
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VEHR =05 (1+ cos (1)) /0.5 (1 + cos (1)) (4.109)

TSk = 0.05527¢™"° (4.110)

The cover, however, was treated as a spherical cap. Therefore, its view factor was obtained

through integration over its surface from the cover’s base until its summit (Eq. 4.111).

1.5 0

0.282843cos? (1/2) (cos (1) + 1)
cos (1))

k
VERY,, = (4.111)

%o

Besides irradiating to the environment, the external surfaces have also an energy uptake from
the sun. The solar irradiance has two different parts: direct and diffuse radiation. The former is
quantified from meteorological data on direct normal irradiance (DNI), which depends on the solar
position and comprises the direct sunlight received. The diffuse horizontal irradiance (DHI) was
used to characterize the latter and it was obtained from meteorological data as well. This energy
flow is formed by the scattering of sunlight through the atmosphere and, thus, it does not have a
preferential path. Therefore, the equivalent horizontal area of a tilted surface was calculated using
an isotropic model [102]. A]\D/}’ 1%)1 was calculated considering that the walls are perpendicular to
the ground (Eq. 4.112). On the other hand, the equivalent surface of the cover was obtained by

integrating the isotropic equation [102] over the cover’s surface from its base (6p) to its top (7/2)

(Eq. 4.113).

ADHE, = AM;DQ (4.112)
w/2
ARHL, — 7R2, [sm(e) — 0.5c05%(0)| 4.113)
0

Unlike DHI, the DNI value represents the energy received by a surface perpendicular to the
solar beam. The solar elevation angle (i.e. complement of the zenith) was calculated based on the

simulation time and geographical coordinates (i.e. latitude and longitude) [47, 49, 50]. In this case,
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the equivalent surface is the projection onto the plane that is normal to the solar beam. The wall’s
projection was assessed by considering that only one side is illuminated by direct sunlight (Eq.
4.114). The cover’s projection was estimated as a function of the altitude angle by integrating the

sunlit zone (Eqgs. 4.115 and 4.116).

ADND1 = HTwan, 0gODsin(c) 4.114)

2lim
APTL = /0 (, | R2,, — 2% — hpasesin(a) + \/Rzap —hZ. - z2) dz (4.115)

2 _ K2
i = Reap — Dase (4.116)
sin?(a)

Finally, the radiative energy uptake from solar light was determined by summing the contribu-
tions of DNI and DHI (Eqgs. 4.117 and 4.118). The total external radiative heat transfer is the sum
of the contributions from solar and infrared emissions (Eqs. 4.119 and 4.120).

Qo = caror (ARhDHI + ARYh DNT) (4.117)

Qi rop = ator (ARSLDHI + ARSE DNT) (4.118)
rad _ Qrad, sun + Qrad, env (4.119)
ENV/MID1 — ¥ENV/MID1 ENV/MID1 .

ad d, d,
QENv/TOP1 = QT;NXj;;OPl + QT;N;/HIZ“)OH (4.120)

4.3.4 Heat exchanger

In this model, it was considered that the heat exchanger that provides the required heat to the digester

consisted of submerged tubes. Thus, these were characterized by their length, and internal and
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external diameters (Figure 4.4). The approach used was similar to the one employed in the work of
Evola et al. [103], where an energy balance was applied on the heat exchanger’s tubes (Eq. 4.82,
repeated below for convenience). The heat conduction inside the tube material was considered to

be relatively fast. Consequently, its temperature was assumed to be uniform throughout the tubes.

HEX
HEXC HEX dr

CU o .
dt = QHW/HEX QHEX/L (4.82 revisited)
T QIIL\ L THEX
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ N
mHEX, TE‘:IW T QH\\ HEX thEXD T};Iu\:\/

Figure 4.4: Representation of the heat exchanger. Heat fluxes involved are in red

The heat transfer coefficient inside the heat exchanger’s tube was evaluated as a function of the
hot water mass flow rate and temperature (Eq. 4.121). The hot water outlet temperature was cal-
culated considering that the thermal energy transferred could be described using a LMTD equation

RHEX

(Eq. 4.122). The convective heat transfer coefficient, for > Was calculated considering forced

convection inside a tube using Gnielinski’s correlation (Eq. B.17) and Petukhov’s equation (Eq.

B.18).
Q(?I]W/HEX = mHEXéP,HQO (THW TOPQ/V) (4.121)
- A HW _ HW HEX (EIZW B THEX) B <T0}Z¥V B THEX)
muexCpH,0 (T — 1o ) =h

THW _THEX

for AHEX l (THW THEX>
n

(4.122)

95



cv e A HW HW
QHW/HEX =muexCrH0 (Tm —Tout )

(4.123)

Throughout the simulations, the digestate temperature was maintained near its set value by
adjusting the mass flow rate of hot water inside the heat exchanger using a P-controller to determine
its flow rate while its inlet temperature was kept constant (Eq. 4.124). For each simulation, the

control parameters were calibrated manually.

mHEX = mbias + kgain <Tslét - TL) (4124)

Outside the tube, Q%7 ; /L Was computed considering that the dominant mean of heat transfer
inside the digestate was natural convection (Eq. 4.125), and the heat transfer coefficient using the

correlation of Churchill and Chu for natural convection over a horizontal tube (Eq. B.12).

Qftpx/n = Mot Amex (THEX —- 7" ) (4.125)

4.3.5 Heat losses to the ground

The heat losses to the ground were estimated according to the norm ISO 13 370 for dynamic cal-
culation [104]. In this methodology, the heat flow rate is evaluated considering a virtual layer that
consists of a soil layer of 0.5 m with a virtual temperature at its boundary. This last parameter, 7",
was evaluated according to the monthly average heat loss to the ground, Q,,, (Eq. 4.126).

Qm

T”L)i — TL _m
AU

(4.126)

Q.» was calculated through a correction of the yearly average heat transfer using the monthly
average temperature, 7, (Eq. 4.127). This temperature value was estimated as a function of the

monthly temperature amplitude, the average temperature and the time of the year with the minimum
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yearly temperature, hoyr, , (Eq. 4.128). In this equation, hoy corresponds to the simulation time

converted to hours. All the values used were obtained from local weather data.

Qm;:fﬂf(Ti——Tva)4aHpE<TfNV——T£NV> (4.127)

Tm _ Ty . Tm,max

T hoy — hoyr.
mamin o (2 22— 1OYTimin (4.128)
2 8760

The thermal transmittance, U, used in Eq. 4.127 was estimated with the method for basements
[104]. In fact, the term AU was calculated as the sum of the contributions of the floor and the walls
(Eq. 4.129). Defining B as a characteristic length (Eq. 4.130), d as the total equivalent thickness of
the floor (Eq. 4.131), and d,,;, the total equivalent thickness of the underground walls (Eq. 4.132),

the heat transmittances were evaluated using Eqs. 4.133 and 4.134 for the ground and the walls

respectively.
AU = Agisk, (OD) Ugrp,por + Atat,eyt (OD, HTn1D,ug) UcrD/MID (4.129)
Agisi: (OD)
B = 4.130
0-5Perdisk (OD) ( )
1 19 )

ds = 601D + Asoit 4 BoTl | DBOT2 4.131)

Prat,.BOT2/1.  ABOT1  ABOT2

1 ) 1)
dut, = Asoit < - ot 5M’D2> (4.132)
nat,MID2/L MID1 MID2
Dot M< = +1> d; +05HTY, ) < B
B+d;+0.5HT? d;+0.5HT™Y » Uf : MID

UGRD/BOT _ )T ! MID f MID (4.133)

Asoil ug
0.457B+d;+05HT Y, ) df +0.5HT)ip > B
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Msoil 0.5d;
U, — hsoil g OO 4.134
GRD/MID = o g + dy+ HTY, (4.134)

Hpp of Eq. 4.127 corresponds to the periodical heat transfer coefficient, which was calculated

with Eq. 4.135. The periodic penetration depth, L., was calculated as a function of properties of

the soil (Eq. 4.136).

Hpp =0.37Perqisi(OD) Aso (4.135)

HT'U,g
_ L _HT L
e L%iD +In ﬂ+1 +9211—e¢ LﬁiﬁDln( pen+1>
df dwb
3.15 107 A,y
Lypen = | 225 (4.136)
ﬂ-pseilCP,soil

To evaluate the heat losses to the ground, the effective thermal resistances of the ground were

estimated from the thermal transmittances and the thermal resitance of the floor and the walls (Egs.

4.137 and 4.138).

1 B 1 __ dBor1 _ dBOT2
thC;'l}!%D/BOT _ UYcrp/BOT _ Mmat.por2/L  ABOTi  ABOT2 (4.137)
Adzsk(OD)
1 _ 1 _ Omipi _ SMmiID2
RgLRD/MID _ Ucrp/mip  hnat,mipz/r 3;41131 AMID2 (4.138)
Alat,cyl(OD7 HTMID)

Finally, the heat transfer flow rates were estimated using these thermal resistances (Eqgs. 4.139

and 4.140).
Tvi o TBOTl
d
QGrp/BOTI = e ——— (4.139)
th +0U. ABor1Adgisk(OD)
Tvi _ TMID2
Qg‘iRD/MID2 = OR (4.140)
GRD/MID In( G5
RS +05,m7E)

MID

98



4.3.6 Reaction heat

In general, the heat of reaction was computed as a function of the partial enthalpies of the participat-
ing species (Eq. 4.141). In ADM1-W, however, the macromolecules of carbohydrates and proteins
do not have a defined molecular structure and, thus, their formation enthalpies are not defined. For
these compounds, such values were estimated from the standard hydrolysis heat of glycosidic [105]
and of peptide bonds [106] respectively. In the case of lipids, the tripalmitin was used as a refer-
ence molecule [33, 39]. Thus, the properties of such compound were used [107]. For amino acids,
glutamine (CsH;oO3N;) was used as reference molecule [95, 108, 109] as this compound has the
closest molecular formula to AA (CsHg 6250, 5N 25). The reaction heats calculated at 298.15 K are

exhibited in Table 4.4.

Aflp, (TL> = u, Af (TL> (4.141)

Table 4.4: Standard reaction heats at 298.15 K
Parameter AHp ; [kJ mol™]

HY-CH -4.00
HY-PR -7.50
HY-LI +93.40
AI-SU -30.93
AI-AA +229.59
AI-LCFA +929.69
AE-HVa +115.17
AE-HBu +116.24
AE-HPr + 198.56
ME-HAc +17.92
ME-H, - 62.26
HAc SRB -99.16
H, SRB - 89.54
Cell decay -237.90
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4.4 Gasholder model

It was considered that the biogas is stored in an air-inflated double-membrane gasholder, which
is one of the most widespread structures in biogas plants [110]. This gasholder consists of two
polymeric membranes that delimits an air layer (A) and another one with biogas (G) (Figure 4.5).
The former is kept inflated by continuous air injection through a blower (Fi‘;‘l in Eq. 4.65). The
working range of the blower curve was modeled as a quadratic function (Eqs. 4.142 and 4.143). If
not stated otherwise, the polynomial coefficients used for a, b, and ¢ were respectively: - 1.77 107,
1.60 102, and 3.93. The volumetric flow rate is calculated in Nm?® h'! and the overpressure inside

the air layer, A P, is used in mbar.

I[: ] F(éut

HTTOPZ

HTMID

| |
| ID |

Figure 4.5: Representation of the double-membrane gasholder.

AP =aVd 40V + ¢ (4.142)

—b— /> —4a(c— AP)

Vin = o

(4.143)

The air outlet flow rate was estimated with a valve equation (Eq. 4.144). The valve constant

generally used was 380 Nm? h'! mbar®3. The operating pressure of the double-membrane is given
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by the intersection of the blower and the valve curves (Figure 4.6).

Vi, = CvVAP (4.144)
8 I I I I I
— Blower

Tr Valve ]
6} ;
3
E 3 y
O
2 4 |
5 5l |
5
o 2 i

1k i

O I | | | |

0 200 400 600 800 1000 1200

Flow rate (Nm~ h ')

Figure 4.6: Air blower and valve curves with standard coefficient values. The operating
conditions are given by the intersection of both curves (AP = 4.88 mbar and V4 = 839.8
Nm?® h'h).

The air layer was assumed to be always fully inflated. Therefore, its height, Hrop1, was
considered constant, which implicates that the total volume of the digester is constant as well (Eq.
4.145). Regarding the biogas layer, two regimes were considered: isochoric and mobile. The former
corresponds to when the air volume is at its threshold values, either maximum or minimum. In this
case, the intermediary membrane, T'O P2, behaved as a rigid wall. Thus, the pressures of each
compartment were calculated directly from the ideal gas law (Eqs. 4.146 and 4.147), with V4 at
either VW‘?m or VA

max*
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VTotal _ VA + VG + VL = cte (4.145)

A A
n“RT
pPA = —A (4.146)
G G
PO = (4.147)

If the air volume was within its threshold values, T'O P2 was considered to be freely mobile. All
forces related to membrane weight or its displacement were neglected. Consequently, the pressures
in both sides were considered as equal (i.e. P4 = P%). From this, pressures and volumes could be
evaluated considering ideal gas behavior (Eqs. 4.146-4.148).

ATA

A Total L n
_ (yTotal _ >—
VA= (VI V) i e

(4.148)
The threshold values of V4 were set by imposing minimum and maximum values to HT7ops.
While its minimum was considered to be 0.5 m, its maximal value was estimated as 0.85 H1rpp1,

based on the ratio of usable and total volumes from a gasholder catalog [111]. The volume delimited

by the cover was calculated considering it is a spherical cap (Eq. 4.149, with V., from Eq. A.2).

VA =Viup (ID, HTrop1) — Veap (ID, HTrop2) (4.149)

4.4.1 Gas storage control

If more than one gasholder is present, an active gas management was employed to keep all gas
storages at a similar filling level [112]. The digester with the highest pressure is the main biogas
storage (Fig. 4.7). The operating point of the double-membrane is kept constant. However, the
pressure of the secondary ones is controlled in order to adjust the biogas flow rate between the
digesters. The gas filling level, LV LS, was calculated considering only the volume inside the
spherical cap delimited by TOP2 (Eq. 4.150). In doing so, LV L does not vary with the liquid

level inside the digester. Moreover, the gas volume inside the cylindrical part of the digester does
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not serve as storage for the biogas.

Main storage Secondary storage

pé Psuec

main

G
VLS VLS,

Figure 4.7: Two digesters in series. The gasholder with the highest pressure is the main gas
storage.

VS~ (HTyp — HTy) 122

LVLE =
‘/;:ap (ID7 HTTOPl,max)

(4.150)

The gas flow rate between the digesters was calculated considering a flow inside a tube. The
fluid velocity, u®, was calculated from the pressure difference and the friction losses inside the tube

(Eq. 4.151), and the molar flow rate, F¢

pipes from the ideal gas law (Eq. 4.152).

2
pa_po _ P7ue ) ¢+ af Lvive 4.151)
main sec — 2 I Dpipe .
ID2. = pG
a _ . c™ Ppipe
Fpipe =u 4 RTG (4152)

The Fanning friction factor was calculated using the Colebrook formula (Eq. 4.153) [113].
Although, biogas is actually a compressible fluid, it can be considered incompressible as the pres-
sure differences are relatively low in biogas plants [112]. Finally, the values for frictional losses in
pipeline elements, ¢, can be found in the literature [96]. Generally, 1.5 was used in simulations (i.e.

0.5 for the entrance and 1.0 for the exit).

1 ¢ 1.256
— = 4] 4.153
JT o9 (3.71'DWe T RevT ) (159

In secondary gas storages, the pressure can be controlled either by adjusting the air blower
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speed or the opening of the outlet valve [112]. Here, only the former was manipulated through
the simulations. Changes in blower speed, N, were considered to translate its characteristic curve
vertically (Figure 4.8). In Eq. 4.142, such effect corresponds to changes in the linear coefficient
c. When N is changed, the new operating point can be found using the Fan Laws (Eqgs. 4.154 and
4.155) [114]. Defining « as the variation of the linear coefficient (Eq. 4.156), the new characteristic

curve can be calculated by summing & to the linear coefficient of the original equation (Eq. 4.157).

8 I I I I |
7L -
> of |
S 1 Operating
5k N &4 pointat |
% —  Blower, N=50 Hz N 50 Hz
§ 41+ - - Blower, N=46 Hz ® -
o Valve N N
B 3r ‘
> Operating
o 2} point at |
1L 46 Hz |
O ! ! ! ! 1\
0 200 400 600 800 1000 1200

Flow rate (Nm~ h ')

Figure 4.8: Characteristic curve of air blower at different rotation speeds. The operating
points 1 and 2 for each blower curve are indicated with red dots.

) Ny
2 4.154
Va VlNl ( )
2
AP, = AP, (N2> (4.155)
Ny
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2
AP (VQ) — APy = aV} +bVE +c— AP, <> . (4.156)

APy, =aV2+bV +c+r (4.157)
The blower speed in the secondary gas storages were controlled using a P-controller on the gas
level (Eq. 4.158). The control parameters used were calibrated manually for each simulation.

N = Nyias + kgain (LV LGain — LVL

main sec)

(4.158)

4.5 Outlet flow rate

The liquid and gas outlet flow rates were calculated using a P-controller. The first one was evaluated
according to the liquid volume inside the digester (Eq. 4.159). On the other hand, the gas flow rate
was calculated as a function of the gas level (Eq. 4.160), unless it entered another the headspace of
another digesters. In this case, it was calculated from the pressure difference considering the flow

inside a tube, as previously described in Section 4.4.1.

FL,=FL.. + kgain (Vsét — VL) (4.159)

Fy = Fius + kgain (LVLG - LVLG) (4.160)

set

4.6 Model implementation

The digester model consists of 49 differential and 1 algebraic equations per digester, which are
linked to the main variables that are solved by the solver (Table 4.5). Other variables (e.g. heat
fluxes, outlet flow rates, etc.) were explicitly calculated as a function of these main variables. The
model was implemented in Fortran, and the differential-algebraic system of equations was solved
using DASPK [115]. The relative and absolute tolerances were both set at 10°6. The Jacobian matrix

is calculated by numerical perturbation by DASPK.
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Table 4.5: Main variables and their respective equations of the digester model. These
equations were solved using DASPK.

Variables Equations Number of equations

nk 4.63 30
né& 4.64 6
nA 4.65 1
T 473 1
TC¢ 4.74 1
TA 4.75 1
TTOoP! 4.76 |
TToP? 4.77 1
TMID1 478 1
TMID2 4.79 1
TBoT1 4.80 1
TBOT2 4.81 1
THEX 4.82 1
T, 4.55 1
Ch+ 4.58 1

Total 49

4.7 Model validation

The kinetics and the thermal part of the model were validated separately against experimental data
from the literature. The prediction performance of simulations were quantified using the relative

error (RE) (Eq. 4.161).

(Ye:pp _ Yszm)

RE = e

4.161)

4.7.1 Kinetic validation

The kinetic model was validated against experimental data of methane and biogas production in
batch degradation of agricultural biomasses (maize (IM), rice straw (PR) and triticale (IT) silages)
[116], and data of biogas production in a continuous large-scale agricultural biogas plant fed with

maize silage and pig and cattle manure [77].
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Lab-scale validation

The batch tests were carried out in 2.0 L flasks at 313.15 K during 60 days with manual agitation
once a day at least. To convert the compositions from the work of Menardo et al. [116], the protein
weight was calculated as 6.25 times the nitrogen mass [117] and the lipid content in each substrate
was taken as the average value for each kind: 2% VS for IM [77, 118], 1.5% VS for PR [119,
120] and 2% VS for IT [118, 121]. Carbohydrates (CH) were considered to be composed by starch
and fibers. The starch content was determined in order to match the mass balance on the volatile
solids. Furthermore, lignin and part of cellulose and hemicellulose were considered to be non-
degradable (CHI) [37, 77]. The degradability of cellulose and hemicellulose, d, was employed as
an adjustment parameter and its value was evaluated manually for each feedstock in order to fit the
simulation results with the experimental data. The values used for d were: 0.70 for IM, 0.72 for IT
and 0.60 for PR. To simulate the batch tests, the results from a continuous simulation were used as
inoculum composition, which was employed analogously to the experimental method (proportion
of 2:1 in terms of VS related to the feedstock). The methane and biogas production from these
simulations were subtracted by the results of a blank test with only the inoculum, isolating the part
that corresponded to the feedstock degradation. (Figure 4.9 (a)-(d))

Using only one adjustment parameter, the batch simulations yielded results close to the experi-
mental values for periods longer than 15 d (Figure 4.9). Indeed, RE on methane and biogas volume
were lower than 5% for all feedstocks after such period. However, the model overestimated the
initial production. Better results could have been obtained if the kinetic parameters were calibrated
using the experimental data, but this was out of the scope of this work. This indicates that the model
predicts higher reaction rates compared to the experimental degradation rate, but the stoichiometries
adopted are coherent, as final methane and biogas volumes matched with the measured values. In
part, the higher degradation rates can be justified by the use of default parameters of ADM1, which
were originally obtained to simulate the degradation of sewage sludge in wastewater treatment con-
text [33]. However, agricultural biomasses are more recalcitrant to AD, as they contain a higher
content of fibers [77]. In addition, both in ADM1 and in ADM1-W, the intermediary products gen-

erated by the bioreactions are promptly available to other microorganisms, but such compounds
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Figure 4.9: Experimental and simulation results of cumulative batch methane and biogas
production from the degradation of maize silage (IM), rice silage (PR) and triticale silage
IT) [116].

need to diffuse inside the digestate so that they can be degraded [77].

Large scale validation

The second set of data corresponded to biogas production measurements from a biogas plant with 4
digesters and 2 post-digesters operating at a temperature of 39 °C [77]. Similarly to the assumption
made for the batch tests, CH was calculated as starch plus fibers. PR and LI were obtained directly
from the reported compositions. An average value of 0.7 was used for d. In this case, the initial
conditions of the digester were obtained by simulating with the starting feedstock composition in a
loop of 30 days so that the digestate composition stabilized.

In stable operation, the model managed to simulate the biogas production of the continous

biogas plant (Figure 4.10 (a) and (b)). Overrall, the average RE was 11.6%, but the highest dis-
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crepancies occurred between the day 215 and 250, due to a drastic reduction in the inlet feed flow
rate [77]. Compared to the experimental values, the kinetic model reacts much faster to changes
in the biomass input. The minimum biogas production occured at day 223 in simulation, while it
happened 14 d later in reality. Nevertheless, the model managed to predict a similar drop in biogas
production, simulating a minimal at around 4900 Nm?3d-! compared to a reduction to around 4000
Nm3d! in the measured values. These results are coherent with the ones from the batch simulations,
indicating that ADM1-W can be used to simulate the AD in agricultural biogas digester at stable
conditions, but it also has a limitation to simulate strong fluctuations in the feedstock, as the model

has a tendency to react faster compared to real digesters.
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Figure 4.10: Experimental and simulation results of continuous digestion at an industrial
scale agricultural biogas plant [77].

4.7.2 Thermal validation

In the work of Avila-Lopez et al. [47], they have developed a thermal model and validated it with
experimental values from a large-scale plant (Biometharn, Aiguefonde, France). This industrial unit
was composed by two digesters in series, both with a double-membrane gasholder. Although the
majority of data they used was confidential, it was reported in their publication the monthly values
of heat demand of the digesters’ heat exchangers. Thus, to evaluate the performance of thermal
part of the dynamic model developed here, these data were compared with the model predictions
(Figure 4.11). The digesters’ specifications and operational parameters were based on their work

[47] (Table 4.6)and the meteorological data were collected for the year 2021 at the plant location
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using Solcast [122].

Table 4.6: Specifications of the digester and the post-digester.

Specification Digester Post-digester  Unit
Shaft work of stirrer 13.5 3.6 kW
Digester internal diameter 25.0 18.0 m
Total wall height 6.0 6.0 m
Underground wall height 2.5 2.5 m
Outer cover height 5.0 3.6 m
Max inner cover height 4.25 3.06 m
Min inner cover height 0.5 0.5 m
Wall layer 1 thickness (insulation) 0.14 0.14 m
Wall layer 2 thickness 0.2 0.2 m
Floor layer 1 thickness 0.1 0.1 m
Floor layer 2 thickness 0.1 0.1 m
Inner cover thickness 0.005 0.005 m
Outer cover thickness 0.005 0.005 m
Internal wall emissivity 0.94 0.94

External wall emissivity 0.86 0.86

External wall absorvity 0.74 0.74

Internal cover emissivity 0.86 0.86

External cover emissivity 0.86 0.86

External cover absorvity 0.74 0.74

Digestate emissivity 0.8 0.8

Heat exchanger’s tube length 240.0 150.0 m
Heat exchanger’s tube internal diameter 0.05 0.05 m
Heat exchanger’s tube outer diameter 0.055 0.055 m
Heat exchanger’s tube density 7854 7854 kg m

Overall, the model predictions were similar to experimental values, especially during the second
semester. The RE ranged from 0.2% to 19.3%, with an average at 6.5%. Although the thermal model
is similar to the work of Avila-Lopez et al. [47], in their work the heats of reactions were considered
for the total degradation of the macronutrients into biogas following the approach employed by
Lindorfer et al. [123]. Here, however, a dynamic kinetic model (ADM1-W) was coupled with
the thermal model and the enthalpy changes for each bioreaction taking place in the digester were
computed from the enthalpy difference between products and reagents.

Furthermore, the feed parameters were available only as an average for each season (winter,
spring, summer and fall), while they have used daily values, which may have contributed to a better
fit of their model. Besides that, their model also considered the impact of rain in heat losses, which

was not accounted for here. Nevertheless, the predictions of the dynamic model (Figure 4.11)

110



1 80 T T T T T T T T T r 30
— Model ¢ RE
160 M = = Avila-Lopez et al. 2022

25

[%]

RE

' 0
2 3 4 5 6 7 8 9 10 11 12

Figure 4.11: Model results and experimental data of the monthly heat input in the heat
exchangers of the two digesters during the year of 2021 [47].

followed the same trend and had values close or in the same order of magnitude of the experimental

data.

4.8 Conclusions

In this chapter, a dynamic model of an anaerobic digesters was developed and validated against
experimental data from the literature. Overall, the model manages to predict with a good agreement
both the biogas production and the thermal behavior of a digester, specially under stable conditions.
However, the kinetic model used has some limitations in adequately representing the dynamic bio-

gas production under strong variations of feedstock.
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CHAPTER 5
BIOMETHANE AND POWER-TO-GAS MODELING

In a biomethane plant, the biogas produced in the digester is cleaned and then upgraded before
injection into the gas grid. In the upgrading unit, a CO; rich stream is obtained, which can be used
in a methanation reactor with H, to produce CHy as well. This second scenario will be referred as
a power-to-gas case (P2G), given that H, would be produced by water electrolysis. To study these
scenarios, additional units needed to be integrated to the digester. These models are described in

this chapter.

5.1 Biomethane unit

To study the biomethane production from biogas, a reference plant structure for the industrial plant
was used (Figure 5.1). The biogas production part was composed of a digester and a post-digester
in series. The gas produced in these reactors would be cleaned (i.e. removal of H,O, H,, NH3 and
siloxanes) in a condenser then an activated carbon filter. Then, the biogas upgrading to biomethane

would be carried out in a three-stage membrane separator.
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Figure 5.1: Scheme of the reference biomethane plant. The main sections of this unit are
highlighted with dashed lines.

5.2 Power-to-gas unit

To consider a P2G scenario, a catalytic methanation reactor was integrated to the biomethane plant
(Figure 5.2). The off-gas coming from the membrane unit would be mixed to hydrogen in stoichio-
metric proportions (i.e. 4 Hp : 1 CO,), compressed, and heated before entering the first reactor. To
shift the reaction equilibrium, the products of the first reactor would be sent to a chiller, where part
of the water vapor formed would be condensated, before being heated and sent to a second catalytic
reactor. Finally, the product gas would be sent to another chiller to condensate the H,O again before

being able to be injected into the gas grid.
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Figure 5.2: Scheme of the reference P2G plant.

5.3 Unit models

In all models, ideal gas behavior was adopted due to low operating pressure. Except for the metha-
nation reactor, the all other units, as for instance, the membrane separator and the chiller, were
assumed to work in a pseudo-stationary regime. Thus, for these blocks, no accumulation occurred
inside them during any simulation time. For the methanation reactor, a 1-D dynamic model was
used, as it will be further explained in Section 5.3.6. The notation used to refer to each model block

when setting up a simulation scenario is presented in Table 5.1.

5.3.1 Biogas cleaner

The biogas cleaning unit (BGC) was modeled using a simple approach. The steps of water conden-
sation and impurities removal in activated-carbon filters were merged in only one block, which was
modeled as a perfect separator (Fig. 5.3).

In BGC, the raw biogas coming from the digesters, F&

i, 18 cooled down to Ty, and it was

considered that all H;O, NH3; and H;S contained in the inlet gas would leave in the condensate

stream, F'L

oot also at To,e. In this case, the flow rate of the outlet streams can be obtained directly

from the inlet (Egs. 5.1 and 5.2).

o ESYini, i € {Ha,CHy, COs,02, No}
FouiYout,i = 5.1
0, otherwise
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Table 5.1: Model element notation.

ID Meaning Symbol
GST Gas stream e
LST Liquid stream E—
DIG Digester D
CHL Chiller &
CMP Compressor @
BGC Biogas cleaner
GHT Gas heat exchanger ®

3-MEM Three-stage membrane 3

CAT Methanation reactor

ESvini, i € {NHs, HyO, HyS}

7

Fglqu,tvzout,i = (52)
0, otherwise
The heat exchanged, Q..0;, Was calculated with an energy balance (Eq. 5.3) and the electricity

required to run this unit, Po.;, was estimated considering an energy performance ratio of 7 (Eq. 5.4)

[53].
Qcool = Z _F’zﬁym,zﬁf (T‘zn) + ng,tyout,iﬁic (Tout) + F(;[{,,txout,if{iL (T‘z ) (53)
%

Po, = Q‘;O’ (5.4)
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Figure 5.3: Scheme of a biogas cleaner.

5.3.2 Compressor

Compressors serve to increase the pressure of a gas stream (Fig. 5.4). This equipment was modeled
using an isentropic model for the compression [124]. For a compressor with an isentropic efficiency
of n;se, the outlet temperature was calculated from the feed temperature and the pressure ratio (Eq.
5.5). The polytropic coefficient, x, was calculated supposing ideal gas mixture (Eq. 5.6). As a
simplification, the heat capacities were supposed constant in this unit and they were evaluated at the

average temperature between the suction and the discharge values.

Suction ‘ Discharge

F’ Yir Tin' Pin F: Vi Toutr 1:)out

-

Pout > P'm

Figure 5.4: Scheme of a compressor.

k=1

TG P e
TG, = Zin <“t> — 1|+ 15 (5.5)

in

> viCpi

= _&agvmh 5.6
8 > yiCpi — R ©.6)

The electric power required, Po,.;, was estimated from the enthalpy change, adopting an electric

efficiency value n; (Eq. 5.7).
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Fn CpTS | (PS,\ ©
Po, = in OrTi, <ut> -1 (5.7)

5.3.3 Gas heat exchanger

This unit was used to change the temperature of a gas stream and to evaluate the heat duty of this
equipment. The same approach was used for heating or cooling. It was supposed that no phase
change occurs in this unit, thus the mass balance is easily carried out, as the inlet is equal to the

outlet (Figure 5.5). The heat intake or removed was calculated with an energy balance (Eq. 5.8).

GHT
Inlet Outlet
Fr Yp Tin E YiJ Tout

Qght

Figure 5.5: Scheme of a gas heat exchanger.

Qgit = Fiue > Youti HE (Tout) = Fin Y yin i Hl* (Tin) (5.8)
A %

5.3.4 Chiller

This unit was also used to change the temperature of a gas stream. However, in this case, it was
supposed that part of the water in the feed would condensate and leave as condensate (Figure 5.5).
As hypothesis, it was assumed that the gas would leave the chiller saturated in water vapor at 7;,,;
(Eq. 5.9). The exiting flow rates were found applying a mass balance and the heat removed with an
energy balance (Egs. 5.10-5.12). Enthalpies were calculated as a function of temperature according

to Perry and Green [96], with the standard state as reference (298.15 K). The electricity power
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required was obtained analogously to the BGC (Eq. 5.4).

CHL

Inlet
Fgl' Yin,ii Tin' P

Gas outlet
Fc();uti YOut,ii Tout: P

Liquid outlet
L
Fout' Xout,i! Tout

Figure 5.6: Scheme of a chiller.

Psat,HzO (Tout>

P (5.9

Yout,H,O =

FSyini, i # HyO

v

Focityout,i = (5.10)
youuﬁoo ZL;«AHQO Foutyout,m i = Hy0

1=Yout,Hy

FL = FSyinm0 — FSyYout, 1,0 (5.11)

Qchl = Focjl,t Z yout,iﬁ[iG (Tout) + FétﬁEQO - an Z y'm,zng (TZ ) (512)
i -

(2

5.3.5 Membrane

The upgrading unit adopted in the biomethane plant was a three-stage membrane separator. The
structure considered was based in the work of Kube [29], which consisted in, besides the three
permeators, three heat exchanger at the feed of each separator and a compressor before the first one.
The separation process was modeled using a simplified approach for a counter-current permeator as

described below [125].
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One-stage model

The separation process in one membrane stage was modeled using a simple approach for hollow
fiber membranes proposed by Pettersen and Lien [125] (Figure 5.7), which is based in an analogy
with heat exchange. In fact, this method was intended to initialize a more complex model. However,

due to its numerical simplicity, it was employed here to describe the biogas upgrading unit.

Feed
l Pfl Ffl Yei
Permeate Retentate
Pp‘ FP’ Yp,i‘— - Pri Frr Yr,i

Figure 5.7: Scheme of a membrane permeator. Adapted from Pettersen and Lien [125].

In this unit, the cut-ratio, o, is defined as the ratio of the flow rate of the permeate and the feed
(Eq. 5.13), and § the trans-membrane pressure ratio (Eq. 5.14. It was supposed no heat effect or
pressure drop in either side of the membrane. Besides, for each compound, the dimensionless per-
meation factor, r;, was calculated as a function of the feed pressure and flow rate, and membrane’s

area and permeability (Eq. 5.15).

Fp
) 5.13
0 s (5.13)
P, P
§=-2L=2 (5.14)
Py P
AP,
= Tf; (5.15)

From the analogy with heat transfer and an approximation of the logarithmic mean , the com-
position of the permeate stream can be calculated (Eqs. 5.16-5.19) [125]. In this approach, o is the
only variable that needs to be found by the numerical solver. The equation that needs to be solved is

the summation of the permeate’s composition (Eq. 5.20). The pressures, membrane properties and
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feed properties are parameters that should be known beforehand.

—~BB; +/BB? - 4AA,CC;

Ui = s (5.16)
an (2 N, o (o o N (o) (5.17)
R RS 3(1—0) \r; 12(1-0) T ‘
BB = Y (14 1 52\ i (p_ 1 (5.18)
‘3 1-o T 18(1—o) 1-o '

Yrsi 2 2
CC; = <6(1_0)> (o +120—12) (5.19)
> ypilo) =1 (5.20)

An alternative format for Eq. 5.16 was obtained by extracting the feed composition from B B;

and C'C; (Eq. 5.21), which will be employed in the three-stage model.

—BB; BB? _ 4AA'CC"L
Yf,i Y7 Yy,

Yp,i = Yft,i 2AA1

= yMHHi (5.21)

Three-stage model

In biogas plants, three-stage permeators are more commonly used and the structure adopted by
Kube [29] was used (Figure 5.8). In each membrane m, the permeate composition can be written as

a function of its feed’s molar fraction and H H,, ; (Eq. 5.22). H H,, ; is calculated using Eq. 5.21.

yj,i = yk,iHHm,ia (]7k7m) S {(6> 27 1)7 (57 3a 2)7 (87 67 3)} (522)

We propose here a simple model based on the three-stage scheme proposed by Kube [29],
but each stage being modeled as proposed by Pettersen and Lien [125]. Hence, the permeate and

retentate flow rates were estimated from o,, by applying a mass balance in each stage (Eqs. 5.23
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Biomethane

Clean biogas

Off-gas

Figure 5.8: Scheme of a three-stage membrane permeator. The numbering refers to the
stream and membrane stage identifications used in the separator model. Adapted from
Kube [29].

and 5.24). Moreover, the retentate’s composition was evaluated with a partial mass balance (Eq.

5.25).

Fj = From, (j,k,m) € {(6,2,1), (5, 3, 2), (8, 6, 3)} (5.23)

Fj=F,(1—om), (j, k, m) € {(3, 2, 1), (4, 3, 2), (7, 6, 3)} (5.24)
1-—- mHHmz .

Yji = yk,i#7 (]7kam) € {(37 27 1)7 (47 37 2)7 (77 6a 3)} (525)

In this system, the stream 1 correspond to the inlet of the upgrading unit. All properties of this
stream are known and provided to the membrane model (F1, y1;, 1, T1). The stream 2’s flow rate
and composition was estimated by substituting the total and partial mass balances in each membrane
(Eqgs 5.26 and 5.27), which allowed determining the other streams (Eqs. 5.23-5.25) . Therefore, the
three-stage permeator model corresponds to three algebraic equations that need to be solved by the

numerical solver (Eqs 5.28-5.30) as a function of the cut-ratio of each membrane (01, 02 and o3).

F
Fy — 5.26
2 1—01(1—03)—02(1—01) ( )
Fiy1,
Y2,i = L ST (5.27)
Fy - Fy (1) (Lgptithos)
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1= Zyﬁ,z‘(Ol, 02, 03) (5.28)

(2

1= Zy5,i(01, 02, 03) (5.29)

(2

1= Zys,i(Ol, 02, 03) (5.30)

(2

In the work of Kube [29], the capacities (i.e. product of permeability and active membrane area,
AZ; in Eq. 5.15) of CH4 and CO; of one membrane module were provided. Each module consisted
of a polyamide membrane of 0.11 m diameter and 1.2 m length [29]. The dependence of capacities
were described using an Arrhenius equation (Eq. 5.31). The parameters used in this relationship
were estimated from the selectivities provided in Kube’s paper (CH4 and CO») or estimated from his
simulation results (O, and N;) (Table 5.2). O, and N, were only used in the comparison between
the simple model described here with the Kube’s results. To account the number of modules in each
stage (IV,,), this parameter was added to the permeation factor estimation for each stage m (Eq.

5.32)

E.
A=, = Aj¥exp (— m) (5.31)

o PrnASi(T) N
myr T
) Ffm

(5.32)

Table 5.2: Membrane capacity estimation parameters
Compound Ap; [mol s! Pa''l]  E,; [J mol!]

CH4 5.32 107 19155
CO, 1.23 107 5842
N, 3.25 108 832

0O, 4.07 107 14004

The compressor in this unit was modeled according to Section 5.3.2. Thus, according to the

working pressure of the first membrane, the electricity consumption could be estimated. Moreover,
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the heat exchanger before each stage was considered as described in Section 5.3.3 and their electric
power requirement was estimated accordingly.

In addition, Kube’s results were also used to evaluate the simple membrane model described
before. In fact, he developed a 1-D model for each stage, which is much more complex compared
to the approach here. The membrane specifications used correspond to the standard experiment
described in his paper [29] (Table 5.3). As notation, the Kube’s model is labeled as "Kube”, while

the one based on the work of Pettersen and Lien [125] developed here is notated as ”3-MEM”.

Table 5.3: Membrane unit specifications used in model comparison [29]
Stage N,, Py[bar] P, [bar] T [K]
1 32.9 18.3 3.41 283.15
2 23.8 18.3 1.00  310.15
3 34.3 341 1.00  333.15

Comparing these two approaches, the results obtained with the 3-MEM were close to the ones
from Kube (Table 5.4). Indeed, the relative difference in flow rate in the biomethane stream (i.e.
stream 4) was at 3.6%, and of 3.2% in CH4 composition. The lean gas stream (i.e. stream §) the
differences in flow rate and CO, were of 3.7% and 0.5% respectively. These two streams are the
most important ones of this system, as they are those that cross the boundaries of the membrane
model. Therefore, the 3-MEM model, despite of its simple approach, yields similar results to a
much more complex model. However, to reach the equivalent biomethane composition as in Kube’s
work, some adjustments in the operational parameters would be required. Nevertheless, it still could
be an useful tool in evaluating the effects of temperature, pressure ratios, or number of modules in

each stage in such kind of permeator.
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Table 5.4: Three-stage membrane simulation results for the comparison test
Composition [%]

CH, CO, N, O,

Kube 20.18 50.0 492 03 0.5

Stream  Source F [mol s!]

1 3-MEM 20.18 50.0 492 03 0.5
) Kube 25.03 473 516 03 038
3-MEM 26.26 445 545 03 0.7
3 Kube 14.22 79.1 195 05 09
3-MEM 14.92 748 239 04 09
4 Kube 10.25 974 15 06 05
3-MEM 10.62 943 44 06 0.7
5 Kube 3.97 319 66.0 03 19
3-MEM 4.29 265 720 0.1 1.4
6 Kube 10.81 55 938 0.1 0.7
3-MEM 11.34 47 948 0.04 04
7 Kube 0.89 558 41.1 05 25
3-MEM 1.79 259 725 02 14
2 Kube 9.92 1.0 985 0.0 0.5

3-MEM 9.55 0.8 99.0 0.0 0.2

5.3.6 Methanation reactor

The technology employed in the methanation reactor was a multi-tubular fixed bed reactor (Figure
5.9). This equipment consists in several tubes packed with catalyst particles inside a larger shell.
While the reactants flow through the tubes, a heat exchange fluid is used in the shell side to control
the reactor temperature. In terms of modeling, a 1-D model developed in a previous PhD thesis
carried out in LaTEP was used [126]. Although a full description of this model can be found in
the manuscript of Fache [126] (Chapter 2), a brief description of the main aspects of this model is
described here for practicality.

In the reactor, three equilibrium reactions were considered: CO and CO, methanation (Egs.
5.33 and 5.34 respectively), and water-gas-shift reaction (Eq. 5.35) [127]. The kinetics employed

were those of the work of Xu and Froment [127].

CO + 3Hy = CHy + HyO, AHS = —206 kJ mol ™! (5.33)
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Figure 5.9: Multi-tubular fixed bed reactor with four catalyst dilution zones.
COy + 4Hy = CHy + 2H20, AH$, = —165 k.J mol ! (5.34)

CO + Hy0 = COy + Hoy, AHS = —41 kJ mol (5.35)

In the reactor tubes, a length L, is filled with a mixture of catalyst and inert pellets, while
only glass particles are used in the suction and discharge zones. The catalyst filled zones can either
have an uniform catalyst density or different values in each zone (e.g. pI4* (1), p™i% (2), etc). The
heat-transfer fluid can flow co or counter-current. Plug-flow were supposed for both the gas and the
heat-transfer fluid. In the gas phase, mass (Eq. 5.36), moment (Eq. 5.37) and energy (Eq. 5.38)
conservation equations were applied. Energy balances were also applied to the tube (Eq. 5.39), and

to the heat exchange fluid (Eq. 5.40). For simplicity the notation used by Fache [126] was conserved

in these equations, therefore a table with the nomenclature used in this part is given (Table 5.5).

1 0 (piQy
em = M, § iy — (gf ) (5.36)
orP (1 - 6)2 po Qy 1- € Pgas Qv 2
—— =150 - 1.75 5.37
0z €3 d% Sreac * € dp Sreac ( )
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Scool
Table 5.5: Methanation model notation
Variable Meaning Unit
C Mass thermal capacity JK kg™t
Chpor Mass thermal capacity of the porous medium JK kg™t
dy Particle diameter m
h; Partial enthalpy of compound ¢ J kg™t
M; Molar mass of compound ¢ kg mol -1
g Number of tubes
P Total pressure Pa
Qcool Volumetric flow rate of the coolant m3 s71
Qm Mass flow rate kg st
Q. Volume flow m3 571
i Rate of reaction j per apparent volume mol s~ 1 m;;’al
Reyt Exterior radius of the reactor shell m
Rircac Tube internal radius m
Rivpe External tube radius m
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Table 5.5 — Continued from previous page

Variable Meaning Unit
Simetal Surface of tube wall m?
Seool Surface of the flow area of the coolant m?
Sreac Apparent section surface of the reaction medium m?
t Time s
T Temperature K
Teat Catalyst temperature K
Teool Coolant temperature K
Tyas Temperature of the gas phase K
Tiube Tube wall temperature K
U; Internal energy of compound ¢ J kg™t
z Axial position m
Greek letters
€ Macroscopic void fraction
€Emic Microscopic particle void fraction
€total Total particle void fraction, i.e. € + (1 — €)€pmic
Aeool Thermal conductivity of the coolant Wm K1
Aea Thermal conductivity in the axial direction Wm K1
Ametal Thermal conductivity of tubes and the reactor shell Wm™t K1
7 Dynamic viscosity Pa s
p Mass density kgm™3
Di Mass concentration of compound % kgm™3
Pyas Gas mass concentration kgm™3
Ppor Apparent mass density of the porous solid kgm™3
Vij Stoichiometric coefficient of compound ¢ in reaction j
Ge—t Heat flow from the coolant to the tube W m=2
Ploss—cool Heat flow from the coolant to the external environment W m™2
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Table 5.5 — Continued from previous page

Variable Meaning Unit

Di—gs Heat flow from the tube to the reaction medium (gas + solids) W m™2
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CHAPTER 6
BIOMETHANE AND P2G SIMULATIONS

With the biogas digester, methanation reactor and auxiliary units modeled, some study cases were

developed to illustrate different application possibilities of such work.

6.1 Biomethane system

The structure of the biomethane plant was adopted equal as the reference one of Section 5.1 (Figure
5.1). The model blocks developed in Chapter 5 were employed as shown in Figure 6.1 to best repre-
sent the material and energy flows inside the plant. Thus, a BGC was used to account both the water
condensation and impurities removal, and CMP1 was added to account the energy consumption of

the compressor before the activated carbon column.

Off-gas

DIG1 DIG2 BGCl1
GSTI GST2

»
>
»
>

. LST1
Biomass
LST2 LSB—l LST41

Figure 6.1: Model blocks to simulate a biomethane plant

CMP1 3-MEMI| GST5

Biomethane

The specifications used for the digester (DIG1) and post-digester (DIG2) were the same as
the ones used in Section 4.7.2, which corresponds to the Biometharn Biogas plant (Aiguefonde,
France), except for the dimensions of the double-membrane gasholders, which storage capacities
were increased. The specifications of each unit are detailed in Table 6.1. Unless otherwise specified,
the meteorological data used were obtained from Solcast at the location of the Biometharn biogas

plant (+ 43.513, + 2.332) for the year of 2021 [122].
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Table 6.1: Unit specifications in the biomethane plant

Block  Specification Value  Unit
DIGI Outer cover height (HT7rop1) 8.3 m
Max inner cover height (HTr0 P2, max) 7.0 m
DIG2 Outer cover height (H1Top1) 6.0 m
Max inner cover height (HTrop2 max) 5.1 m
Pipe inner diameter (1 Dp;pe) 0.15 m
GST1 P%pe length (Lpipe) 8.0 m
Pipe roughness (€pipe) 0.0 m
Frictional losses (> () 1.5
BGCl1 Outlet temperature (7py¢) 277.15 K
Discharge pressure (Ppyt) 1.18 bar
CMP1  Isentropic efficiency (1;se) 0.8
Electric efficiency (7¢;) 0.9
Compressor
Isentropic efficiency (7;sc) 0.8
Electric efficiency (1¢;) 0.9
Stage 1
Temperature (17) 278.15 K
Feed pressure (Py1) 20 bar
Permeate pressure (1) 341 bar
3-MEMI Number of modules (V1) 24
Stage 2
Temperature (15) 278.15 K
Feed pressure (Py2) 20 bar
Permeate pressure (Fp2) 1 bar
Number of modules (/Ns) 26
Stage 3
Temperature (13) 278.15 K
Feed pressure (Py3) 341 bar
Permeate pressure (F,3) 1 bar
3-MEMI Number of modules (/N3) 16

6.1.1 Variable location

As the digester model can evaluate heat losses as a function of its structure and meteorological data,
one possible application is to use it to analyze the effect of installing a biogas plant at different
locations. In this study case, the feed was kept constant at an OLR of 1.72 kg VS m™3 d! with the
following mass composition: 87.4% carbohydrates, 11.5% proteins, 0.1% lipids, and 1.0% VFA.

Besides, in this study case, only the biogas production system (i.e. DIG1 and DIG2) was evaluated.
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The weather data corresponded to two different geographical zones: South West France (+
43.300, - 0.403; SWFR) and North West United Kingdom (+ 55.775, - 4.165; NWUK), and they
were collected using PVGIS for a TMY in each place [128].

Overall, the climate in NWUK is colder and it has lower solar irradiance (Figures 6.2 and 6.3).
As a consequence, the calculated heat delivered by the heat exchanger was in average 25% higher
in NWUK compared to SWFR (Figure 6.4). Considering that the biogas was employed in a boiler
with a thermal efficiency of 82% [58], it would have required 55740 Nm3 year—! of CH4 in SWFR,
which corresponds to an auto-consumption of 6.9%, while in NWUK, it would have required 68342

Nm? year~!, 8.5% of the total CH4 produced.
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Figure 6.2: External temperature for a TMY in NWUK and in SWFR [128]

Therefore, mitigating the heat losses is of paramount importance to improve biogas plants en-
ergetic efficiency. To evaluate some strategies another simulation was carried out. In this scenario,
named NWUK+, the digester structure was improved to mitigate heat losses to external environ-
ment. The wall insulant thickness was increased by 50%. Besides that, the properties of the internal
biogas membrane cover were modified to account the use of an improved layer to reduce the heat

losses through the roof. This technology (CUPOLA M3 HEAT SHIELD®) is composed by adding a
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Figure 6.3: Global horizontal irradiance for a TMY in NWUK and in SWFR [128]

supplementary layer of a triple-layered ultra-shielded material with a reflexive layer on its top over
the internal cover (TOP2) [129]. The thermal properties of the internal membrane were estimated
using a weighted average considering that the additional layer had properties similar to a polymeric
insulant [93]. Besides that, the emissivity of the upper part of this cover was set at 0.05 [93, 129].
Regarding the digester structure, the cover was the main heat sink, accounting for over 60% of
heat losses (Figure 6.5). Due to the weather difference, the energy lost to the external environment
in NWUK was 51% and 19% higher compared to SWFR during summer and winter time respec-
tively. Improving the thermal insulation structure successfully managed to hinder the heat losses. In
summer, there was a reduction of 37% in NWUK+ compared to NWUK, reaching values close to
SWER losses. Besides that, the improved structure results reached lower values compared to SWFR
and the additional layer in the internal cover membrane lead to a decrease of around 45% of heat
losses through the cover, which is close to the reported value of 50% for such kind of technology

[129].
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Figure 6.4: Heat delivered by the digester’s heat exchanger.
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Figure 6.5: Total energy lost through the digester structure in summer(a) and in winter (b).
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6.1.2 Gas storage management

In many agricultural biogas plants, digesters operate at a semi-batch regime, with biomass being
injected periodically [130]. Compared to a continuous operation, this regime leads to intraday
periodic variations of the biogas production. In terms of simulation, if the gas outlet flow rate is
calculated using a P-control on the gas level (as described in Section 4.5), the variability in biogas
production would be directly transferred to the outlet. However, in real systems, part of this effect
would be buffered by the gas storage. Therefore, this study case analyzed the double-membrane
gasholder model with different alternatives for calculating this flow rate.

To better represent the actual operation of an agricultural biogas plant, a periodic biomass feed
was applied. The feed composition was based on the feedstock used in Cooperativa Speranza (Table
3.1) and the amount was scaled according to the digester’s dimensions (Figure 6.6). The biomass
feed policy corresponded to injecting the biomass twice a day at 8:00 and at 18:00 for a duration of

2 h and a ramp of 5 min (Figure 6.7).
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Figure 6.6: Monthly digester feed amount and composition used in simulations.

A stable gas outlet flow rate (GST2 in Figure 6.1) was found by solving an optimization prob-

lem. In this case, the biogas level was represented with a simplified approach (Eq. 6.1) and the
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Figure 6.7: Daily digester periodic feed. The values used correspond to January.

time period was discretized in N equal intervals At. The temperature was supposed to vary, but
the pressure was assumed constant. Indeed, although the real pressure in the gasholder is variable,
it is still close to the atmospheric value. In Eq. 6.1, the inlet flow rate, F, x, corresponds to the
biogas production. The objective function was to minimize the square difference between the outlet
flow rate and the average value for the whole period (Eq 6.2). Therefore, this optimization problem

consisted of NV variables and 2N constraints.
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The parameters used in Eqs. 6.1 and 6.2 were obtained from the simulation results of the
digester model. Temperature values at each time ¢;, were taken as the average values of the two
gasholders, and the biogas production, Fj, i, were considered equal as the flow rate of the stream
GST?2 calculated with a fixed set value on the gas level (Eq. 4.160). As the gas level in both gas
storages are kept numerically close (Section 4.4.1, Eq. 4.158), V,gax, was adopted as the sum of
maximal capacities of the two gasholders, which in this case was 3026 m?. Maximal and minimal
gas filling levels were imposed at 85% and 30% respectively, except for the last time point, which
minimum value was set at 50%. The time step of 1 h was used. After the optimization calculations,
the digesters were simulated again with the optimization results attributed to GST2. A summary of
this procedure is presented in Figure 6.8. As notation, the simulations where GST2’s flow rate was
calculated using a P-control were labeled as STD, while the ones that used the optimization results
were labeled as STB.

The solution of Eq. 6.2 was obtained using the solver Algencan, which is a Fortran software
for general nonlinear programming based on the augmented lagrangian method [131]. The problem
explored in this work was a simple one, but the method employed could be replicated for another
situations. For example, in case of dynamic electricity production, to schedule biogas production in
order to maximize the plant revenues [132].

The simulations during the month of January showed that this methodology successfully re-
duced the variation amplitude of biogas production (Figure 6.9). The flow rate was kept stable at
around 353 Nm~>h"!, while the gas storage level varied from 0.73 until 0.82.

In a second situation, the feed was interrupted for one day at day 14. This situation was em-
ployed to evaluate the use of the gas storage to compensate for a relevant drop in biogas production.
Indeed, the gas storage managed to buffer this effect, as the GST2 flow rate dropped by 9.4% in
STB, compared to a reduction of around 20% in STD (Figure 6.10). Although the reduction in pro-
duction occurred already in day 14, the recovery of the reactor took place at a slower pace, reaching
99% of the initial average value after 15 days. However, it should also be noted that the kinetic
model has a tendency to predict faster variations due to feed changes than the reality, as it was
observed in the kinetic validation (Section 4.7.1).

Regarding the gas level in STB, there is a discharging period from day 15 to day 17 and a
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Figure 6.8: Scheme of the simulation procedure to obtain STD and STB results.

charging one from day 26 onward. In a double-membrane gasholder, a decrease in its level is
accompanied by a pressure reduction [110, 112]. On the other hand, a pressure increase occurs
when the level augment. This effect could also be observed in the headspace of the digesters (Figure
6.11). The average pressure in DIG1 when the gas level was stable at around 0.8 was 4.88 mbary. It
decreased to 4.78 mbarg during the discharge phase, and then augmented to 4.92 mbarg during the
charge phase. These changes were relatively small because of the slow variation of the stored gas
volume, which occurred during a time span of several hours in each phase. The pressure in DIG2
was slightly inferior to the one in DIG1 because the flow rate between them was calculated using a
tube model (Section 4.4.1, Eq. 4.152). The biogas level in each digester was kept close to each other
by varying the rotation speed of the air blower in DIG2, which was considered to be the secondary
storage.

Indeed, having a model that represents the different variables that interplay in the operation of a
double-membrane gasholder could be useful to training the staff of biogas plants. As discussed by
Reinelt and Liebetrau [133], the misunderstanding of the double-membrane gasholder functioning

by biogas plant operators has already led to wrong regulation of the gas storage, notably because
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the pressure is not directly correlated to the filling level in this kind of technology. Besides, this
modeling approach can also be useful to evaluate the risk of overpressure event as a function of

biogas temperature variations [110, 133, 134].
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6.1.3 Biomethane production

The biomethane production was calculated considering the STB results of Section 6.1.2 and the
system structure described in Section 6.1 (Figure 6.1). Here, two cases are described: January with
feed interruption, and a simulation from 15 July to 14 August. The biomethane stream (GST6)
should be composed of at least 97.5% of CH,4 [15], and the off-gas should ideally have less than
1.0% of CH4 to avoid the need of additional treatment before releasing it to the atmosphere [29].
However, if GSTS is completely used in the P2G plant, this last restriction is not required.

In January, the biomethane managed to reach the required specifications (Figure 6.12), with a
concentration of about 97.8% during the whole simulation period. The lower biogas flow rate from
day 15 to 18 was accompanied by a slightly higher methane concentration, which increased from
53.4% to 55.9%. This, however, had little effect on the final product composition. Regarding the oft-
gas stream (GSTS), CHy fraction exceeded the limit of 1.0% (Figure 6.13), with values around 1.2%.
The biomass feed interruption, despite not impacting in a great deal the biomethane composition,
led to a higher CH4 concentration in the off-gas stream, which almost reached 1.6% at the end of
day 15. Possibly, changing the membrane parameters (e.g. operating temperature, pressure ratios,
number of modules, etc.) could reduce this concentration. It is also possible that these fluctuations
are within the model’s accuracy, but this analysis would require comparing experimental data with
model predictions.

In the July-August simulation, there was an increase in biogas production due to a feedstock
change (Figures 6.6 and 6.14). The composition of the clean biogas stream (GST4) remained around
54% of CH4 during the whole period. In August, the biomethane flow rate increase by around 13%
compared to July. Despite of that, this stream’s CH4 fraction remained stable at 97.7%, which is
suitable for injection into the gas grid. Similar to the January simulation, the GST5’s CHy fraction
was superior to 1%, with a slight decrease in August (Figure 6.15).

Regarding the three-stage membrane separator (3-MEM)), its electricity consumption was cal-
culated at around 0.25 kWh Nm? in all simulations. This values is within the expected range for
this kind of technology, which is between 0.18 and 0.35 kWh Nm™ [9]. Therefore, the approach

used in the upgrading unit can also fairly represent its power requirement despite its simplicity.
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Figure 6.13: Upgrading unit off-gas (GST5) flow rate and composition in January with a
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Figure 6.15: Upgrading unit off-gas stream (GSTS5) flow rate and composition from 15 July
to 14 August.
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6.2 Integration with P2G

To simulate the P2G plant of Figure 5.2, the model blocks were arranged as shown in Figure 6.16.
The off-gas of the biomethane plant’s upgrading unit is first mixed with H; in stoichiometric propor-
tions (4 Hy:1 CO;). Then, the resulting stream is compressed to 10 bars and heated to 400 K before
entering the first methanation reactor. The outlet stream of CAT1 goes to a chiller, where part of the
water vapor is condensed. After this unit, the gas is heated again to 473 K and sent to the second
reactor. The CAT?2’s product stream after condensing and drying corresponds to the biomethane of
the P2G plant. The specifications used for each unit are given in Tables 6.2 and 6.3.

CMP2 GHTI CATI CHLI  GHT2 CAT2 CHL2

H, from

) Biomethane
electrolysis

Off-gas from
biogas upgrading

Figure 6.16: Model blocks to simulate a P2G plant

Table 6.2: Methanation reactors specifications

. . Reactor .
Specification CATI CATY Unit
Number of tubes (n;) 800 800
Tube internal radius (R, cqc) 1.0102% 1.01072 m
Tube external radius (Ryype) 1.1102 1.1107% m
Intake/outlet manifold lengths (L;pnt, Liman) 0.1 0.1 m
Total length of the tube (L) 4.1 3.1 m
Coolant flow rate (Qcoo1) 1.0102 1.0102 m?s!
Length of each catalyst zone (L .one) 1.0 3.0 m
Number of catalyst zones 4 1
Catalyst concentration in zone 1 (p%(1)) 45 980  kgm?
Catalyst concentration in zone 2 (p"%%(2)) 80 kg m3
Catalyst concentration in zone 3 (p"i%(3)) 250 kg m
Catalyst concentration in zone 4 (p4*(4)) 350 kg m
Particle diameter (d,,) 20103 201073 m
Macroscopic void fraction (€) 0.4 0.4
Pure catalyst apparent density (pcqt) 890 890 kg m?
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Table 6.3: Specifications of auxiliary units in the P2G plant

Block  Specification Value  Unit
Discharge pressure (Pyy) 10.0 bar
CMP2 Isentropic efficiency (1;se) 0.8
Electric efficiency (7¢;) 0.9
GHT1 Outlet temperature (75,;)  400.15
CHL1 Outlet temperature (T5,¢) 313.15
GHT2 Outlet temperature (T,,;)  473.15
CHL2 Outlet temperature (Ty,¢;)  283.15

AR AA

The simulations of the methanation reactors were carried out by using the program developed
by Fache [126]. His program was coded in Fortran and used DASSL [135] to solve the differential-
algebraic system of equations generated by the methanation model (Section 5.3.6) [126]. The
input required by the first reactor were calculated and written from the simulation results of the
biomethane plant, considering the H, addition, the compression and the heat exchanger. On the
other hand, the input for the second one was estimated from the output of the first reactor using
a Python routine, which also performed the calculations of the chiller (CHL1) and the gas heater
(GHT2).

In the simulations, the procedure used to start the methanation reactors were the same one
described in the work of Fache [126]. This operation consisted of first heating the inerted reactor
until the operating temperature for 600 s. Then, maintaining the heating for another 600 s to stabilize
the temperature throughout the entire reactor. After this, a first injection of a mixture of CO, and
CHy in stoichiometric proportions was carried out for 30 s.

In continuous simulations, the flow rate and composition from the biomethane plant were used
only after the first injection. Thus, a few disturbances appeared in the first points of these simula-
tions. However, in these cases, only the stable values were analyzed, as it was considered that the
methanation reactors would already be in operation before the simulation period. The dynamic be-
havior of starting-up the reactor and putting it in stand-by was studied in the intermittent operation

simulations.
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6.2.1 Continuous operation

To evaluate a continuous operation of the P2G plant, the results of the biomethane plant simulation
from 15 July to 14 August were used, as it comprehends two different levels of gas flow rate into
the P2G plant (Figure 6.15). Besides, another simulation from 15 November to 15 December were
carried out to also capture the year highest biomass feed (Figure 6.6). In Table 6.4, the calculation
time for each of these study cases is presented.

Table 6.4: Simulation time for each methanation reactor.
Simulation time [s]

CAT1 CAT2
15 July - 14 August 1956 16910
15 November - 15 December 2116 14535

Case

From the outlet flow rate of the first catalytic reactor, the CO, conversion could be estimated
at 96.4% in July and of 94,5% in August (Figure 6.17 (a)). In terms of composition, the variations
through the simulation were barely noticeable, with CH4 fraction at around 30.7% in the whole
period (Figure 6.17 (b)). Despite of the high conversions, a second reaction stage would still be
required, as the dry gas composition of CAT1’s outlet would be composed by 77.7% of CH4, which
is not suitable for grid injection. Indeed, from a CO,-CH4 mixture in stoichiometric proportions, a
CO; conversion of 99% would be required to reach 95% of CHy4 in the dry gas.

The maximal temperature in the gas phase varied according to the feed flow rate, with values
close to 662 K in July and to 670 K in August (Figure 6.18). This marginal increase took place be-
cause of the augmentation in the reactor feed, which led to higher energy released by the reactions.
The gas temperature profile in the reactor at the end of the simulation shows that the reagent conver-
sions are concentrated in the beginning of each catalyst zone, as indicated by the temperature spikes
(Figure 6.18). Although most of the conversion occurred in the first three regions of the reactor, the
forth one was included to obtain the highest possible conversion before the following reaction stage.

In the second reactor, CAT2, the overall CO, conversion reached 99.4% in July and 98.6% in
August (Figure 6.19). Similarly to the effluent of the first methanation reactor, the gas composition
did not have a relevant variation, despite the increase in the feed flow rate. This indicates that the

residence time is not limiting extent of the reactions, thus a smaller reactor could be considered.
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Figure 6.17: CAT1’s outlet flow rate and composition.

However, at the same time, the dry composition of CAT2’s outlet does not have a large margin
compared to the specifications to grid injection, as a slight reduction in CO, conversion would
increase H, above the limit of 6% (Figure 6.20) [15].

In December, the flow rate of GST5 was 12.3% higher compared to November and 23.0% to
August (Figure 6.21). Considering that this stream was totally sent to the methanation reactors, a
temperature runaway occurred in CAT1, where maximal gas temperature exceeded 800 K as a hot-
spot was formed at the beginning of the second catalyst zone (Figure 6.22). This result indicates
that a special attention should be paid in designing the catalytic reactors and their gas treatment

capacity, as feedstock variations in the biogas plant could lead to thermal runaway in the reactors
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by reagent overflow.
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Figure 6.21: Upgrading unit off-gas stream (GSTS5) flow rate and composition from 15
November to 15 December.
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6.2.2 Intermittent operation

One of the main objectives of the P2G concept is to store excess electricity of the energy grid [13]. In
this case, the operation of the methanation reactors would be dynamic according to the availability
of surplus energy [136]. To account this kind of scenario, a criteria should be used to decide the
operation schedule of the P2G plant.

The French electricity transmission system operator (Réseau de Transport d’Electricité - RTE)
publishes several data on power generation and consumption in France [137]. The data on pumped-
storage power was used as indicator of surplus energy availability in the grid. Indeed, pumped
hydropower storage is currently the most established technology employed to absorb and store en-
ergy from the grid [138]. This technology consists of pumping water from a lower reservoir to a
higher one when the electricity demand is low and use it to generate electricity when the demand is
high [138, 139].

The total energy stored by hydropower plants was calculated for each hour of the day based on
the data of power generation in France in 2022 [137] (Figure 6.23). Although this kind of power
plant can work at any time of the day, most of the energy stored occurred during the night and
in the afternoon. The former period consists of the moment of the day with the lowest electricity
demand, while the latter, besides having a relative low demand, is also influenced by renewable
energy generation, especially solar power [140]. Thus, two working periods per day were assumed
for the P2G plant: a fixed one from 1:00 until 6:00; and a variable one from 12:00 until 18:00
according to the solar irradiance. In the second period, the methanation reactors would be operated

only during the times when the GHI is higher than 600 kW m™ and if these periods last at least 2 h.

Simulation setup

Two three-day periods were simulated to evaluate the winter and the summer seasons: 15-17 Febru-
ary and 20-22 July. Here, the meteorological data for a TMY were obtained from PVGIS using
the coordinates of Pau, France (+ 43.300, - 0.403) [141]. The initialization of both reactors was
initially carried out as described previously in Section 6.2. However, after the first injection, the

feed was kept constant for 600 s, then the reactors were put in stand-by for 1200 s. The stand-by
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Figure 6.23: Pumped hydroelectric energy stored in France in 2022 per hour of the day.

mode of the reactors consists in no reagent input and a direct recirculation of the coolant, which
enters at the same temperature it leaves the reactor, thus avoiding a fast temperature decrease of the
reactor [126]. After these procedures, the next injections were carried out with the off-gas stream
of the biomethane plant. The transition to stand-by mode was done by first cutting off the GST5
(i.e. the CO;, supply) with a ramp of 30 s, and then cutting the H; feed with a ramp of 30 s as well,
as recommended in the work of Fache [126]. To restart the reactor, GSTS and H;, were injected at
stoichiometric proportions with a ramp of 30 s until their full value, and the coolant was reheated to
its set value. The calculation times for each evaluated scenario are exhibited in Table 6.5.

Table 6.5: Simulation time for each study case of intermittent operation
Simulation time [s]

Case Biomethane plant CAT1 CAT2
15-17 February 370 1227 26304
20-21 July 356 1717 29140
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Winter season

In February, there was not enough solar irradiance during the considered interval (Figure 6.24).
Therefore, the catalytic reactors were operated only during the night, totaling 18 hours in this period.
The off-gas stream coming from the upgrading unit (GSTS) consisted of 98.6% of CO, with a flow
rate of approximately 138 Nm?> h™!. In CAT1, this stream was converted into around 129.5 Nm?> h’!
of CHy4, thus corresponding to a carbon dioxide conversion of 95.2% (Figure 6.25 (a)), which is in

line with the results obtained for a continuous operation (Section 6.2.1).
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Figure 6.24: Global horizontal irradiance from from 15 (day 45) until 17 (day 47) February
in Pau for a TMY. The highlighted zones correspond to the working hours of the P2G plant.

After each injection, there was a spike of H; in the effluent. This effect occurred because the
reactor was overflown with hydrogen when it was put in stand-by mode. Besides, a momentaneous
temperature peak reaching up to 678 K could also be observed at the start of each operation, which
is linked to higher reactions rates when the reagents were first introduced (Figure 6.25 (b)). Briefly
after, the hot-spot temperature stabilized around 667 K. In stand-by mode, the coolant was only
recirculated in the reactor, which led to a linear decrease of the gas temperature of about - 1.7 K h'!,

reaching a minimum value of 602 K just before the next reactor start-up.
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Figure 6.25: CAT1 outlet flow rate (a) and maximal gas temperature (b) in the reactor from
15 to 17 February with intermittent operation.

Using the day 16 as reference, it took 6.5 minutes to methane flow rate reach 99% of its steady
value (Figure 6.26). This demonstrates that the adopted reactor structure and the start-up procedure
enable a relatively quick start-up. This feature is particularly important for intermittent operations,
as it reduces the duration of off-spec gas production. On the other hand, the transition to stand-by
mode went considerably faster, with methane flow rate reducing to zero in 45 seconds.

Still on day 16, the gas temperature rose as soon as the injection started (Figure 6.27). Such
effect occurred because, at first, the coolant was reheated until its set temperature instead of being
directly recirculated, and the reactions started to generate heat. This initial temperature peak was

stabilized in about 12 minutes, and, at the end of the production period, the feed cut-off led to a
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Figure 6.26: CAT1 outlet partial flow rates on 16 February.

quick reduction from 667 K to 634 K in 6 minutes.

In the second reactor, the trend was similar to the first one (Figure 6.28). However, the tempera-
ture values were lower, around 626 K during the operation time, due to much lower reaction rates in
this unit. The overall CO; conversion reached 99.8% and the dry gas composition met the injection
specifications (Table 6.6). In Table 6.6, the day 16 February was used again as reference because

there was not a significant difference compared to the other days.

Table 6.6: Flow rate and compositions at steady operation on 16 February
Composition [%]

3 -1

Stream Flow rate [Nm” h™'] CH, H, CO, H,0 CO
CAT1 inlet (GST10) 680.8 03 798 199 0.0 0.0
CAT1 outlet (GSTI11) 422.1 306 72 1.8 604 <0.1
CAT?2 inlet (GST13) 169.2 76.8 180 45 0.7 <0.1
CAT?2 outlet (GST14) 155.1 873 29 0.7 9.0 <0.1
P2G Biomethane (GST15) 141.1 959 32 08 00 <0.1
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Figure 6.27: CAT1 maximal gas temperature on 16 February.
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Figure 6.28: CAT?2 outlet flow rate (a) and maximal gas temperature (b) in the reactor from
15 to 17 February with intermittent operation.
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Summer season

In July, the catalytic reactors were operated both in the night and the day periods, as GHI reached
values above 600 W m2 in all the afternoons (Figure 6.29). The total working hours were 18 hours
during the night and 11 hours in the afternoons. The off-gas coming from the biomethane plant

consisted of 126.1 Nm?3 h'! with 98.4% of CO, in average.
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Figure 6.29: Global horizontal irradiance from from 20 (day 200) until 22 (day 202) July in
Pau for a TMY. The highlighted zones correspond to the working hours of the P2G plant.

In CAT1, the CHy4 production reached approximately 119.3 Nm™ h™!, and, in the second one, it
augmented to 125.1 Nm™ h'! (Figure 6.30). In terms of CO, conversion, these values corresponded
to a 94.6% conversion in the first reactor and 99.2% in the second one.

Besides increasing the biomethane production, the higher number of operating periods also
reduced the temperature drop of the reactor, which minimum was about 3% higher compared to the
winter period (Figure 6.31). In stand-by mode, the temperature drop was also approximately linear
at arate of - 1.8 K h'! in CAT1 and - 2.1 K h'! in CAT2. The difference between the two studied
periods occurred especially due to the shorter gaps in the July in relation to February.

Using again the middle day as reference (i.e. 21 July), from the beginning of feed injection,
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Figure 6.30: Catalytic reactors outlet partial flow rate on 20, 21 and 22 July for an inter-
mittent operation.

99% of the steady CH4 was reached within 6 min in CAT1 and 8.4 min in CAT2 (Figure 6.32). Re-
garding these dynamics, there were not remarkable differences between the night and the afternoon
operations.

An intermittent operation of the P2G plant according the surplus electricity availability led to a
seasonal variation between Summer and Winter season (Table 6.7). Due to a higher solar irradiance
in July, the P2G operated during more hours in this month compared to February, when the reactors
were active only during the night. This difference impacted directly the methane production, which
was 1.58 fold higher in July, with an overall conversion of total available CO, at 35.3%, while it
was at 20.3% in the Winter period. The biomethane in both periods had a composition of around
96% of CHg, 3% of Hy, and 1% of CO,, which is within grid injection specifications.

In these study cases, the hydrogen production was supposed to be non-limiting. However, as the
surplus electricity would be used to power the electrolyzer in an actual situation, including this other
reactor would allow to truly study the capacity of the P2G plant to produce under real conditions.
Besides, it was supposed that the catalytic reactors would either treat the full stream coming from

biomethane plant or it would be put in stand-by mode. Other intermediary cases could be possible
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Figure 6.31: Maximal gas temperatures in CAT1 and CAT2 on 20, 21 and 22 July for an
intermittent operation.

according to surplus energy availability. For instance, working at intermediate capacity levels, in
which only a portion of the available off-gas would be treated. Nevertheless, the tools developed in
this work allowed to estimate the additional production of CH4 from the valorization of an off-gas

of the biomethane plant.

Table 6.7: Summary of P2G plant production for summer (20-22 July) and winter (15-
17 February) operations. Only the on-spec biomethane production in the P2G plant was
considered.

Metric 15-17 February  20-22 July
Total CO» in off-gas [Nm?’] 9784.2 8934.1
P2G plant working time [h] 18 29
Total CH, produced [Nm?] 1990.3 3151.3
Total H, in biomethane [Nm?] 67.2 101.5
Total CO, in biomethane [Nm?] 16.6 25.1
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Figure 6.32: Catalytic reactors outlet partial flow rate on 21 July.

6.2.3 Process safety remarks

It was shown in Section 6.2.1 that a feed overflow into the catalytic reactors can lead to a thermal
runaway (Figure 6.22). In addition to this situation, an eventual reduction in reagent conversion and
its effects in the thermal stability of the reactor was analyzed here. When using the off-stream from
a biomethane plant, a catalyst poisoning with H,S would be of particular interest given that this
contaminant is present in raw biogas. Although this compound is removed in the biogas cleaning
step, if, due to a dysfunction in this stage, H,S reaches the methanation reactor, it would poison the
catalyst and thus reduce its efficacy. Other situations could also lead to a similar effect in reaction
rates. For example, if the temperature of the coolant would drop following an operation error or
equipment malfunction.

In the current model, catalyst poisoning cannot be simulated. For this reason, to reduce the
reaction rates, the temperature of the heat exchange fluid was reduced instead. This simulation was
carried out by considering a cold start-up of the reactor as previously explained in Section 6.2. A
constant feed of 640 Nm? h'! of H, and CO, mixture in stoichiometric proportions was used. After

the first injection with a ramp of 30 s, the model parameters were kept constants for 600 s to stabilize
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the reactor. Then, the coolant entry temperature was reduced by 10 K with a ramp of 30 s. After
each temperature change, the reactor was simulated for 600 s. This procedure was repeated from an
initial temperature of 623.15 K until 593.15 K (Figure 6.33). The same structure as CAT1 (Table

6.2) was used.
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Figure 6.33: Coolant entry temperature into the reactor. The vertical dashed line indicates
the time when the feed injection started.

The maximal gas temperature increased as the coolant temperature decreased (Figure 6.34).
The gas temperature surpassed 773 K at 2833 s, when the coolant temperature was at 603.15 K.
Therefore, reducing the heat exchanger fluid temperature led to a thermal runaway of the catalytic
reactor, even though one could expect that using a colder coolant would instead help to prevent it.

When the coolant was at 623.15 K, the gas temperature within the reactor presented a slight
increase at the initial section of each catalyst zone (Figure 6.35, t = 1840 s). As the heat exchange
fluid was cooled down, the overall gas temperature also reduced. However, at the same time, it led
to a formation of a hot-spot at the start of the third catalyst zone, thus indicating that the reactions
concentrated in this region. In fact, the temperature reduction impaired the conversions in the first
two zones. Att = 1840 s, the CO, molar fraction went from 20% at the reactor inlet to less than

8% at the end of the second zone (Figure 6.36). With a coolant temperature at 593.15 K at t = 3730
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Figure 6.34: Maximal gas temperature in the reactor. The vertical dashed line indicates the
start of the feeding and the dotted lines the changes of the coolant temperature.

s, this value was at almost 16% in this same position. As the third zone has a much higher catalyst
concentration compared to the first two regions, the higher reagent concentrations compensated the
temperature reduction, leading to the formation of the hot-spot.

Therefore, when employing multiple catalyst zones with increasing concentration, a special
attention should be paid to any factor that could impair the conversion in the reactors. An analogous
reasoning could be applied to the second reaction stage. A reduction in the reaction extent in the
first reactor would lead to more reagents arriving to the second one, which operates with a much

more elevated catalyst concentration, and thus possibly leading to a thermal runaway as well.
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Figure 6.35: Time profile of the gas temperature in the catalytic reactor. The vertical dashed
lines delimit each catalyst zone. Each curve correspond to the profile to the moment before
each coolant temperature change.
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Figure 6.36: Time profile of the CO, molar fraction in the catalytic reactor. The vertical
dashed lines delimit each catalyst zone.
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6.2.4 Heat recovery strategies

In biogas plants, the digesters are the main heat sinks, as they require thermal energy to compensate
the heat losses to the environment. Often, a fraction of the biogas produced is used to generate the
necessary heat, with this auto-consumption potentially reaching up to 15% of the total production
[46]. In Chapter 3, it was shown that lowering such self-consumption can positively impact the
plant’s carbon footprint and energy efficiency.

Given that the methanation reaction is exotermic (Eq. 5.34), the P2G plant possibly presents
some opportunities to significantly reduce biogas self-consumption. In addition, several other units
require heating or cooling utilities, which can also aid in the plant’s thermal integration. Therefore,
this section aims to utilize the developed models to asses thermal energy sources and sinks, and
identify potential synergies between the biomethane plant and the catalytic methanation reactors.
The results from the intermittent operation of the P2G plant were used in this evaluation (Section
6.2.2).

In February, the heat demand in the whole installation varied between 47 and 92 kW (Figure
6.37). Using the same assumptions employed in Section 6.1.1, the self-consumption in the biogas
plant would be at 4.4% to heat the digester and the post-digester. In the membrane separator, it
was supposed that only half of the heat removed from the gas stream could be used for heating.
Indeed, after the compression to 20 bar in this unit, the gas temperature reached 616.4 K, and then
it was cooled down to 278.15 K prior to injection in the first separation stage. Thus, only part of
this stream energy would be possible to recover as a hot utility, while the remaining portion would
require the use of a cold one. If the thermal energy available from the 3MEM was recovered, it
would be able to attend more than 50% of the heat needs of DIG1 and DIG2.

The operation hours of the P2G plant were marked by a net positive heat production in the
entire system. Most of this thermal energy production took place in the first catalytic reactor, which
released 220.7 kW while in operation. CAT2 was in fact a heat sink, with its demand at 1.13 kW, as
the energy released by the reactions did not compensate the heat losses to the external environment.
This occurred because the reactions extent in this second reactor was much lower in relation to the

first one. GHT1 worked in fact as a chiller and it can be considered a potential heat source because
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the compressed gas entered this unit at 522.4 K and left at 400.15 K. On the other hand, GHT2

heated the chilled gas from 300.15 K until 473.15 K, thus requiring a thermal energy input.
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Figure 6.37: Heating utility demand on 15, 16 and 17 February in the whole plant
(biomethane and P2G) with intermittent operation of the P2G plant. Positive values in-
dicate a heat consumption, and negative values heat production. 3MEM values correspond
to half of the calculated power of the upgrading unit’s heat exchanger.

The heat demand trend in the July simulations was similar to the one obtained in February
(Figure (6.38). However, the time gaps between the working periods of the P2G were shorter as
there was enough solar irradiance to start the catalytic reactors in the afternoons. In the biogas
digester, the heat demand decreased from around 59.6 kW in February to about 42.4 kW in July.
Thus, the heat production in the P2G was higher in the Season with lower heat demand.

In both studied periods, there was an overall net positive thermal energy generation (Table 6.8).
However, the heat generation was concentrated in the P2G plant’s operating hours. This means that a
thermal energy storage system would be required if this energy was employed to heat the digesters,
which require heat during the whole period. In this case, a zero biogas self-consumption would
be possible. Besides, the surplus heat generated could be used in other process, as, for instance,

feedstock hygienisation, digestate drying or be sold to a neighbor industry or heat district.
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Figure 6.38: Heating utility demand on 20, 21 and 22 July in the whole plant (biomethane
and P2G) with intermittent operation of the P2G plant. Positive values indicate a heat
consumption, and negative values heat production. 3MEM values correspond to half of the
calculated power of the upgrading unit’s heat exchanger.

It should also be noted that these considerations are based in an intermittent operation that only
reflects the solar energy generation. The availability of excess electricity depends on other factors
as, for instance, power consumption and generation from other sources. With an increasing fraction
of renewable sources in the energy mix, wind speed might also influence on this energy balance as
well. Possibly, the P2G would actually be able to operate for more hours a day, thus reducing the
stand-by intervals. In this case, the heat generation would be better distributed, and less thermal
storage would be required. Therefore, as a continuation of this work, it would be interesting to use

a more complex approach to define P2G plant’s operation schedule.
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Table 6.8: Total energy demand or production during the three-days period in February
and in July for an intermittent operation of the P2G plant. Positive values refer to a heat
demand and negative ones to heat production.

Heat demand [MJ]

Unit 15-17 February  20-22 July
DIGI 189463 187943
DIG2 162447  +2279.4
3MEM - 82482 -7785.2
CATI 111095 - 184342
CAT2 +572 13443
GHT1 - 1567.0 - 2835.6
GHT2 116032 +2901.0
Net demand -4073.3 - 14733.0

6.3 Conclusions

In this chapter, a number of different study cases could be evaluated using the models developed
during this thesis. Besides, they were integrated with a catalytic methanation model produced in
a previous PhD thesis carried out in LaTEP. The digester model could be applied to evaluate the
structural thermal losses in different climates, which can be useful in designing new biogas plants at
different locations. In addition, it could be also useful in training the staff of these installations, as
it is possible to study different parameters that affect the process. Integrating the biomethane plant
to a P2G installation allowed evaluating the additional methane that would be produced from this

multi-energy platform and assessing possible synergies between these processes.
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CHAPTER 7
CONCLUSIONS AND PERSPECTIVES

The objective of this work was to develop computational models to dynamically simulate biomethane
production in a biogas plant combined with a catalytic methanation reactor within a Power-to-Gas
(P2G) approach. The produced gas was designed to meet the grid injection specifications, specifi-
cally those of the French natural gas grid.

The analysis on the technology allowed defining the typical biomethane plant as: an agricultural
biogas plant, equipped with CSTR digesters and membrane separator. Therefore, this digester and
this upgrading unit were modeled in this thesis.

The literature review indicated that ADM1 is the mainstream approach for describing the biore-
actions in AD systems. Thus, a modified version of ADMI1, more suitable for agricultural systems,
and a comprehensive thermal model were combined into the digester mathematical description. This
model was validated against experimental data, showing good agreement in predicting biogas pro-
duction and thermal behavior. However, the kinetic model had limitations in representing dynamic
biogas production under strong feedstock variations. This means that further advancements in AD
kinetic modeling is still required to fully capture the complexity of anaerobic digestion systems.

The biogas cleaning and upgrading stages were modeled using simpler approaches. As upgrad-
ing unit, a three-stage membrane separator was used. Although a quite basic model was adopted
in this permeator, it managed to fairly reproduce the results obtained by a much more complex
approach from the literature.

Then, several simulations including these biomethane plant units and a catalytic methanation
reactor model, which was previously developed in LaTEP, were carried out. These studies showed
that this multi-energy platform would be able to store excess energy from the grid, as the start-up
uf the methanation reactors could be done within a few minuts. Besides, they revealed this system
could be subject of seasonal variations due to variabilities in renewable energy production.

However, many other possibilities were left unexplored. For instance, it would be interesting

to evaluate the viability of H, storage to reduce the intermittency of the methanation reactors. In-
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tegrating an electrolyzer into the simulation environment would possibly give more insights in the
capabilities of such system to operate under dynamic conditions. Also, the design of the plant
units (e.g. dimensions, operating conditions) and their operation (e.g. feeding schedule, gas storage
level) could be optimized to minimize the installation’s environmental footprint or to maximize its
economic performance. The answers to these questions will hopefully be found in the following

years.
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APPENDIX A
GEOMETRY RELATIONSHIPS

A.1 Spherical cap

>

R |

cap |
Z
Figure A.1: Geometrical representation of a spherical cap.
A.1.1 Radius
HT? + (%)

Rcap = W (A.1)
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A.1.2 Volume
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APPENDIX B
HEAT TRANSFER CORRELATIONS

The heat transfer flow rates by convection, either natural or forced, were estimated through the use
of empirical correlations on Nu, which was used to estimate the heat transfer coefficient, / (Eq.

B.1).

Nu=—~ (B.1)

These correlations are calculated using other dimensionless numbers: Re (Eq. B.2), Pr (Eq.

B.3), Gr (Eq. B.4), Gry, (Eq. B.5, Ra (Eq. B.6), Sh (Eq. B.7), Sc (Eq. B.8).

Re— ZL (B.2)

pro P SP (B.3)

G — BL?’IZ)AT | (B.4)

14

Gr. — 9 (ps _pigulk) L (B.5)
Ra = Gr Pr (B.6)

Sh = ng (B.7)

Se — D: . (B.8)
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B.1 Natural convection

B.1.1 Horizontal plate

For natural convection over a hot plate or under a cold one, Eq. B.9 was used. Alternatively, to

describe the heat transfer over a cold plate or under a hot one, Eq. B.10 was employed [142].

0.54Ra'/*, 10* < Ra < 107
Nu = (B.9)

0.15Ra'/3, 107 < Ra < 10!

Nu = 0.27Ra'/*, 10° < Ra < 10'° (B.10)

B.1.2 Vertical plate

For natural convection in contact with a vertical plate, the equation of Churchill and Chu [143] was

used (Eq. B.11).

0.387Ral/6

Nu = [0.825+
e (T
Pr

(B.11)

B.1.3 Horizontal tube

Natural convection over a horizontal tube was described using the correlation of Churchill and Chu

[144] (Eq. B.12).

0.387Ra!/"
7
(1+ (0.559/Pr)” 16)8/2

Nu= |06+ (B.12)
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B.2 Forced convection

B.2.1 Cylinder in cross flow

The forced convection with a cylinder in cross flow was calculated using the equation of Churchill

and Bernstein [145] (Eq. B.13).

4/5
0.62Rel/2prl/3 Re 5/8
Nu=0.3 1 —_— B.13
B * 0.4\ 2311/ * <282 000) (B.13)
)]
B.2.2 Flat plate in parallel flow
Nu was calculated using Eq. B.14 [146].
0.664Rel/2Pr1/3, Re < 510°
Nu= (B.14)

(0.0037R64/5 - 871) Prl/3, Re>510°

B.2.3 Internal flow in circular tubes

Nwu was calculated according to the flow regime: laminar regime (Re < 2300, Eq. B.15) [147] and

turbulent regime (Re > 2300, Eq. B.16) [148].

Nu = 3.66 (B.15)

Nu = 0.0023Re%8 prl/3 (B.16)

B.2.4 Turbulent flow in circular tubes

Another correlation to evaluate Nw in internal flow in tubes is the Gnielinski’s equation (Eq. B.17),
which is valid over a large range of Re [149]. The friction factor, f, can be estimated for smooth

tubes using Petukhov’s equation (Eq. B.18) [150].
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N — (f/8) (Re —1000) Pr

_ (B.17)
1+12.7 (f£/8) (Pr2/3 — 1)

£ = (0.79In(Re) — 1.64) (B.18)
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