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Summary
Interest in biogas has increased due to natural gas shortages and the energy transition. Most digesters
in the EU have internal heating for process stability. Unheated reactors could potentially lower costs,
but have decreased kinetics due to low operational temperatures, especially in winter. This raises the
question how seasonal temperature fluctuations effect biogas production. If this effect could be incor-
porated in current models such as the Anaerobic Digestion Model no.1 (ADM1), scenarios could be
compared to investigate when heating is worthwile.

In this thesis, an extension is created to the ADM1 in Python to predict the operational temperature
and its effects on the anaerobic digestion process. To lower the stiffness of the ADM1, different pH
calculation methods were compared. These methods and the used Python version of the model were
validated by digestion of the Benchmark Simulation Model 2 (BSM2) ADM1 influent. It was found that
the combination of the Differential Algebraic Equation (DAE) with the Radau numerical solving method
produced the smallest errors with the lowest computational burden.

A heat-transfermodel was included, which calculates bulk liquid temperature as a function of weather
data, digester design and some operational factors. AOne-At-a-Time (OAT) sensitivity analysis showed
the dependence of yearly temperature fluctuations on several design and operational parameters.

The calculated operational temperature is coupled to the ADM1 through several temperature in-
hibition functions for biochemical processes. Furthermore, the dependency of the liquid-gas transfer
coefficient was investigated. It was found that this last step in biogas production could potentially be-
come rate-limiting at temperatures lower than 30 °C, but this result was not validated.

The coupled heat transfer - ADM1 model is used to study the case of an unheated fixed-dome re-
actor for the co-digestion of spent wort and Waste Activated Sludge (WAS) of the La Trappe brewery
in the Netherlands. The influent substrate concentrations were determined by a biochemical fractiona-
tion procedure, and the model was able to simulate methane production curves found in Biochemical
Methane Potential (BMP) experiments. Simulations of digestion for the La Trappe case showed sea-
sonality in biogas production, increasing in summer and decreasing in winter. The extent of the effect
was found to be dependent on substrate composition, with lipid-rich substrates being affected more
than carbohydrate- or protein-rich substrates. Furthermore, the simulation showed seasonality in rate-
limiting step, with hydrolysis in summer and methanogenesis in winter. This caused the pH to lower
with winter, and it was found that higher base dosage is needed in colder winters to prevent acidifica-
tion. Higher influent temperatures improved process stability, lowered amounts of base needed and
increased biogas production.

Furthermore, the relation between temperature and volume showed that washout of methanogens
and consequent VFA accumulation is dependent on the absolute temperature inhibition function for
acetoclastic methanogens. Simulation of the digestion of BSM2 influent showed that the maximum
Organic Loading Rate (OLR) increased with temperature till 30 °C, but decreased above this point as
free ammonia inhibition starts to limit methanogenic metabolism. For La Trappe, OLR determines the
needed base dosage, allowing smaller volumes if more base is added. Lastly, internal heating with the
produced biogas was investigated, and optimal heating for biogas production was found.

The found results from the model were used to asses the costs and benefits of several design
and operational options for the digester at La Trappe. This digester will be used in future research for
validation of the model.
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1
Introduction

Biogas is a small but important part for the energy sector, and the EU is aiming to grow its share due
to the energy transition and recent gas shortages [48]. Since 2018, worldwide biogas production is
59.3billion m3/y, which is equivalent to 1.36EJ [103]. This is 0.8% of all primary renewable energy
produced worldwide [47]. More than half of the production is found in Europe, where the main pro-
duction takes place in heated industrial anaerobic digesters. The second largest producer of biogas is
Asia, where unheated small-scale household anaerobic digesters form a large part of the producers. In
China alone, 40 million household anaerobic digesters exist, producing more than 75% of the nations
biogas [62]. Moreover, the use of anaerobic digesters to provide energy to people living in poor rural
areas in the tropics or subtropics has been suggested in a large number of studies [71, 31, 14, 27, 8,
92]. In many countries in the global south, small-scale digesters are therefore promoted as a sustain-
able technology for treating manure and other wastes, while generating a renewable energy source
and effluent digestate, which can be used as a fertilizer [99]. This can be especially convenient for
resource-constraint communities, which are not connected to a central power grid.

1.1. Anaerobic degradation process
The anaerobic degradation of organic matter is a complex system of reactions performed by several
groups of micro-organisms. It proceeds in four consecutive reactions: hydrolysis, acidogenesis, aceto-
genesis andmethanogenesis, as shown in Figure 1.1a. Before these steps take place, complex organic
material is broken down into proteins, carbohydrates, lipids and inert material within the disintegration
process step.

During hydrolysis, enzymes convert these undissolved macro components into soluble compounds,
like amino acids, sugars, alcohols and fatty acids. Hydrolysis is often the rate-limiting step for the overall
digestion process, especially for influent with high amounts of particulate solids. Important parameters
that influence the conversion rate are the suspended solids (SS) to chemical oxygen demand (COD)
ratio, temperature and extracellular enzyme concentration. When this step is rate-limiting, it determines
reactor volumes of anaerobic digesters. Pre-treatment, either physical, chemical or in combination, can
accelerate this step[101].

Acidogenesis is the conversion of amino acids into sugars and the oxidation of higher fats into
smaller volatile fatty acids (VFAs), lactate and ethanol. Acidogenesis is often the fastest conversion
step, with the highest −∆G0 of all anaerobic conversions. Because of the high bacterial growth rates
of this group, and the acidity of the produced VFAs, anaerobic reactors are prone for sudden pH shifts.
This lower pH causes inhibition of methanogens, which will be less able to convert the acidic acetate
into methane. This causes a positive feedback cycle, resulting in acidification of the substrate. This
phenomenon can occur if influent concentrations are too high, which is called overloading. A schematic
overview of the positive feedback cycle is given in Figure 1.1b

1



1.2. Temperature dependency 2

(a) Anaerobic digestion conversion reactions from complex polymers to
methane and carbon dioxide in the four degradation steps [34].

Particulate biomass is degraded to soluble substrates in the hydrolysis
step. Acidogenesis further degrades these into VFAs, and subsequently

acetogenesis into acetate and hydrogen. Finally, two different
methanogenic pathways produce methane and carbon dioxide. Original

publication: Gujer and Zehnder [36].

(b) The positive feedback cycle of acidification [42]. VFAs are acidic and
contribute to lowering the pH. This drives the shift in VFAs to their

un-ionized form, which inactivates methanogenic activity. Due to this
inactivation, less VFAs are converted to methane, increasing VFA

concentrations.

Figure 1.1: Flowcharts of the anaerobic degradation process (a) and the positive feedback of acidification (b).

Two different pathways exist for acetogenesis. In the proton-reducing pathway, VFAs and small sol-
uble organic molecules are metabolized, producing acetate, hydrogen gas and carbon dioxide. During
homoacetogenesis, hydrogen gas and carbon dioxide are metabolized, and acetate is produced, Most
acetate in anaerobic digesters is produced with the proton-reduction pathway, and the most important
substrates are propionate and butyrate, but also lactate, ethanol and methanol are converted. How-
ever, these acetogenic bacteria are inhibited by hydrogen (H2), which they produce themselves. They
therefore form a mutualistic bond with methanogenic bacteria, which are hydrogen consuming. This
creates a certain range of hydrogen concentration in anaerobic digesters for both species to survive.
This hydrogen concentration is maintained in stabilised digesters, because of the effective uptake of
hydrogen by methanogens.

The last step is methanogenesis, in which two pathways exist as well. Aceticlastic methanogens
metabolize acetate and hydrogenotrophic methanogens metabolize carbon dioxide and hydrogen, both
producing methane. This is often found to be the rate limiting step after hydrolysis step. Generally,70%
of the producedmethane originates from acetate, while the rest is produced from hydrogen. The growth
rate of aceticlastic methanogens is low, with a typical doubling time of several days. This causes the
long start-up time of anaerobic digesters. Hydrogenotrophic bacteria have higher growth rates, which
give anaerobic systems more stability under various operating conditions.

1.2. Temperature dependency
Typically biogas production is considered in three main temperature ranges (psychrophilic 15-20 °C,
mesophilic 30-45 °C and thermophilic 50-65 °C) [82]. A general relation between the absolute growth
rates of the methanogens in these ranges and their relation to temperature can beis mesophilic, and
mesophilic species have higher absolute growth rates and methane production then psychrophilic
species [80, 46]. This effect is lessened when looking at net growth, as decay rates are effected by
temperature as well. Nevertheless, thermophilic digestion has the increased metabolic rates as the ad-
vantage, but decreased process stability and high energy input requirements as the disadvantages [60].
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Figure 1.2: Relative growth rates of different methanogenic species with temperature [97].

Apart from the absolute temperature, the change in temperature over time should be limited as
well. It is common knowledge among digester operators that temperature fluctuations should remain
below 0.5 °Cd−1 in order to not cause biomass inactivation and decreased biogas production [46].
This is the main reason why most industrial digesters contain temperature regulation in colder regions.
Furthermore, if temperature drops below psychrophilic temperatures (<15 °C) for a longer time, all
biogas producing biomass becomes dormant, and reactors often need a long time to regain former
biogas production levels [21].

1.3. Household reactors
In addition to operational temperature, the anaerobic digestion process is dependent on many other
factors, such as pre-treatment, substrate composition and HRT. These influence the design of the re-
actor, just like technical, economical, legislative and social factors. Due to the wide variety of cases,
numerous reactor designs exist. This makes it difficult to categorize anaerobic digesters, but when
considering small scale domestic application, three most used designs can be defined. These include
the tubular bag digester, the floating drum digester and the fixed-dome reactor [25].
Tubular bag digesters are sealed tubular PVC or PE bags, often referred to as balloons. They are
mostly implemented in South America and are successful due to their low cost and easy implementa-
tion and operation. Floating drum digesters consist of an underground digester with a movable gas
drum floating on the bulk liquid. As gas is collected in the gas drum, it will rise due to the increased
pressure, and it will fall if gas is removed from the drum. This gives constant gas pressure and a
visible inventory of the amount of gas in the digester. However, since the increase in the number of
digesters in China, it has been observed that the fixed-dome design is the most used design approach,
allowing for an affordable and reliable solution for the domestic household market with lowmaintenance
[8]. In India, a switch is made from the floating drum design to the fixed dome (Austin and Morris, 2012).

Because of the masonry required for construction of these reactors, and the variable load they need
to be able to handle depending on the user, no standard design of a fixed-dome digester exists. How-
ever, prefabricated reactors are increasingly produced, and have advantages like the lower production
costs, improved quality assurance and lower environmental impacts [25]. A schematic design of a typ-
ical fixed-dome reactor is shown in Figure 1.3. Many variations on the design exists, but all use the
same principles. Biodegradable waste is introduced to the reactor through an inlet pipe. Because of
the low area exposed to the atmosphere, the reactor becomes anaerobic. The microbial community
in the digester produces gases, which builds up pressure in the dome, pushing the sludge down. At
the top of the dome, a gas pipe is installed for gas extraction. A removal outlet opposite of the inlet is
present with an overflow system. Furthermore, an outlet pipe is present to pump heavier sludge from
the bottom of the reactor out directly. This outlet pipe is not always present.
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Figure 1.3: Schematic overview of a fixed dome anaerobic digester. 1. Mixing tank with inlet pipe and sand trap. 2. Digester.
3. Compensation and removal tank. 4. Gasholder. 5. Gas pipe. 6. Entry hatch, with gas tight seal. 7. Accumulation of thick

sludge. 8. Outlet pipe. 9. Reference level. 10. Supernatant scum, broken up by varying level. [52]
.

1.4. Problem statement
Even though the merits are well understood, the wide-spread implementation of household fixed-dome
anaerobic digesters in developing countries is still a slow-moving process [27]. One of the constrains
which causes the delay in implementation of anaerobic digestion in developing countries is found in
the low biogas production [63]. Because of the low production, the economic incentive decreases and
no longer meets the user’s expectations. The decrease in production is partially caused by process
instability [4]. The performance of a digester is adversely affected by sub optimal temperatures and by
temperature fluctuations [78]. In basic fixed-dome reactors, no control technology is present to regu-
late operating temperature. This reduces the production of biogas of fixed-dome digesters especially
in countries with large seasonal temperature fluctuations. In Bangladesh for example, it was found that
a fixed-dome anaerobic digester had a decrease in biogas production of 47.85% between autumn and
winter [110].

Recommendations have been made to increase biogas production quantity and quality in small-
scale household digesters [101]. Several of these recommendations are centered around the increase
and stabilisation of digester temperature, with for example insulation. Another proposal is the inclusion
of heaters powered with renewable energies such as solar, wind or the produced biogas [107]. However,
it is important to understand the effects of temperature and temperature fluctuations on the biogas
production process, as to understand which recommendations are effective in which context. A model
is therefore needed to simulate the effect of these measures on the anaerobic digestion process. As
temperature changes as a function of environmental conditions, a thermal balancemodel of the digester
is needed in order to predict the temperature of the bulk liquid in the digester. This can subsequently
be linked to an anaerobic digestion model such as the Anaerobic Digestion Model No. 1 (ADM1) to
model the effect of the temperature on biogas production.

1.5. La Trappe as a case-study
At the WWTP of the La Trappe brewery and the connected monastery Koningshoeve in Tilburg, Nether-
lands, anaerobic digestion is proposed as a wastewater treatment step. At the moment, the spent wort,
a sugary waste product from the brewing process, is discharged to the WWTP and sludge from this
WWTP is directly applied as fertilizer on nearby farmland. However, their affiliatedmonastery in Uganda
successfully started digesting their organic waste streams in an unheated household fixed-dome di-
gester, which inspired the Dutch monastery to utilize the same technology. This hypothetical unheated
fixed-dome digester could therefore be used to investigate the effects of seasonal temperature fluxes
on the digestion process stability. The intention is to feed the digester with the spent wort stream from
the brewery. This 72 °C stream contains high concentrations of hydrolysed carbohydrates, and its bio-
chemical composition is variable depending on which of the twelve types of La Trappe beer was brewed
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in the given batch. This thesis therefore focused on the digestion at mesophilic temperatures, as it was
assumed that thermophilic digestion would suffer from process instability due to fluctuations in the sub-
strate concentrations and in the operational temperature [50, 105]. It was assumed that the spent wort
is readily biodegradable, and that methanogenesis will therefore be the rate limiting step for digestion,
possibly causing acidification. In the hope to set the mean rate limiting step to hydrolysis, co-digestion
with a less-readily biodegradable COD source is investigated, therefore preventing acidification. This
other substrate is the Waste Activated Sludge (WAS) stream which originates from the WWTP. This
WWTP has a Metabolic Network Reactor (MNR), which is an activated sludge treatment step where
plants grow on top of the reactors, with their roots hanging in the wastewater stream. These plant roots
allow for better biomass retention times. The whole reactor is covered by a greenhouse, which is kept
at 27 °C. The MNR is followed by dissolved air flotation and gravity belt thickening. Around 1m3 of wort
and 1m3 of belt-thickened sludge is produced in the brewery and WWTP per day. The WAS coming
from the belt thickener is assumed to be less readily biodegradable compared to the wort stream. These
two streams can therefore be co-digested for process stability. As the monks request for innovative but
frugal solutions, a similar fixed-dome reactor design as the Ugandan reactor is considered. However,
as seasonal temperature fluctuations in the Netherlands are substantial, a heat management strategy
is needed for the digester.

1.6. Research question
The following research question is to be answered in this thesis:

How will seasonal temperature fluctuation influence the biogas production in a frugal digester in a
cold climate, using La Trappe as an example?

The goal of this thesis is to create a coupled heat transfer and anaerobic digestion model capable
of simulating the effects of temperature on the anaerobic digestion processes for the La Trappe case.
The heat transfer model will calculate the operational temperature of the bulk liquid in the digester as
a function of weather data from the KNMI. Influent concentrations for the co-digestion of the wort and
sludge of La Trappe will be determined with a biochemical fractionation method for ADM1 input vari-
ables. The created model will be used to simulate different design and operational strategies for biogas
production. A schematic representation of the situation is shown in Figure 1.4.

Figure 1.4: Schematic overview of the situation at La Trappe as modelled in this thesis. A mixture of 1m3 of wort and 1m3 of
sludge are proposed as the daily influent to the digester, which will be exposed to the Dutch climate as represented with data
from the Dutch weather institute KNMI. The heat transfer model will simulate the effect of ambient conditions on the bulk liquid

temperature, and the coupled extended ADM1 will simulate the effect of this temperature on the biogas production.



2
Background literature

2.1. ADM1
The Anaerobic Digestion Model No. 1 was developed by the IWA Task Group for Mathematical Model-
ing of Anaerobic Digestion, and was released in 2002 [11]. This model has since its release had many
modifications and extensions, but has never been revised completely, due to its general applicability
and accuracy. In the model, differential equations track the state of 35 concentrations over 28 reactions
which describe the anaerobic digestion process, and the full Petersen matrix with all reactions in Ap-
pendix A. The processes can be divided into bio-chemical and physico-chemical processes.

One of the generally accepted and adopted modifications came from Rosen and Jeppsson [85],
which modified the ADM1 for its integration in the BSM2. The BSM2 simulates a full WWTP, and the
modified ADM1 is used in this model to digest the primary sludge and WAS of this WWTP. The steady-
state composition of this influent are generally used for validation of ADM1 extensions, and their input
characteristics can be found in the paper of Rosen and Jeppsson [85]. The modifications for BSM2
integration and the steady-state influent concentrations for validation have also been used in this thesis.
Concentrations are given in kgCODm−3, which is the amount of oxygen in kg needed to fully oxidize
the organic matter present in 1m3 of water. The units for inorganic carbon and nitrogen are in moles
as they have no COD. For gas flow, conversions are made from pressure in bar to m3 d−1.

2.1.1. Biochemical reactions
The biochemical processes consists of the disintegration, hydrolysis, acidogenesis, acetogenesis and
methanogenesis reactions, as well as the decay of cell mass. These reactions are sequential and
irreversibly implemented. The rates of these processes are determined with first-order and Monod-
type kinetic equations, as shown in (2.1) and (2.2), respectively. It should be highlighted that Xi is
used for particulate matter or microbial cells, and Si for soluble matter only.

ρdis/hyd = kdis/hyd Xdis/hyd (2.1)

ρm,i = µm,i Xi
Si

Si +KS,i

∏
Ii (2.2)

The inhibition factors Ii lower the outcome of rate equations and slow down the overall digestion
process. Inhibition factors are biological and therefore only influence the Monod kinetics, not the dis-
integration and hydrolysis steps, nor the physico-chemical equations. In the BSM2 implementation of
the ADM1, the choice was made for Hill inhibition functions, which have been used in this study as
well. There are eight different inhibition functions in the ADM1, three based on pH, three based on
dissolved hydrogen gas, and two on inorganic nitrogen concentration. Figure 2.1 shows the inhibition
functions over pH or concentration. Processes are uninhibited if their respective inhibition functions
have value 1. For uninhibited digestion, high enough concentrations of inorganic nitrogen (SIN ), low

6
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Figure 2.1: The inhibition functions in the original ADM1. The pH inhibition functions follow the lower x-axis, while the
hydrogen and inorganic nitrogen based functions follow the upper x-axis.

concentrations of hydrogen gas and free ammonia, and a pH of at least 7 have to be present in the
bulk liquid. For more details on inhibition functions in anaerobic digestion and its implementation in the
ADM1, the reader is referred to Chen, Cheng, and Creamer [24] and Rosen and Jeppsson [85].

Once the rates are calculated for a single time-step, the change in a state can be found bymultiplying
the rates times their weights, and correcting for in- and outflow. In the Petersenmatrix in Appendix A, the
weights of each reaction are displayed. The change in concentration for each state in the liquid phase
can be calculated with (2.3). This formulation does assume that volume and flow rate are constant over
time.

dSliq,i

dt
=

qinfluent Sinfluent,i

Vliq
−

qinfluent Sliq,i

Vliq
+

26∑
j=1

ρjνi,j (2.3)

2.1.2. Physico-chemical reactions
The physicochemical processes consist of the acid-base association reactions, as well as the gas
solubility reactions in the bulk liquid. They are equilibrium reactions, and are therefore reversible. The
rates of these equations is determined by acid-base kinetics and Henry’s law. The acid-base reactions
follow the form of (2.4), while the gas equations are depicted in (2.5) and (2.6).

dSi−

dt
= −ρA,i = −kA,B,i(Si−(Ka,i + SH+)−Ka,iSi) (2.4)

ρT,H2
= kLa(Sliq,H2

− 16 KH,H2
pgas,H2

)

ρT,CH4
= kLa(Sliq,CH4

− 64 KH,CH4
pgas,CH4

)

ρT,CO2
= kLa(Sliq,CO2

−KH,CO2
pgas,CO2

)

(2.5)

dSgas,i

dt
= −

Sgas,i qgas
Vliq

+ ρT,i
Vliq
Vgas

(2.6)

The partial pressures of each gas are found with the ideal gas law, and the factors 16 and 64 are
used for the conversion of kgCOD to kmol for hydrogen and methane, respectively. There are two
different ways to calculate the gas flow, assuming variable or steady head space pressure. Both these
methods assumes that the reactor head space is saturated with water vapour pressure. The partial
pressure of water vapour is dependent on temperature as shown in (2.7). Following from this, the
variable pressure can be calculated with (2.8), while for the steady pressure calculation, (2.9) can be
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used. The steady pressure calculation is used for the BSM2 integration and in this thesis unless stated
otherwise.

pgas,H2O = 0.0313 exp(5290 (
1

2980
− 1

Top
)) (2.7)

qgas =
R Top

patm − pgas,H2O
Vliq(

ρT,H2

16
+

ρT,CH4

64
+ ρT,CO2) (2.8)

qgas = kp (pgas − patm);

pgas = pgas,H2
+ pgas,CH4

+ pgas,CO2
+ pgas,H2O

(2.9)

2.1.3. pH calculation
In the revision of the ADM1 by Rosen and Jeppsson [85], two methods are suggested to calculate
the hydrogen ion and dissolved hydrogen gas concentration, the Ordinary Differential Equation (ODE)
method and the Differential Algebraic Equation (DAE) method. The DAE method was invented in order
to lower the stiffness of system. Using the implementation with the DAE equations, it is assumed that
processes with higher rates are instantaneous, which from the perspective of the slower processes
holds true. The DAE implementation was chosen in the original PyADM1, disregarding the ODE system.
In this work, the ODE has again been added to the model, as well as the differentiated balance equation
(dODE)method proposed by Thamsiriroj andMurphy [95]. In all methods, the charge balance as shown
in (2.10) is assumed.

SCat+ + SNH+
4
+ SH+ − SHCO−

3
− SAc−

64
− SPr−

112
− SBu−

160
− SV a−

208
− SOH− − SAn− = 0 (2.10)

Here, SCat+ and SAn− represent metallic ions and are included to represent strong bases and acids,
respectively. The denominators for organic acids convert the kg COD concentration to charge.

In the ODE implementation, this balance is used to calculate the unknown SH+ concentration by
rearranging the terms in an algebraic equation as shown in (2.11)

SH+ = − Θ

2
+

1

2

√
Θ2 + 4KW

Θ = SCat+ + SNH+
4
− SHCO−

3
− SAc−

64
− SPr−

112
− SBu−

160
− SV a−

208
− SOH− − SAn−

SNH+
4
= SIN − SNH3

SCO2
= SIC − SHCO+

3

(2.11)

In practicality, it was found that the ODE suffers from high stiffness, which is problematic for use in
the BSM2 framework. Therefore, two different DAE versions have been created (DAEpH andDAEpH,SH2

)
[85]. In this paper, only the DAEpH,SH2

is used. In this method, the differential equation of the pH and
SH2

states are approximated by an implicit algebraic equation, which is solved numerically with the
Newton-Raphson method. With this method, the value at the next iteration step is calculated using
(2.12). The reader is referred to the Appendix Rosen and Jeppsson [85] for the full equations of SH2

and the gradient of the algebraic equation.

SH+,k+1 = SH+,k −
E(SH+,k)

dE(SH+)/dSH+|SH+,k

;

E(SH+,k) = Scat+,k + SNH+
4 ,k + SH+,k − SHCO−

3 ,k−
SAc−,k

64
−

SPr−,k

112
−

SBu−,k

160
−

SV a−,k

208
− KW

SH+,k
− SAn−,k

(2.12)

Lastly, the dODE uses the chain rule to differentiate the charge balance equation after rearrange-
ment of the terms. This method eliminates the need for the conjugated base states, reducing the
number of states in the ADM1 by 5. The formula can be found (2.13).
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dSH+

dt
=

A

B
;

A =
dSan+

dt
+

Ka,IN

(Ka,IN + SH+)

dSIN

dt
+

Ka,CO2

(Ka,CO2
+ SH+)

dSIC

dt
+

1

64

Ka,ac

(Ka,ac + SH+)

dSac

dt
+

1

112

Ka,pro

(Ka,pro + SH+)

dSpro

dt
+

1

160

Ka,bu

(Ka,bu + SH+)

dSbu

dt
+

1

208

Ka,va

(Ka,va + SH+)

dSva

dt
− dSIN

dt
− dScat+

dt

B = 1 +
Ka,INSIN

(Ka,IN + SH+)2
+

Ka,CO2
SIC

(Ka,CO2 + SH+)2
+

1

64

Ka,acSac

(Ka,ac + SH+)2
+

1

112

Ka,proSpro

(Ka,pro + SH+)2
+

1

160

Ka,buSbu

(Ka,bu + SH+)2
+

1

208

Ka,vaSva

(Ka,va + SH+)2
+

Kw

SH+

(2.13)

It should be highlighted that the ODE implementation uses algebraic equations, and the DAE uses
algebraic equations solved with a numerical method. This makes their naming confusing. The dODE
provides the actual ordinary differential equation. However, as the ODE and DAE implementations as
explained above are referenced in a number of studies with these abbreviations, it was chosen to not
deviate from these.

2.2. Developed models for integration of temperature with anaero-
bic digestion

2.2.1. Temperature effects in anaerobic digestion
To model the effects of temperature on anaerobic digestion, it is important to understand how temper-
ature influences different processes within the overall anaerobic degradation process. In the ADM1
modified by Rosen and Jeppsson [85], operational temperature was already used to calculate the acid-
base equilibrium constants of water (Kw), carbon dioxide (Ka,CO2 ) and inorganic nitrogen (Ka,IN ).
Furthermore, the Henry constants of carbon dioxide, methane and hydrogen have been linked to tem-
perature, as well as the dependency of water vapour pressure on temperature. This was all done using
the van ’t Hoff’s equation. It is therefore assumed that the aforementioned gases behave as ideal gases
[16]. Additionally, it was stated in both the original ADM1 report as well as in the revisions of Rosen and
Jeppsson [85] that for more well-fitted modelling of temperature dependency, biochemical parameters
values should be described as functions of temperature as well [11].

Hinshelwood proposed that the effect of temperature on microbial activity is composed of a syn-
thetic and degradative process [43]. Below the optimum temperature range, the synthetic process is
increased more than the degradative with temperature, increasing biological activity. If the temperature
is higher than the optimum however, the degradative processes become more substantial with increas-
ing temperature, lowering microbial activity. This effect can be comprehended as an inhibition function,
where for uninhibited process rates, the temperature should be at the optimal value. For each other
temperature, the rate of the metabolic activity will be lowered. This effect can be modelled the using a
double Arrhenius equation, as written in (2.14) [76].

Itemp = k1 exp(α1(Top − Topt))− k2 exp(α2(Top − Topt)) (2.14)
Another method to simulate a similar relation is the cardinal temperature equation, which is normally

used to describe plant growth, but proposed as a model for microbial activity by Rosso, Lobry, and
Flandrois [86], shown in (2.15). Donoso-Bravo et al. [28] found the parameters Tmin, Topt and Tmax for
this equation for hydrolysis, acidogenesis and methanogenesis, using starch, glucose and acetic acid
as substrates. Acidogenesis was excluded from this study.

Itemp =
(Top − Tmax)(Top − Tmin)

2

(Topt − Tmin)[(Topt − Tmin)(Top − Topt)− (Topt − Tmax)(Topt − Tmax)(Topt + Tmin − 2Top)]
(2.15)
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2.2.2. Literature review
Over the years, many models have been created to simulate the effect of temperature on biogas pro-
duction. These models either consist of heat transfer models, anaerobic digestion models, or combined
models. The heat transfer models all used thermal balances to determine the bulk liquid temperature
of the anaerobic digestion reactor. This temperature state is then linked to gas production, either with
simplified relations or in combined models by influencing parameters in an anaerobic digestion model
with relations as shown in (2.14) and (2.15) or similar.

Calise et al. [18] performed a literature review summarizing all mathematical temperature models
for digesters. The potential integration with the anaerobic digestion process was also discussed. The
most relevant findings are summarised as follows together with other relevant studies.

A heat transfer model of unheated fixed-dome digesters buried in the ground has been made by
Terradas-Ill et al. [94]. In this research, three states were defined, for the heat in the cover, the heat in
the biogas and the heat in the bulk liquid. These findings were used with simple exponential relations
to couple temperature to biogas production. Bandgar et al. [10] made a heat transfer model of a house-
hold floating drum digester and experimentally validated the predicted values. The model consisted of
two states, for the heat in the bulk liquid and the biogas. A strong relation between the measured solar
irradiance and the biogas production was observed in the experiment. Vilms Pedersen et al. [98] made
a similar temperature model, but only with one state for the bulk liquid temperature. This model was
validated without need of calibration in two different scenarios, but was not linked to biogas production.

Mathematical models of digesters utilizing solar heat have also been made to analyse their capa-
bility to optimize biogas production. Modelling and validation of heat transfer in anaerobic digesters
covered by greenhouses indicated increased temperatures, allowing processes to operate in regions
which normally would be too cold for unheated digesters [39]. Adouani et al. [2] combined a thermal
model with the ADM1 to investigate possible strategies to mitigate substrate variability. The thermal
model was re-used from an earlier study [45]. Using a step function to determine the effect of temper-
ature on km, a link was found between the maximal reaction rate and climatic conditions. Axaopoulos
et al. [9] modelled solar collectors, which delivered energy to the digester using heat exchangers in
Greece. Furthermore, the heat collectors were used as the top cover of the model to add an extra
insulation layer. The model used similar heat transfer equations and biogas production relations as the
model of Terradas-Ill et al. [94]. The influence of direct absorption of irradiation for buried anaerobic
digesters with a glass top has been modelled as well [61]. This study simplified the ADM1 in order to
couple it to temperature.

An anaerobic digester was modelled containing a heat exchanger by Calise et al. [20]. A heat trans-
fer model was made containing the heating system’s and the digesters’ thermal balance equations.
This was used to investigate how different parameters would influence gas yield. The anaerobic diges-
tion model 1 (ADM1) was used for analysis of the kinetic and biological features of the process. The
biological activity was linked to temperature using Arrhenius’ equations, but no details are given on the
used constants or method of implementation. In a subsequent research, Calise et al. [19] used this
model in order to investigate the effect of concentrating photovoltaic/thermal collectors and a biomass
heating system to supply an anaerobic digestion plant with both electricity and heat. In addition, a
biogas upgrading process was added, which converts biogas with between 40% to 65%methane con-
centrations to biomethane with 95% methane purity. Furthermore, an energy and economic model
were added, which considered capital and operating costs of the overall plant. A payback period lower
than 3 years was found for a hypothetical case in Naples. The model was however not validated.

Lastly, Bergland, Dinamarca, and Bakke [15] combined a heat transfer model with the ADM1 to sim-
ulate the digestion of cow manure at 25, 30 and 35 °C. The model compared different sets of literature
data to simulate the change in growth parameters with change in temperature. The model was vali-
dated and the combination of the most accurate relation between temperature and growth parameters
at these different temperatures was concluded.
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2.2.3. Vilms-Pedersen heat transfer model
As mentioned above, Vilms Pedersen et al. [98] made a heat transfer model to simulate the effect
of meteorological conditions on the bulk liquid temperature of an unheated digester. In Figure 2.2,
a schematic representation of the model is shown. In this model, the influence of solar irradiance,
atmospheric heat radiance, air temperature convection, soil temperature convection and influent and
effluent advection are taken into account. This results in the balance equation as shown in (2.16), which
is used to calculate the bulk liquid temperature in the reactor at a given moment.

ρsubCsubVsub
dTop
dt

= QADV +QRAD +QIRR +
∑

QCON, i-sub (2.16)

Figure 2.2: Diagram showcasing the different heat sinks and sources and resistances of the heat balance model [98]. The
amount of resistance terms are shown per pathway. Each heat transfer process has one pathway, expect the

convection-conduction process, which has four pathways. These four conduction pathways originate in the air, the soil next to
the vertical wall at biogas height, the soil next to the vertical wall at bulk liquid height and the soil under the floor of the digester.

Irradiance
The heat transfer from solar irradiance QIRR can be calculated using the solar irradiance as measured
by weather institutes, the area of the digester which receives solar irradiance and the absorptivity of
irradiance of the cover, as formulated in (2.17). In the model, the digester is assumed to be a cube
where only the ceiling is exposed to irradiance. The area exposed to solar irradiance can therefore be
calculated from the reactor volume for each simulation.

QIRR = Qsolar A η (2.17)

Advection
The heat transfer from advection is determined by the difference in temperature between the influent
and the bulk liquid, and can be calculated as written in (2.18). It should be highlighted that it is presumed
that the volume of the bulk liquid does not change over time.

QADV = qinfluent ρsub Csub (Tinfluent − Top) (2.18)

Convection and conduction
The convective and conductive heat transfer are modelled as heat transfer resistances in series, where
convection is the process of heat transfer among different phases i.e. gas, solid and liquid, while con-
duction is the process of heat transfer over the depth of solids, which in this case is the walls of the
digester. These series of resistances are used to formulate the heat transition between the air and bulk
liquid, as well as between bulk liquid and soil surrounding the buried digester.
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A particular long series of resistances is modeled for heat exchange between ambient air and bulk
liquid in the digester. First, there is convective resistance between the air and the cover. This convec-
tive resistance depends on wind speed, which influences the Reynolds number and consequently the
Nusselt number of the air/cover interface. The convective heat transfer coefficient can be formulated
by (2.19), (2.20) and (2.21).

hair-cover =
Nuλ

Lc
(2.19)

Nu = 0.037Re0.8
3
√
Pr (2.20)

Re =
vLc

ν
(2.21)

Here, the Nusselt number is calculated for a flat plate [22].
The resistance to the convective heat transfer is the inverse of the transfer coefficient, as written

in (2.22). This is used in the convective heat transfer from ambient air to the digester, but also for the
transfer from soil to digester walls, from walls to biogas, from biogas to bulk liquid and from walls to
bulk liquid.

RCNV,i−j =
1

hi−j
(2.22)

The temperature pathway from air to bulk liquid is followed by conductive resistance. Conduction
takes place over the depth of the digester walls. The resistance for conductive heat transfer is found
with (2.23). For adding extra insulation, the same formula can be used and the total conduction of the
digester wall and the insulation layer would be the sum of both individual resistances.

RCND =
∆x

λ
(2.23)

Once the heat is inside the reactor, convective resistances determines the heat exchange between
cover and biogas, and between biogas and bulk liquid, which are again determined by (2.22). The
overall heat transfer coefficient is calculated by summing the inverse of the resistances for the whole
convection - conduction pathway, as written in (2.24). There are four different pathways of heat con-
vection and conduction included which influence the bulk liquid temperature, as shown in Figure 2.2.

U =
1∑n

i=1 RCNV,i +RCND
(2.24)

The overall resistance is used to calculate the heat transfer through each pathway given by (2.25).
Here, Ti is the temperature outside of the reactor where the series of resistances starts, e.g. the air or
soil.

QCON,i−sub = A U (Ti − Top) (2.25)

Radiative
Radiative heat transfer is calculated under the assumption that the digester cover acts as a radiation
shield. The resistance to the radiative heat is calculated as a summation of the geometric resistance
and the surface radiative resistance. The formulas used for calculating the radiative heat transfer from
the sky to the bulk liquid are given in (2.26) and (2.27). Here, Tsky is the temperature of the sky found
with (2.27) [93].

QRAD =
σ(T 4

sky − T 4
op)

2
A + 2 1−ϵcover

Aϵcover
+ 1−ϵsub

Aϵsub

(2.26)

TSKY = 0.0552 T
3/2
air (2.27)



3
Materials & Methods

In order to make accurate projections of the temperature and its influence on biogas production in the
anaerobic digester at La Trappe, a heat transfer model based on the model of Vilms Pedersen et al.
[98] as presented in chapter 2 is made. The heat transfer model is used to calculate the bulk liquid
temperature, which is used in the ADM1. Several bio- and physico-chemical relations are used to link
temperature and temperature fluctuations to biogas production. The influent states for the ADM1 for
the sludge and wort of La Trappe have been determined using a biochemical fractionation method.
The coupled heat transfer-ADM1 model is used to simulate the influence of temperature on biogas
production. The model is however not calibrated or validated in the present work.

3.1. Heat transfer model
The Vilms-pedersen is used to predict the operational temperature under different climatic conditions.
Changes to the model have been made:

• In the original model, Qsolar is based on the locations latitude and atmospheric pressure, but in
the model used in this thesis, measured solar data from weather institutes is used [98].

• In the original model, a dampening coefficient based on the difference between the mean and
actual air temperature is used to calculate the soil temperature over depth. However, for the
Netherlands, measured soil temperatures over depth data from weather institutes have been
used instead, as these were available.

3.1.1. Simulation of yearly temperature fluctuation at La Trappe
The model has been used to simulate the temperature of a digester in the Netherlands. Different heat
transfer processes (e.g. convection or radiance) are compared to see which process contribute most
to final operational bulk liquid temperature. The digester design parameters used in the heat transfer
simulations are given in Table 3.1. The flow rate has been chosen based on the La Trappe case, and
the volume was determined for a HRT of 20 days, as this was presumed sufficient for the wort, which is
expected to be readily biodegradable. The walls at biogas height are assumed to be in contact with dry
earth, while the walls surrounding the bulk liquid are assumed to be wet. The influence of adding an
insulation layer of 2 cm of fiberglass to the digester wall is modelled as well. The wall thickness, insula-
tion thickness and thermal conductivities have been taken from Metcalf and Eddy [67]. The model uses
values for mean wind speed, solar irradiance, air temperature and ground temperature at one meter
depth as inputs to calculate the temperature in the reactor. Weather data for the Netherlands taken
from KNMI weather station de Bilt was deemed representative [54]. It should be highlighted that for the
solar irradiance measurements of the KNMI, no shading objects are around the measuring device. It is
therefore assumed that this will also be the case for the digester of La Trappe. The soil under the floor
of the digester is assumed to be at a constant temperature set at the mean of the air temperature. The
initial temperature is determined by running the model for one year, and taking the end value of the
temperature at the end of the simulation. The constants for the heat transfer model as given in Table
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3.2 were used, and were taken from Vilms Pedersen et al. [98].

Table 3.1: Design parameters used in the heat transfer model to simulate the La Trappe digester.

parameter value unit
Volume 40 m3

Flow rate 2 m3 d−1

Temperature influent 35 °C
λcover 1.2 Wm−1 K−1

λdry walls 0.6 Wm−1 K−1

λwet walls 1.2 Wm−1 K−1

λinsulation 0.04 Wm−1 K−1

Thickness walls 0.3 m
Thickness insulation 0.02 m

Table 3.2: Constants used in the heat transfer model [98].

Parameter Value Unit
λair 0.026 Wm−1 K−1

hsub-floor 244.15 Wm−2 K−1

hcover-walls 2.15 Wm−2 K−1

hgas-wall 2.70 Wm−2 K−1

hgas-sub 2.20 Wm−2 K−1

hsub-wall 177.25 Wm−2 K−1

Csubstrate 4.179 J kg−1 K−1

ρair 1.205 kgm−3

ρsubstrate 1000 kgm−3

µair 1.82× 10−5 Pas−1

σ 5.670 37× 10−8 Wm−2 K−4

η 0.75
ϵcover 0.75
ϵsubstrate 0.67
Prandtl number 0.7

3.1.2. Heat transfer model sensitivity analysis
To investigate the effect of weather conditions on operational temperature at different regions around
the world, two other cases are compared. The weather cases are used to simulate conditions of an
unheated digester in Norway and Uganda as well. Different heat transfer processes are compared
among these cases as well.
For the Norwegian case, data for solar irradiance was taken from the World Radiation Data Centre
[104], and for mean wind speed, air temperature and ground temperature from the Klima Service Sen-
ter[74]. For Uganda, monthly average reported in an United Nations Habitat report were used [72].

In order to investigate the sensitivity of the heat transfer model on design and operational parame-
ters, a one-at-a-time (OAT) sensitivity analysis is done. In this analysis, several parameters are selected
to vary over a certain range, in order to determine how fast the output of the model changes with differ-
ent values of the selected parameter. The influence of volume, flow rate, and influent temperature are
evaluated for the Dutch weather case, and the solar irradiance absorptivity factor η was investigated
as well.
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3.2. ADM 1 Model
The heat transfer model is used to calculate the operational temperature of the reactor. This is linked to
the ADM1model through several biochemical and physico-chemical relations. In addition, the three cal-
culation methods for pH, as explained in chapter 2, have been included in the ADM1 and are validated
against the BSM2 standard. Lastly, four simplifications of the complete model have been made.

3.2.1. pH calculation
The different methods for pH calculation, as described in chapter 2, are the Ordinary Differential Equa-
tion (ODE) [11, 85], the Differential Algebraic Equation (DAE) [11, 85] or the differentiated Ordinary
Balance Equation (dODE) as proposed by Thamsiriroj and Murphy [95]. These three implementations
are validated by simulation of the digestion of the initial and input values of the BSM2 at 35 °C for 200
days. This has been used as a standard for comparing implementations and extensions of the ADM1
[100]. All three methods are compared with two different numerical solver methods, the Radau and the
DOP853 solvers of the SciPy python software package.

3.2.2. Simplifications
It was expected that coupling the temperature model to the ADM1 would increase the computational
burden. In order to relieve themodel of complexities in terms of number of parameters, four consecutive
simplifications of the ADM1 have beenmade according to themethod proposed in the article ofWeinrich
and Nelles [102]. However, calibration needed for adjusted parameter estimation were excluded due
to the time frame for this thesis. The method and resulting simulations with these simplifications can
be found in Appendix B

3.2.3. Temperature’s effects on ADM1
Absolute temperature inhibition
In the research of Bergland, Dinamarca, and Bakke [15], three different sets of relations between tem-
perature and growth parameters found in literature are compared [41, 28, 84]. These relations are
validated for their accuracy in predicting the digestion of manure at three different temperatures. It was
found that a combination of the relations, with relative values for kinetic parameters at temperatures as
presented in Table 3.3, demonstrated the most accurate results. The validation data was attained from
a manure digester in Norway operated at these temperatures.

In this thesis, instead of simulation at three distinct static temperatures, continuous functions for
temperature inhibition in the form of (2.14) or (2.15) will be used. Therefore, the constants of the Ar-
rhenius and cardinal equations should be found. In order to find the Arrhenius constants, a non-linear
least-squares analysis is done through the points as presented in Table 3.3, using the SciPy software
package in Python. As there are four parameters investigated for the Arrhenius equation (k1, k2, a1,
a2) and three data points available in Table 3.3, more data points are needed to do this analysis. It
is, therefore, assumed that at 5 and 45 °C, all rates of mesophilic microbial activity will approximate
0. Therefore, it was presumed that the inhibition functions at these temperatures will have a value of
0.01. For the least-square-analysis through the five coordinates initial guess of parameter value for
each reaction is provided using the values found in the double Arrhenius equation fitted through the

Table 3.3: Relative change in kinetic parameters for anaerobic digestion with temperature, taken from Bergland, Dinamarca,
and Bakke [15]

Process Temperature Ref.
25 °C 30 °C 35 °C

Disintegration and hydrolysis
(Kdis and Khyd)

0.48 0.74 1.00 [28]

Acidogenesis (µm, su, aa, fa) 0.21 0.22 1.00 [28]
Acetogenesis (µm, c4) 0.67 0.86 1.00 [84]
Acetogenesis propionate (µm, pro) 0.70 0.90 1.00 [84]
Methanogenesis (µm, h2 and µm, ac) 0.48 0.70 1.00 [84]
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methanogenic activity of M. arboriphilus, given in Pavlostathis and Giraldo-Gomez [76]. These values
are 0.75, 0.14, 0.15 and 0.30 for k1, k2, a1 and a2, respectively. The found function was used to produce
10.000 vectors over the temperature interval from 0 °C to 50 °C, and these vectors were normalized to
the value 1, as they are to be used as inhibitions functions. The normalized vectors were curve fitted
again to obtain the Arrhenius constants for the inhibition functions.

The cardinal temperature parameters Tmin, Topt and Tmax for hydrolysis and methanogenesis are
taken from Donoso-Bravo et al. [28]. The acidogenic values reported in this paper did not result in
a representative graph, and was therefore not taken. Therefore, the least square analysis was done
in the same manner as the Arrhenius equation for the unknown cardinal temperature parameters for
acidogenesis and acetogenesis, except that the initial guess of parameter value is done with the pa-
rameters for hydrolysis found by Donoso-Bravo et al. [28]. The cardinal temperature equations did not
require normalization, as the found relation already described the relation between values 0 and 1.

The found constants are used in their respective functions (2.14 and 2.15) in the model to determine
the temperature inhibition factor for the given temperature of each time step. In the original ADM1, no
inhibition for hydrolysis is yet present, as seen in (2.1). The term is therefore added to this equation,
as shown in (3.1). The temperature inhibition term found for each respective Monod equation is added
to the product term in (2.2)

ρhyd = khyd Xhyd IT,hyd (3.1)

In this research, the effect of temperature on the decay rate (Kd), the growth yield (Y ) and half
saturation (Ks) were disregarded because of the following reasons [15]:

• In the ADM1, the decay rate of biomass Kd has a constant small value. Because the scale of
temperature fluctuations of this study is within the mesophilic range, the net temperature effect is
assumed small and not altered.

• According to Monod [70], the growth yield remains a constant factor in the relation between sub-
strate concentration and growth rate. This assumption is extended to temperature and was con-
firmed to vary non-significantly by batch experiments [15].

• In the original article of the ADM1, it was recommended that the temperature dependency for
biochemical reactions was expressed through µm,i. Therefore, the effect of temperature on KS

is disregarded.

Dynamic temperature inhibition
As stated in chapter 1, the change in temperature over time should be limited for digestion process
stability, as micro-organisms have to adapt to new temperatures. Kovalovszki et al. [56] proposed
an extension for the BioModel, which simulates the decrease in microbial activity when the change
in temperature over time is high. This was used to simulate the influence of temperature shocks on
acetoclastic methanogens only, as they are generally considered the microbial group most sensitive to
temperature change [81]. A similar function is implemented in this model. The implementation adds a
state to the heat transfer model which follows the change in temperature with a lag factor. This state
simulates the temperature to which the microbes are attuned to. The formula is given in (3.2). Here
Ta is the temperature to which the acetogenic methanogens are attuned to, and τa is an adaptation
constant, that represent the amount of days the microbes need to attune to a new temperature.

dTa

dt
=

Top − Ta

τa
(3.2)

The difference between the operational temperature and the attuned temperature is used to cal-
culate an inhibition factor to adjust the growth parameters of the acetogenic methanogens with. The
formula for the temperature shock inhibition factor is given in (3.3) and (3.4). Here, σshock is a bell
shaped parameter controlling the growth disturbance due to deviation between the operational and
attuned temperature and shg is a constant which represents the temperature change which would half
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the microbial growth at a set temperature.

Ishock = exp(− (Top − Ta)
2

2σ2
shock

) (3.3)

σshock = (−
s2hg

2 ln 0.5
)0.5 (3.4)

In this way, the temperature shock function is used to calculate the inhibition factor at each time
step, which is consequently used in the product term for inhibition as depicted in (2.2). The effect
of this inhibition factor is showcased in the Dutch weather case simulation. The reactor follows the
design and operation as shown in Table 3.1, and the values for τa and shg where taken as the mean
values used by Kovalovszki et al. [56] at 15d and 3.5 °C, respectively. Furthermore, the sensitivity of
the combination of τ and shg on Ishock is analysed for the same case.

Physico-chemical factors dependent on temperature
In themodel used in this thesis, the temperature dependent parameters defined in Rosen and Jeppsson
[85], which includeKw,Ka,CO2

,Ka,IN ,KH,CO2
,KH,CH4

,KH,H2
and pgas,H2O, are made dependent on

temperature using Henry’s law (3.5) and the van ’t Hoff equation (3.6), assuming that the gases behave
according to the ideal gas law.

SE,i = KH,i ∗ pi (3.5)

ln KH,i,x

KH,i,T
=

∆H°
R

(
1

TT
− 1

Tx
) (3.6)

Another physico-chemical factor which is dependent on temperature is the kLa as shown in (2.5).
This coefficient stems from the two-film theory of gas transfer. If the desorption of a slightly soluble gas
is controlled by the liquid film transfer rate, the rate of mass transfer at steady state can be calculated
by (3.7) [59, 67]. This equation is used in the ADM1, with unit conversions from COD to mole, as can
be seen in (2.5).

ρi liq-gas = kL
A

V
(Si − SE,i) = kLa(Si − SE,i) (3.7)

Here, A is the area through which the gas is transferred to volume V , Si is the actual concentra-
tion of gas i in the liquid bulk phase in kgCODm−3 and SE,i is the equilibrium concentration of gas i
as given by Henry’s law in kgCODm−3. (Si−SE,i) therefore represents the degree of supersaturation.

According to Metcalf and Eddy [67], the value of kLa depends on water quality, the temperature and
the type of of aeration and/or mixing. This constant is determined experimentally for every situation.
Pauss et al. [75] found a kLa of 3.84 ± 0.48 and 2.16 ± 0.24d−1 for hydrogen and methane respectively
in a 26.75L CSTR fed with synthetically produced sludge, operated at 35 °C and mixed with a möbius-
ribbon like paddle at 400 rpm. This found value for kLa is in stark contrast with the standard kLa of the
ADM1, which has a constant value of 200d−1.

A relation between temperature and kLa was found by Lee [58]. This relation is shown in (3.8), and
uses a predetermined kLa at a set temperature to calculate its value at a different temperature.

kLasub = kLaT
(Eρsubσt)x
(Eρsubσt)T

(
Tx

T
)5 (3.8)

To investigate the effect of temperature on the kLa, this 5th order relation between kLa and tem-
perature is used to find the relation between the base kLa at 35 °C and the temperature at which the
liquid-gas transfer rate could potentially be the rate limiting factor for methane production. This done
for both the kLa of Pauss et al. [75] and the original ADM1 kLa. The sensitivity of kLa on methane
production in the ADM1 is investigated as well. This is done by varying the kLa from 0 to 2 for the
digestion of BSM2 influent in a digester with design parameters of Table 3.1 for a period of one year,
and comparing methane production.



3.3. Sludge characterisation 18

3.3. Sludge characterisation
Sludge characterisation to determine influent states for the ADM1 has been done according to the
methods proposed by Arnell et al. [7]. This method is based on biochemical fractionation of the total
COD. For this method, the amount of TS, VS, tCOD, sCOD, VFAs, proteins, lipids, Total Ammonia
Nitrogen (TAN), and a Biochemical Methane Potential test (BMP) are needed.

3.3.1. Sample collection
Samples have been taken at the La Trappe brewery in Berkel-Enschot, the Netherlands. 3L of thick-
ened WAS with a 16% solids content was taken from the 1m3 collection container of the belt thickener.
Two samples of 3L of spent wort (blond and quadruple) were taken from the discharge pipe at the end
of the wort production process cycle, where roughly 200L of spent wort are discharged per cycle. Sam-
ples from the influent of the Metabolic Network Reactor (MNR) were taken over a 24h period with an
interval of one hour. These were homogenized to create a mean representative sample for the influent.
The effluent of the MNR was sampled at mid-day by collection of 2L from the last reactor of the MNR
series, which processes around 150m3 d−1. Samples were cooled in a fridge at 5 celsius over a period
of two months for analysis. This storage period is longer than preferred for experiments, and further
degradation of the sample could have taken place during this time. This should be taken into account
when conclusions are drawn from the given results.

3.3.2. Chemical analysis
The amount of total solids (TS) and volatile solids (VS) was analyzed using standard methods [6]. The
total chemical oxygen demand (tCOD), soluble chemical oxygen demand (sCOD), total nitrogen (tN),
ammonium (TAN) and phosphor (tP) where determined in triplicate using HACH kits. For the sCOD
determination, samples were filtered through 45µm glass fiber filters to retrieve the soluble fraction.
For Volatile Fatty Acids (VFAs) analysis, samples were centrifuged at 10 000 rpm for five minutes and
the supernatent was filtered through 45µm glass fiber filters. Quantitative analysis was done in tripli-
cate using Agilent Technologies 7890A GC system. Total Kjeldahl Nitrogen (TKN) was determined in
triplicate using the Behr Labor-Technik Behrotest lnKjel system. The resulting values for total nitrogen
in gNkg−1 substrate where converted to proteins in gCODkg−1 substrate using (3.9). The amount of
carbohydrates was determined in triplicate using the method of Dubois et al. [29] using a calibration
curve made with glucose.

proteins
[
gCODkg−1

]
= 6.25

[
g proteins

g organicN

]
(TKN− TAN)1.42

[
g O2

g proteins

]
(3.9)

3.3.3. Biochemical methane potential test
A BMP test was done according to the standardized method as described in Holliger et al. [44], with
the exception that instead of storage at room temperature, the inoculum was cooled at 5 °C for a period
of two days before the test. This inoculum was taken from Harnaschpolder WWTP Continuously-fed
Stirred Tank Reactor (CSTR) located in Delft, the Netherlands. This CSTR is fed with primary sludge
and WAS and is operated at 35 °C. The inoculum had a tCOD concentration of 33.03g kg−1 sludge,
and was used in a 2:1 ratio with substrate on gCOD:gCOD basis.

The test was done by using the Bioprocess control AMPTS2 system. 400mL bottles were filled in
triplicate with compositions shown in Table 3.4. The positive control was done with crystalline cellulose,
and the amount added was both in grams cellulose as well as mL demiwater. The wort and sludge mix-
ture sample consist of two parts sludge, one part blonde and one part quadruple spent wort on weight
basis. The influent and effluent samples consists of the same ratio’s, but five parts of either influent
or effluent from the MNR were used for dilution. The ratio of substrate to demiwater were determined
to attain a 7gCODL−1 final substrate concentration. Further preparation was done according to the
procedure of the TU Delft waterlab [35]. The head space of the bottles was flushed for 1 minute with a
gas composed of 70% nitrogen and 30% carbon dioxide. The bottles were placed in a 35 °C water bath
and mechanically stirred every other minute at 10 rpm. The produced biogas was led through carbon
dioxide absorption solutions filled with 3M NaOH solution. The remaining methane gas was further led
through a moisture filter and quantified in the Bioprocess control flow cell array with a 9mL resolution.
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Table 3.4: Different bottle compositions for the BMP tests.

Constituent Unit Blank Positive Wort and sludge Influent Effluent
substrate volume mL 0 2.4 33.3 71.2 73.3
Inoculum volume mL 169.5 169.5 169.5 169.5 169.5
Demi water mL 223.8 221.4 190.6 152.6 150.6

3.3.4. Biochemical fractionation
For the fractionation of the tCOD to all the input states of the ADM1, the method proposed by Arnell
et al. [7] was used. This method uses the results from the chemical analysis and the BMP test in
COD balance equations to calculate unknown states. In this method, the first step is to determine the
biodegradable fraction of the tCOD from the BMP test results, using (3.10).

fd =
B0

350 tCOD
(3.10)

The amount of particulate COD follows from the total and soluble COD according to (3.11).

pCOD = tCOD− sCOD (3.11)

Now the inert fraction of the soluble and particulate parts can be calculated using (3.12) and (3.13).

SI = sCOD ∗ (1− fd) (3.12)

XI = pCOD ∗ (1− fd) (3.13)

The particulate biodegradable COD can be divided in proteins, lipids and carbohydrates by using
(3.14), (3.15) and (3.16). Here, the used method deviates from the method proposed by Arnell et al.
[7]. In the original procedure, the amount of carbohydrates is calculated by subtracting the amount of
proteins and lipids from the biodegradable particulate COD. Here, the amount of lipids is calculated by
subtracting the amount of proteins and carbohydrates. It is assumed that the biodegradability of each
fraction is equal to the overall biodegradability fd.

Xch = Cch fd (3.14)

Xpr = Cpr fd (3.15)

Xli = pCOD fd −Xch −Xpr (3.16)

The soluble biodegradable COD is divided in seven states according to the VFA analysis and the
fractionation as done above. The VFA concentrations of acetate, butyrate, propionate and valerate
can be directly calculated from the VFA analysis and their COD conversion factors. The conversion
factors used are 1.07, 1.51, 1.82 and 2.04 gCODg−1 for acetate, propionate, butyrate and valerate,
respectively. The amount of monosaccharides, amino acids and long-chain fatty acids is calculated
with (3.17), (3.18) and (3.19).

Ssu = (sCOD fd − tVFAs) Xch

pCODfd
(3.17)

Saa = (sCOD fd − tVFAs) Xpr

pCODfd
(3.18)

Sfa = (sCOD fd − tVFAs) Xli

pCODfd
(3.19)

The soluble inorganic nitrogen content (SIN) is calculated by (3.20).

SIN =
TAN

MN ∗ 1000
(3.20)

The rest of the influent state variables of the ADM1 are set to 0.
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3.4. Calibration and simulation
3.4.1. BMP simulation
According to the method of Arnell et al. [7], the ADM1 can be used to simulate BMP tests to investigate
the hydrolysis constants. To do this, the influent flow rate in the ADM1 is set to zero, and the volume is
adapted to the size of the bottle. Furthermore, the initial state has to be set to the composition of the
BMP test. For the substrate, the results of the biochemical fractionation are used. For the inoculum, the
steady states output values of the BSM2 as presented in the work of Rosen and Jeppsson [85] are used.
This file has non-zero entities for each state, enabling each function. It was deemed representative,
as the BSM2 simulates the digestion of primary sludge and WAS of a municipal WWTP at mesophilic
temperatures, which is similar to the Harnaschpolder WWTP from where the inoculum of the experi-
ments was collected. In order to make sure the BSM2 file is truly representative of the Harnaschpolder
inoculum, the blank bottle test is simulated first. The results of this simulation are compared with the
blank test results from the experiment. Changes are made to the BSM2 file by converting particulate
inert material (XI) to particulate composite material (Xxc) to attain similar biodegradability for the inocu-
lum. Once representative inoculum concentrations are found, the wort and sludge mixture bottle test
will be simulated by summing the inoculum state concentrations with the concentrations of the wort and
sludge mixture in the ratios used in the experiment. The simulated blank test is subtracted from the
simulated wort and sludge mixture bottle test simulation, just as is done with the experimental results.

3.4.2. Design and operation
La Trappe
In order to predict biogas production at La Trappe, simulations are done for the digestion of the wort
and sludge mixture as determined with the biochemical fractionation method and with concentrations
based on literature. For these values, it is assumed that wort consists for 90% of carbohydrates [40],
and the WAS from the MNR has similar concentrations as the BSM2 digester influent as presented
in Rosen and Jeppsson [85]. The amount of base, represent by the concentration of cations, needed
to prevent acidification is determined for both these substrates for the year 2021 is investigated. This
found result is added to the influent concentration states and simulation of the operation of the digester
as depicted in Table 3.1 and subjected to the Dutch weather conditions from 2000 till 2003 is done.
Furthermore, the influence of increasing influent temperature from 35 °C to 45 °C is investigated for the
literature based results.

Washout
The temperature coupled ADM1model is to be used as an instrument to help in the design and operation
of reactors prone to change in temperature. In the design process, a trade-off has to be made between
efficiency and robustness. In an efficient design for biogas, the volume for a given influent flow is
such that the HRT is just large enough that most of the biodegradable COD is converted to methane,
without washing out the methanogenic species is the digester. However, in anaerobic digestion for
VFA production, methanogenic washout can be necessary, and the HRT should be set to accomplish
this. As stated before, the rates determining methanogenic metabolism are linked to temperature,
and therefore, the final volume is important for preventing or stimulating washout. To showcase this
dependency, the model will be used to depict methane production and VFA concentration over volume
and temperature. For this simulation, the BSM2 influent will be used for digestion in a reactor with
the design parameters as shown in Table 3.1. Because these will be steady-state simulations, the
weather dependent heat transfer model is not used, but constant inhibition coefficients are calculated
for simulation at each temperature.

Overloading
In the operation of an anaerobic digester, a common type of failure is acidification due to overload-
ing. In order to see the capability of the model to simulate these situations, the relation between OLR,
temperature and methane production is investigated. Therefore, the digestion of the BSM2 influent is
simulated in a reactor with the design and operation as shown in Table 3.1, with an operational temper-
ature varying from 20 to 40 °C. For the influent, the ratio’s of the BSM2 influent are kept, but their total
loading rate is varied from 1 to 20 kgCODm−3 d−1.
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Furthermore, the influence cation dosage and volume for the digestion of the literature based wort
and sludge mixture at an influent temperature of 45 °C in a digester with the design and operation as
shown in Table 3.1 and subjected to the Dutch weather conditions of 2021 is investigated. Lastly, the
effect of the particular cold winter of the Netherlands of 2010 on biogas production for the similar case
but with an influent temperature of 35 °C and with minimal base dosage is simulated.

Heating
In practicality, most industrial digesters are kept at a steady temperature of 35 °C. To keep a digester
at this temperature requires external heating, especially in winter. In some designs, the internally pro-
duced biogas is used for this heating application, which lowers the net biogas production. A flowchart
of how this kind of heating would alter biogas flow for the La Trappe case is shown in Figure 3.1. From
a controllers perspective, this means that heating is activated once the digesters’ temperature reaches,
for example, 34.5 °C, and that the heating is stopped once the temperature is 35 °C again. This is of-
ten automated by a thermostat-like device in which this lowest temperature before heating is activated
(THeater), is installed. Having a higher THeater will insure that in winter a higher absolute biogas production
is attained, but more biogas is used for heating, which lowers the net biogas production. One can ques-
tion if for maximizing the net biogas production, it would not be more beneficial to only activate heating
at a lower temperature, and therefore operate the digester with a lower THeater. In order to investigate
this, a simulation is done where biogas is burned for heating the bulk liquid if the temperature calculated
with the heat transfer model is lower than the operationally minimal temperature THeater. The amount of
methane burned in m3 to keep the digester at THeater is calculated with the formula as depicted in (3.21),
and subtracted from the totally produced methane. The lower heating value of methane is assumed to
be 35.5× 106 Jm−3 [96].

Figure 3.1: Flowchart showcasing the difference between absolute and net biogas production when biogas is used to heat the
anaerobic digester.

CH4 burned =
(THeater − Top) Vsub Csub ρsub

LHVCH4

(3.21)

This formula is implemented with a loop which sets negative values to zero. For positive values of
the equation, the change in temperature in the heat transfer model for the given time step is found with
(3.22). This ensures that the calculated operational temperature for such a step is THeater.

dT

dt
= THeater − Top (3.22)

To investigate the relation between the net biogas production and the operational heating tempera-
ture, the yearly biogas production of an anaerobic digester with the design and operation as in Table
3.1, fed with BSM2 and both compositions of the wort and sludge mixtures based on either the bio-
chemical fractionation procedure or literature are subjected to the Dutch weather conditions of 2021 is
simulated. The yearly net biogas production is found for operational heating temperatures varying from
20 to 40 °C.



4
Results and discussion

First the modifications made to the ADM1 are presented, as based on these results choices have been
made on simulation settings later used. The functioning of the dynamic temperature inhibition function
is presented together with the heat transfer model analysis, as this function can only be showcased
under temperature fluctuations.

4.1. ADM1 model modifications
4.1.1. pH calculations
All three implementations of the pH calculation are run at steady state for validation. The attained con-
centrations of each state are compared to the standardized simulation results of the BSM2 used for
validation. The absolute errors of each state with the original BSM2 steady state output for each pH
implementation is shown in Table 4.1. The attained results with the DAE calculation method and the
Radau solver are closest to the original BSM2 implementation, with the largest error of 6× 10−7 for the
particulate inert state (XI ).

According to the BSM2 report, this level of error validates the used method [12]. This was done
with the lowest calculation time as well. This result is surprising, as it was stated that ’The choice
between ODE and DAE is up to the user. If acceptable computation times can be achieved with the
ODE implementation there is no other advantage to use DAE [85].’ The results found here however,
suggest that such an advantage does exists, as the DAE outputs do stay closer to the original outputs.
The paper of Rosen and Jeppsson [85] does however not explicitly state which method they used in
creation of the found standard steady state outputs for validation. The found errors are in addition even
smaller then in the validation study of the PyADM1 [87]. This could be due to the change in solver
method, from DOP853 to Radau, or by the change in data storage over simulation as can be found in
the code in Appendix C. The Radau solver does give consistently more accurate results over all three
pH calculation methods. Outcomes hindered by the stiffness of the system can be found in the results
produced for the ODE and dODE pH calculation and the DOP853 solver method, where the values
of hydrogen gas are overestimated by far. Based on these results the DAE implementation with the
Radau solver was chosen to be used in all other simulations, unless stated otherwise.

22
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Table 4.1: Comparison of different pH equation solving methods and numerical solvers. Absolute differences between the
results of the simulation and the ADM1 benchmark model steady-state results for validation for each state are listed. Run times
per simulation are given in seconds and the highest absolute difference, depicting the largest error, for each pH solving method

and numerical solver are printed in bold.

Parameter ODE DAE dODE
Solver DOP853 Radau DOP853 Radau DOP853 Radau
Runtime 5962 100 111 96 123 112
Ssu 1.155 985 7.11× 10−9 2.98× 10−10 3× 10−10 1.155 977 2.19× 10−9

Saa 0.322 508 2.45× 10−9 9.13× 10−12 7.2× 10−12 0.322 506 8.46× 10−10

Sfa 7.604 497 1.22× 10−7 5.24× 10−10 4.95× 10−10 7.604 497 2.06× 10−8

Sva 4.572 878 4.05× 10−9 1.2× 10−11 1.12× 10−11 4.572 878 1.84× 10−9

Sbu 5.907 456 8.73× 10−9 1.28× 10−11 1.31× 10−11 5.907 457 2.3× 10−9

Spro 2.515 138 1.22× 10−8 4.54× 10−10 4.56× 10−10 2.515 14 3.54× 10−9

Sac 10.0562 0.013 598 2.59× 10−6 5.5× 10−8 10.090 98 0.000 671
SH2 436.4686 6.61× 10−14 4.54× 10−14 4.48× 10−14 436.558 6.58× 10−14

SCH4 453.05 0.000 336 2.4× 10−7 4.17× 10−13 453.0349 0.000 189
SIC 8.495 797 0.004 571 5.42× 10−7 1.07× 10−8 8.496 482 0.002 702
SIN 0.130 226 3.17× 10−6 1.17× 10−8 1.22× 10−8 0.130 226 1.42× 10−7

SI 0.740 734 1.76× 10−5 1.49× 10−7 1.55× 10−7 0.740 734 7.4× 10−7

Xxc 0.740 753 1.83× 10−5 3.69× 10−9 9.43× 10−10 0.740 753 8.94× 10−7

Xch 0.007 371 1.82× 10−7 3.78× 10−11 9.49× 10−12 0.007 371 8.89× 10−9

Xpr 0.007 371 1.82× 10−7 3.78× 10−11 9.43× 10−12 0.007 371 8.89× 10−9

Xli 0.011 056 2.73× 10−7 5.67× 10−11 1.42× 10−11 0.011 056 1.33× 10−8

Xsu 0.030 622 2.71× 10−6 9.6× 10−9 1.05× 10−8 0.030 623 1.26× 10−7

Xaa 0.065 808 2.01× 10−6 1.13× 10−9 1.77× 10−9 0.065 808 9.99× 10−8

Xfa 0.235 892 2.14× 10−6 1.69× 10−9 9.98× 10−10 0.235 892 1.09× 10−7

XC4 0.424 778 8.68× 10−7 7.5× 10−10 4.72× 10−10 0.424 778 4.43× 10−8

Xpro 0.130 163 4.19× 10−7 3.18× 10−9 3.32× 10−9 0.130 163 1.76× 10−8

Xac 0.751 764 0.000 495 7× 10−8 3.85× 10−9 0.752 984 2.41× 10−5

XH2 21.816 87 1.33× 10−6 4.4× 10−9 4.79× 10−9 21.818 09 8.73× 10−8

XI 1.481 467 3.42× 10−5 6.1× 10−7 5.99 × 10−7 1.481 467 2.39× 10−6

Scation 0 0 0 0 0 0
Sanion 0 0 0 0 0 0
SHion 3.1072× 10−11 1.6911× 10−9 3.5806× 10−11 3.4364× 10−11 3.42× 10−8 6.8256× 10−10

Svaion 4.561 566 1.38× 10−6 1.2× 10−9 9.05× 10−12 0.000 596 0.000 596
Sbuion 5.894 126 1.44× 10−6 1.25× 10−9 1.09× 10−11 0.000 221 0.000 221
Sproion 2.508 624 1.96× 10−6 2.17× 10−9 4.57× 10−10 0.000 257 0.000 257
Sacion 10.033 27 0.013 589 2.57× 10−6 5.49× 10−8 0.002 759 0.002 759
SHCO3ion 7.944 936 0.004 708 1.16× 10−7 1.07× 10−8 0.002 777 0.002 777
SCO2 0.550 861 0.000 137 4.26× 10−7 2.58× 10−12 8.493 704 7.56× 10−5

SNH3 0.004 091 0.000 183 1.68× 10−7 6.81× 10−10 9.07× 10−6 9.07× 10−6

SNH4ion 0.126 136 0.000 18 1.56× 10−7 1.16× 10−8 0.130 235 8.93× 10−6

SgasH2 23 067.93 1.39× 10−8 2.88× 10−10 1.62× 10−13 23 072.65 7.14× 10−9

SgasCH4 15 218.74 0.011 416 3.74 × 10−5 5.38× 10−11 15 218.23 0.006 348
SgasCO2 0.791 919 0.000 195 9.61× 10−6 4.35× 10−12 12.211 99 0.000 108
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4.1.2. Absolute temperature inhibition
A non-linear least squares error analysis is done to find all parameters for the Arrhenius equation as
shown in (2.14) and the acidogenic and acetogenic parameters for the cardinal temperature equation
as shown in (2.15). This was done using the data of Table 3.3 and the estimated points (5, 0.01) and
(45, 0.01). Normalization had to be applied to the Arrhenius equation as, due to the low amount of
measurements available, the Arrhenius equation fitted over the value of 1.0. This means that in the
original fit, some temperature values higher then the optimal temperature resulted in inhibition factor
above value 1. This is in contrast with the definition of the inhibition function, which should not be able
to increase the rates. Therefore, normalization was applied to vectors produced with the found rela-
tion, and the normalized vectors were used in a second least-squares analysis to find the Arrhenius
constants for this normalized relation. This resulted in the parameters as shown in Table 4.2 and 4.3.

Using these parameters, relations between temperature and growth parameters shown in Figure
4.1 are produced. These appear similar to the once found in Donoso-Bravo et al. [28] and Rebac et al.
[84], which supplied the original data. It can be seen that the Arrhenius relation has an mostly upward
concavity, giving a ’steeper’ relation. The concavity of the cardinal temperature equation is downward
for most of the temperature region of interest, making these microbes more suitable for a broader range
of temperatures. It could be hypothesised that digesters kept at steady temperatures will produce mi-
crobial consortia specialized at that specific temperature region, while in digesters with temperature
fluctuations the microbes will be adapted to a broader range of temperatures. It is therefore expected
that the microbial consortia of a digester with seasonal temperature fluctuations is better represented
with the relation between temperature and microbial activity as described by the found constants for
the cardinal temperature equation, compared to the Arrhenius.

Comparing the results of the Arrhenius equation and the cardinal temperature equation, it is found
that the optimal temperature values for the Arrhenius relation are higher than the expected 35 °C. The
overshoot is most strongly present in Figure 4.1c. This is likely the case because this reaction is most
dependent on temperature, as can be found in the data found by Rebac et al. [84]. The optimal tem-
perature as depicted with the cardinal temperature equation stays closer to the expected point of 35 °C.
The course of this equation does however have an unexpected increase at temperature below 15 °C.
This increase is an artifact of the equation used, but as temperatures of the simulations do not reach the
values where this artifact is present, it is ignored. The cardinal equation does generally follow the ex-
pected curves, with one parameter less then the Arrhenius equation, and should therefore be favoured
according to Occam’s razor [86]. Based on these results the cardinal equation was chosen to be used
in all other simulations, unless stated otherwise.

Table 4.2: Constants for the Arrhenius temperature inhibition equation as shown in (2.14) for each degradation step, found by
non-linear least squares analysis and normalisation of the microbial activity with temperature coefficients as shown in Table 3.3

k1 a1 k2 a2
Khyd 0.620 7.82× 10−2 7.79× 10−5 0.976
µm,acido 0.183 0.243 9.46× 10−5 0.998
µm,c4 0.717 5.73× 10−2 7.86× 10−5 0.969
µm,pro 0.732 5.41× 10−2 7.75× 10−5 0.969
µm,H2

, µm,ac 0.608 8.12× 10−2 8.17× 10−5 0.972

Table 4.3: Constants for the cardinal temperature inhibition equation as shown in (2.15) for each degradation step, The values
with (*) are taken from Donoso-Bravo et al. [28]. The other values are found by non-linear least squares analysis of the

microbial activity with temperature coefficients as shown in Table 3.3.

Tmin Topt Tmax

Khyd* 4.2 40.3 45.5
µm,acido 12.6 40.9 45.0
µm,c4 1.7 35.8 45.0
µm,pro 2.4 34.9 45.0
µm,H2

, km,ac* 11.1 34.1 46.3
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It is important to attain more data on growth coefficients over temperature data points of these
microorganisms, especially at higher than optimal temperatures, so the inhibition functions can be
compared for accuracy and better constants can be found for the used equations of these organisms.
Similar research as the ones referenced in Bergland, Dinamarca, and Bakke [15] article should be
undertaken to find the relation between the first-order and Monod maximum specific uptake rate coef-
ficients and temperature.

In that case, also the difference between different metabolic pathways within the same digestion
step could be investigated. In the model presented in this thesis, the relation between temperature
and the Monod growth coefficient of hydrogenotrophic methanogens is assumed equal to the relation
of acetogenic methanogens. However, it is known that the decrease in growth rates with temperature
decrease of acetogenic methanogens is larger than in hydrogenotrophic methanogens [81]. Because
this relation is set equal for both these species, the absolute inhibition factors for hydrogenotrophic
methanogens will have more influence than expected in reality. Therefore, biogas produced at lower
temperatures might be underestimated.

Similarly, the current model does not account for differences in the effect of temperature on the hy-
drolysis and acidogenic rates of different substrates. It is for example plausible that LCFA metabolizing
acidogens react differently to temperature than amino acid metabolizing acidogens, but these microbes
now have the same temperature inhibition constants. The exact effect of temperature on these rates
will however vary between different substrate sources and might therefore be harder to define definitely.
This could still be done for a given substrate with the used BMP curve fit procedure [7], combined with
running the BMP at different temperatures, as proposed in Donoso-Bravo et al. [28].
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(a) Hydrolysis with Arrhenius (b) Hydrolysis with cardinal

(c) Acidogenesis with Arrhenius (d) Acidogenesis with cardinal

(e) Valerate and butyrate with Arrhenius (f) Valerate and butyrate with cardinal

(g) Propionate with Arrhenius (h) Propionate with cardinal

(i) Methanogenesis with Arrhenius (j) Methanogenesis with cardinal

Figure 4.1: Temperature inhibition as a function of temperature with the found Arrhenius and cardinal equation constants
shown in Tables 4.2 and 4.3 for different anaerobic degradation steps.
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4.1.3. Liquid - gas transfer coefficient
The 5th order relation between kLa and temperature is used to predict the kLa of Pauss et al. [75] and
the standard ADM1 kLa at specific temperatures. Furthermore, the relation between kLa and yearly
methane production from the digestion of BSM2 influent in a digester operated at 35 °C and with the
design as shown in Table 3.1 is simulated. These relations are shown in Figure 4.2.

(a) Yearly methane gas production over kLa for the digestion of
BSM2 influent in a digester operated at a steady temperature of

35 °C and with the design as shown in Table 3.1

(b) Liquid-gas transfer rate over temperature for the kLa of the
original ADM1 and the kLa found by Pauss et al. [75], according

to the relation found by Lee [58].

Figure 4.2: Dependence of methane gas production on kLa and the influence of temperature on kLa. (a) The liquid gas
transfer becomes rate limiting for biogas production at values for kLa lower than 1.0. (b) the dependence of kLa on

temperature.

It can be seen in Figure 4.2a that for values of kLa above 1.0, methane gas production only increases
slightly. Values lower than this point do impact the methane production rate negatively, as the liquid-gas
transfer step becomes the rate limiting step in methane production. In these simulation, equal amounts
of methane are produced, but only the difference between the concentrations in the soluble phase and
in the gas phase are changed by the kLa. A similar result was found in a sensitivity analysis done by
Feng et al. [33], who concluded that the biogas production in the ADM1 is not influenced significantly
by the value of kLa unless it is lower than 1.0d−1. This is expected, as it can be noted in (2.5) that if
the value of kLa becomes lower than 1.0, it effectively acts in the samemanner as an inhibition function.

The kLa of the original ADM1 was set to a constant value of 200, under the assumption that all gas
would desorp at 35 °C. Figure 4.2b shows that, using (3.8), this kLa would only be reduced to below
1.0d−1 if temperature would reach a value below 13 °C, which is unlikely to occur in a mesophilic reac-
tor. However, using the kLa of 2.16 at 35 °C for methane found in the lab experiments of Pauss et al.
[75], the temperature at which an kLa of 1.0 is reached is 30 °C.

If this kLa is representative for unstirred, fixed-dome digesters, an undesirable phenomenon could
occur. Methane gas would stay dissolved in the bulk liquid due to the low kLa and will therefore be
present in the effluent digestate leaving the digester. If this digestate is exposed to the atmosphere,
the gas will desorp immediately, as the partial pressure of methane in the atmosphere is negligible,
increasing the degree of supersaturation of methane dissolved in the digestate. This would mean that
the operation of a digester at that temperature would actively waste its product as a greenhouse gas.
This could also be one of the reasons why the biogas production in unheated household anaerobic
digesters is lower than expected in regions further from the equator, which causes these digesters to
be abandoned [63, 61, 101]. Furthermore, due to the large amount of unheated household anaerobic
digesters implemented around the world in the last two decades, this effect could potentially be a partial
explanation of the unknown cause of the acceleration in methane emissions observed since 2007 [30].

However, as the kLa of a laboratory set-up is taken as a base for this argumentation, it must be
stated that, to the authors’ knowledge, the kLa of unstirred, unheated, fixed-dome digesters for different
substrates is as of yet not available in literature. Furthermore, the formula of Lee [58] used for linking
kLa to temperature was made for the absorption of oxygen in aeration systems. Even though both
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methane and oxygen have similar values for solubility and the transfer of both gases are liquid-film
dependent, it must first be determined if the found relation can be applied directly to the desorption of
methane as well. Because these concerns have first to be researched for validity, the original ADM1
value for kLa was used in the following simulations, unless stated otherwise.

4.2. Heat transfer model and dynamic temperature inhibition
The La Trappe case
The heat transfer model was used to predict the temperature of an unheated digester with the design
parameters as shown in Table 3.1 and the weather data of the Netherlands. The simulation for the
year 2021 resulted in the operational temperature (Top) and the attuned temperature of acetoclastic
methanogens (Ta) as shown in Figure 4.3a. Furthermore, the value for the dynamic inhibition function
is found for the duration of this year, and shown in Figure 4.3b. The heat flows in Joules per heat trans-
fer process contributing to temperature change over this simulation are shown in Figure 4.3c. Lastly,
the same figures are produced for simulation of a reactor with 2 cm of fiberglass insulation, and these
are shown in Figures 4.3d till f.

The yearly heat fluctuation follows similar values as could be expected from literature, as Merlin et al.
[66] reported similar temperature fluctuation of an unheated but insulated digester of similar dimensions,
fed with heated influent and exposed to the weather conditions of the French Alps. The large increase
in temperature occurring at day 150 coincides with the largest decrease in the dynamic temperature
inhibition factor Ishock, as expected. It will therefore become beneficial for acetogenic methanogenesis
to limit the speed of temperature change, with the implementation of this function.

Comparing figure 4.3a and d, it can be observed that adding a 2 cm fiberglass insulation layer
increases the minimum, mean and maximum temperature attained. The insulation increases the resis-
tance for convection, which therefore lowers the amount of heat lost especially in summer, as is shown
in Figures 4.3c and f. The convective heat loss is already lower than conventional reactors due the fact
that the digester is buried. Due to the lower amount of heat loss in summer, the maximum temperature
increases. However, the addition of insulation increases the minimal temperature in winter less then
the maximum of summer, due to the fact that in winter radiance is an equally important sink of heat as
convection. The yearly temperature fluctuation is therefore increased with insulation. To increase heat
retention in winter efficiently, a combination of convective and radiative insulation is needed.

Figure 4.3d shows that in summer, for a short period, the temperature in the digester rose to above
35 °C, making influent advection a heat sink instead of a source. This can be seen in Figure 4.3f by the
fact that during this event, advection attained negative values. This occurrence is caused by the high
amount of solar irradiance during these days. The heat captured from irradiance is not dependent on
digester temperature and will therefore always be a source. However, this interpretation of the effect
of solar irradiance might be an oversimplification.

In reality solar irradiance heats up the cover of the digester, and convective and conductive heat
transfer process then transport this heat from the cover to the bulk liquid. This kind of approach is taken
in the heat transfer model developed by Terradas-Ill et al. [94], where the temperature in the cover and
in the biogas are taken as states as well as the operational bulk liquid temperature. This model will re-
sult in more realistic effect of solar irradiance on operational temperature then using the factor η, which
is used in the model of this thesis and in the model of Vilms Pedersen et al. [98]. However, the high
dependence of bulk liquid temperature on solar irradiance was also found in the validated heat transfer
model of a buried household anaerobic digester of Bandgar et al. [10].

The found yearly mean dynamic temperature inhibition function and the absolute inhibition function
of acetoclastic methanogens for both simulations are given in Table 4.4. It shows that the shock inhi-
bition function decreases with insulation. This is due to the increased temperature fluctuations. This
effect is however overshadowed by the increase of the absolute inhibition function. It was therefore
deemed beneficial to include insulation for biogas production under Dutch climatic conditions, and in-
sulation is therefore included in subsequent simulations.
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(a) Simulation of temperature fluctuations over 2021 in a concrete
digester in the Netherlands

(b) Dynamic temperature inhibition function for the temperature profile of
Figure (a)

(c) Heat flows of different heat transfer processes for the temperature
profile of Figure (a).

(d) Temperature fluctuations over a year in an insulated digester in the
Netherlands

(e) Shock inhibition function for the temperature profile of Figure (d) (f) Heat flows of different heat transfer processes for the temperature
profile of Figure (d)

Figure 4.3: Simulations of the influence of the weather conditions of the Netherlands of 2021 on operational temperature and
the attuned temperature of the acetoclastic methanogens for concrete and insulated digesters. The shock inhibition function
and different heat flows over time for the simulations are shown as well. In Figures (a) till (c) simulation was done without the

insulation layer, while in the simulation of Figures (d) till (f) the insulation layer as given in Table 3.1 was present.

Climate
Different climatic cases for concrete digesters in Norway and Uganda were compared for their influ-
ence on operational temperature. The simulated digester has the design and operational parameters
as shown in Table 3.1 without insulation. Resulting yearly temperature fluctuations and heat transfer
processes are shown in Figure 4.4.
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(a) Simulation of temperature fluctuations over 2021 for a digester in
Norway.

(b) Heat flows of different heat transfer processes for the temperature
profile of Figure (a)

(c) Simulation of temperature fluctuations over a year for a digester in
Uganda.

(d) Heat flows of different heat transfer processes for the temperature
profile of Figure (c)

Figure 4.4: Simulation of the yearly temperature profile of digesters subjected to the climatic conditions of Norway and Uganda.

The heat flows per simulation show that in winter, advection is the key contributor to temperature for
the Norwegian case. In winters in Norway, the amount of sunlight is limited, causing the solar irradiance
to approach zero. In summer however, solar irradiance becomes a larger source of heat than advection.

For Uganda, which is located on the equator, seasonality causes less changes to the reactor over
the year, and irradiance throughout the year is the largest source of heat. As irradiance is quite con-
stant, the addition of insulation could potentially result in temperatures within the reactor higher then
influent temperatures as well. It must be noted that the influent temperature of 35 °C for comparison
with the other weather cases. The high bulk liquid temperature and low temperature fluctuation of this
simulation will allow for low values of temperature inhibition functions.

The yearly mean of the absolute temperature inhibition function for acetoclastic methanogens and
the dynamic temperature inhibition function for the four studied scenarios are shown in Table 4.4. The
values of these inhibition functions highlight why unheated digesters are feasible around the equator
and why heating is applied in anaerobic digesters in colder climates.

Design and operational parameters
In order to investigate the influence of the design and operation of the digester on yearly temperature
fluctuations, the effects of volume, flow rate and the influent temperature have been simulated in an
OAT sensitivity analysis. The operational temperature over the year has been simulated over a certain
range for each parameter. The resulting relation between these factors and operational temperature
is shown in figure 4.5. Here the minimal, maximal, mean, 25th percentile and 75th percentile of the
temperature in each simulation are presented over the parameter range.



4.2. Heat transfer model and dynamic temperature inhibition 31

As can be expected, a larger volume will results in a more stable temperature, as shown in Figure
4.5a. This is due to two factors. By having a larger volume, the amount of surface area per unit of
volume decreases, which lowers the relative amount of conductive heat loss. Therefore, the heat in
the digester is stored more efficiently. The second factor encompasses that, by having a larger volume,
the overall heat capacity of the reactor increases, simply by having more volume to store heat in. This
effect is also known as thermal inertia, and could be achieved in smaller digesters by including a layer
of material with a high heat capacity between the concrete and insulation, like basalt [89].

The operational bulk liquid temperatures dependency on flow rate is shown in Figure 4.5b. Op-
erational temperature will approach influent temperature at high flows. This supports the building of
high-volume and high-rate digesters. For HRT, it is shown in Figure 4.5c that a larger volume gives
less temperature fluctuations. A smaller HRT, given that influent temperature is constant, will therefore
also increase operational temperature and decrease temperature fluctuations.

In the model, volume determines the dimensions of the digester, which is assumed to be a cube.
When volume increases, the area of each side of the cube increases, which in turn influences the sur-
face area for conduction between the soil and the digester wall. It is therefore beneficial to build the
buried digesters in spheres, as this would maximize the volume to surface area ratio. Furthermore,
less dead zones would emerge in such a reactor, optimizing volume utility and mixing.

The found influence of climatic conditions, reactor design and operational strategies can be used
to predict what type of digester would be able to operate where, under which conditions. This kind of
research is recently been published for other climates. Rashidian, Mahmoudimehr, and Atashkari [83]
used similar relations to determine minimal volume, burial depth and influent temperature to operate
fixed-dome digesters in Iran. Yan et al. [107] recommended sustainable types of heating for buried fixed-
dome digesters for each region in China, based on available renewable energy sources and potential
increase in biogas production. Similar research could be done with the proposed model, but this was
deemed out of the scope of this thesis.

Solar irradiance
The absorptivity parameter η, which determines the amount of solar irradiation heat reaching the bulk
liquid, has been investigated for its influence on the temperature and on the temperature variability.
Figure 4.5f shows this relation.

The solar irradiance has especially influence on the maximum operational temperature. This is
inline with the thermal model and validation experiments of Bandgar et al. [10], which found a strong
relation between solar irradiance and biogas production. In the model used in this thesis, the amount of
energy in J transferred from the solar rays to the bulk liquid is determined by the absorptivity constant
η, as in (2.17). This constant was set to 75% in the model used by Vilms Pedersen et al. [98], and this
value was adopted in this study. This means that 75%of all direct solar energy ends up in the bulk liquid.

However, considering the pathway of heat flow, this might be an overestimation. As the absorptivity
determines the amount of heat transferred from the solar rays to the cover concrete, the heat will still
have to flow either through the concrete to the bulk liquid, or be passed via the biogas to the bulk liquid.
The heat loss to the air and soil can be expected to be higher than 25%, or at least be dependent on
more factors than the absorptivity of concrete. However, as the solar irradiance heats up the concrete,

Table 4.4: The yearly mean of the absolute temperature inhibition functions for acetoclastic methanogens and the dynamic
inhibition function for the simulations shown in Figures 4.3a & d, and 4.4a & c. For the simulations of Norway and Uganda, no
insulation was present around the digester. A value of 1 gives uninhibited reactions and a value of 0 completely inhibits a

reaction.

Dutch concrete Dutch insulation Norway Ugandan
IArrhenius 0.227 0.336 0.167 0.510
Icardinal 0.494 0.714 0.282 0.991
Ishock 0.925 0.889 0.933 0.998
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(a) Yearly temperature fluctuations as a function of volume at a set flow
rate of 2 m3/s.

(b) Yearly temperature fluctuations as a function of flow rate at a set
volume of 40 m3.

(c) Yearly temperature fluctuations as a function of volume for a digester
operated at a HRT of 20 days.

(d) Yearly temperature fluctuations as a function of HRT, for a digester
with a volume of 40 m3.

(e) Yearly temperature fluctuations as a function of influent temperature.
(f) Yearly temperature fluctuations as a function of the solar irradiance

absorptivity of the cover (η).

Figure 4.5: Simulations of the effect of design and operational parameters and the absorptivity constant η on the yearly mean
temperature and the yearly temperature fluctuations for a digester subjected to the Dutch climatic conditions of 2021. For each

simulation, the values of the unvaried parameters are as shown in Tables 3.1 and 3.2.

the temperature gradient between the bulk liquid and the concrete lowers. This will result in less heat
loss due to conduction and convection. The decrease in solar irradiance heat gain, and the decrease
in convective and conductive heat loss might cancel each other out and result in net operational tem-
perature as presented here. This could possibly be the reason why Vilms Pedersen’s model was able
to predict operational temperatures without calibration [98]. This is supported by the fact that Bandgar
et al. [10] found a high relation between solar irradiance and bulk liquid temperature. However, the
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current implementation gives distorted results when comparing heat flow pathways, as both the solar
irradiance and the conduction/convection processes should have lower values. To accurately simulate
the relative effect of different heat flow pathways, a model as proposed by Terradas-Ill et al. [94] should
be used. This model calculates the temperature of the cover and the temperature of the biogas as
model states as well as temperature. Such a more complex model structure would allow the inclusion
of an advection factor for gas outflow as well.

In warmer climates, and especially when heating is applied to attain optimal operational tempera-
tures for biogas production, solar irradiance can cause overheating [13, 64]. These papers alsomention
the effect of passive cooling by painting the digesters white to increase the albedo. The opposite is
done in unheated digesters, where the digester is painted black to increase the absorptivity of the di-
gester and therefore the heat gain from solar irradiance [51]. The increase or decrease in operational
temperature found in these papers substantiates the large effect that modifying the solar irradiance ab-
sorptivity of the digester can have on the whole heat balance equation. Furthermore, it could potentially
be beneficial for La Trappe to consider painting the digester black as well. Additionally, the exposure
of the digester to solar irradiance should be maximized for heat gain, and the location of the digester
should therefore be chosen so no trees or buildings block the solar rays from hitting the digester.

Temperature shock inhibition effect
The parameters determining the temperature shock effect, τa and shg, are varied over a range to deter-
mine their effect on gas production in the insulated Dutch case with the design and operational values as
shown in Table 4.5. The adaptation time constant τa, that represents the time needed for the microbial
group to adapt to a set temperature, is tested over a range from 10 to 30d. The constant shg represents
the temperature change needed to half microbial activity and is varied from 1 to 5 °C. These values
are taken for consideration as these were found representative for a similar case in the research of Ko-
valovszki et al. [56]. Their combined resulting relations with methane production is shown in Figure 4.6.

Figure 4.6 shows that for high values of shg, the mean Ishock will be closer to 1, which represents no
inhibition. The reverse relation is found for τa. If this parameter is lower, the mean Ishock will be higher
for the set year. The mean Ishock can vary from close to 1 to around 0.4 for the investigated range and
temperature profile, depending on the chosen value of shg and τa. This shows how important it is to
validate the chosen values for modelling and control of reactors with highly fluctuating temperatures.
However, these values can be dependent on many factors. Figure 4.6 also shows that the value of shg
has a larger influence on the dynamic inhibition function than the value of τa in the investigated range.

Boušková et al. [17] and Sudiartha, Imai, and Hung [90] found different responses to shocks in tem-
perature within the mesophilic range than from the mesophilic to the thermophilic range. The combined
effect of the absolute and dynamic temperature inhibition function as presented in this thesis do how-

Figure 4.6: The effect of shg and τa on the yearly mean of the dynamic temperature inhibition function Ishock for simulation of a
reactor with the design and operation as shown in Table 4.5 and subjected to the Dutch weather conditions of 2021.
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ever give similar results for the initial temperature response as found in these studies. However, the
temperature inhibition functions are not capable of simulation of thermophilic digestion. Furthermore,
Boušková et al. [17] found that it is better to have an abrupt switch in temperature than a gradual when
switching from mesophilic to thermophilic or the other way around, as the microbes will be able to adapt
faster to a new temperature if the gap between the old and new temperature is larger than when the
temperature changes gradually over time. This faster adaptation time for larger temperature shocks,
and slower adaptation for smaller shocks is included in this dynamic temperature inhibition function as
well. It is therefore deemed as an accurate model, but calibration of τa and especially shg is needed for
different cases, as these can be dependent on many factors.

4.3. Sludge Characterisation
4.3.1. Chemical analysis
Five different samples were analyzed for chemical composition. These include the belt-thickened
sludge, the wort from the blond beer and the quadruple beer, and the influent and effluent of the MNR.
Detected ethanol found in the VFA analysis has been left out of the total VFA calculation, as the found
concentrations were low and no state for ethanol is present in the ADM1. Chemical composition and
relative standard deviation of these samples are shown in in Table 4.5.

The results of the chemical analysis on the different streams at La Trappe are shown in table 4.5.
The belt-thickened WAS has a high amount of TS and tCOD and will need to be diluted for liquefaction
before it can be digested, as it is quite solid. Lower concentrations were found than expected for the
proteins and carbohydrates, and VFAs. For the blond spent wort, it was found that around two thirds
of it is comprised of carbohydrates. This finding is lower than expected, as literature states that wort
consists of around 90% carbohydrates [40]. The ratio between tCOD and sCOD of the spent wort is as
expected, as it is an amber transparent liquid with few grainy flakes floating in it. The quadruple spent
wort has a three times higher concentration of tCOD then the blond spent wort, and the carbohydrates
to tCOD ratio is in-line with literature. Proteins were expected to be the main component of the WAS
[88], but only low concentrations were found with the used method.

Analyzing the results critically, it must be stated that, to make definite statements on the chemical
compositions of the different streams at La Trappe, some tests should be iterated. For the blonde
spent wort, the influent and the effluent samples, the concentration of proteins in mg N/L was found
higher than the total amount of nitrogen. This result could be caused be errors in the measurement
methods, with the HACH kits or the TKN determination. Another reason can be the formula used for
protein determination (3.9), which has not been calibrated for this substrate. This formula is used for
estimation of the amount of proteins inside of microbial cells. However, if large amounts of EPS are
present, the ratio between nitrogen and amount of proteins can change. It is plausible that the MNR
technology in the activated sludge step of the La Trappe WWTP influences the concentration of EPS,
as the plant roots promote biomass retention via bio film production. This will change the protein ratio’s,
and calibration of (3.9) is therefore needed.

Table 4.5: Results of the chemical analysis of the different streams of La Trappe

Unit Belt-sludge Blonde Quadruple Influent Effluent
TS g L−1 160.58± 1.79 12.93± 0.10 36.82± 0.08 3.13± 0.07 3.30± 0.05
VS gL−1 142.11± 1.47 12.60± 0.09 35.90± 0.07 1.57± 0.03 1.20± 0.12
tCOD mgL−1 137 573± 31 567 15 400± 25 47 260± 1401 3181± 93 1244± 133
sCOD mgL−1 37 660± 573 14 973± 62 41 215± 306 2504± 26 610± 3
tN mgtNbL−1 11 327± 435 22.0± 3.3 463.0± 4.1 37.5± 0.4 29.2± 0.3
NH4 mgNH4-NL−1 1015± 44 9.8± 0.4 17.2± 0.3 1.05± 0.02 2.11± 0.10

tP mgPO4
3--PL−1 1603± 84 17.4± 1.9 44.4± 13.5 11.7 9.1± 0.5

pH 5.9 5.78 8.08
tVFAs mgCODL−1 1076.5± 152.7 276.4± 131.4 801.1± 460.7 1500.4± 11.9 375.9± 2.3
Carbs mgCODL−1 17 683± 3297 9035± 808 41 602± 5872 155± 23 116± 17
Proteins mgNL−1 2089± 353 577± 186 71.10± 4.68 62.20± 2.63
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Furthermore, the low amount of carbohydrates found in the blond spent wort sample was against
expectation. This could be due to the high dilution factors needed for VFA and carbohydrates deter-
mination [29]. As the samples were stored for two months for analysis, some degradation processes
could have taken place, converting carbohydrates to VFAs. VFA analysis was done before carbohy-
drate determination, which could possibly explain the low amounts of carbohydrates and high amount
of lipids found. COD in carbohydrate form was not observed during VFA analysis, while it was also
missed at carbohydrate determination as it, at that time, was converted to VFAs. The COD which was
not observed during these test was allocated to the concentration of lipids with the used biochemical
fractionation method. The same process could have taken place for the proteins in the WAS.

For possible diluents of the WAS and wort in the digester, the influent and effluent of the MNR were
analysed as well. The influent comprises of a large amount of VFAs, which could possibly be digested
as well. These VFAs do contribute to the low pH in the influent, which could cause methanogenic inhi-
bition to occur in the reactor. However, it is possible that these VFAs come from the wort now treated
in the MNR. These would therefore not be present after the commissioning of the digester, changing
the composition of the influent. On the other hand, the effluent of the MNR has a high pH, which could
help digester stability. As the MNR is situated in a greenhouse, the effluent of the MNR will also have a
higher and more stable temperature throughout the year, which would benefit digester operation. This
flow is therefore deemed a better option for dilution.

The spent worts of blonde and quadruple beer are characterized for their concentrations, but in real-
ity the spent wort of eleven different types of La Trappe beer in the quantities produced in the brewery
will be introduced to the reactor. In the following simulations, it is assumed that the concentrations
of the mixture of all spent wort deviates inconsequentially from the concentrations of a mixture of the
blond and quadruple spent wort in a 1:1 ratio. Furthermore, in the current situation, the wort is treated in
the WWTP, and therefore has influence on the concentrations of the influent and effluent of the MNR,
as well as the belt-thickened sludge. As with the implementation of the anaerobic digester the wort
will not be be directly treated in the WWTP, the characteristics of these flows will change. However,
this change was assumed to be not substantial, and the characterisation as done here is therefore still
deemed representative.

4.3.2. Biochemical methane potential test
The methane flow of the BMP test is shown in Figure 4.7a and 4.7b. BMP tests were done on three
different mixtures as shown in Table 3.4, resulting in the methane production rates as shown in Figure
4.7. The BMP test experienced some errors in data collection, which resulted in the fact that after
approximately 18 days, no new data was collected. However, all graphs attained an almost horizontal
trajectory after day 10, which insinuates that all readily-biodegradable COD had been digested. Fur-
thermore, for the cellulose control bottles, it can be observed that 270NmL of methane was produced
per gram of COD, instead of the expected 350NmL. This could be due to the failure of recording biogas
produced after day 18, or by errors in the dosing of the bottles. Figure 4.7b shows that all three bottle
compositions attained similar biogas production levels. The bottle containing the effluent of the MNR
had slightly less biogas, which could indicate that the COD in this effluent is slightly less biodegradable
then the influent.

(a) Biogas flow per day. The blank test results have been
subtracted from these results.

(b) Cumulative biogas flow. The blank test results have been
subtracted from these results.

Figure 4.7: Methane production curves resulting from the BMP tests with compositions as shown in Table 3.4.
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4.3.3. Biochemical fractionation
The method of Arnell et al. [7] was used to determine the input values of the ADM1. The resulting val-
ues are shown in Table 4.6, where the unit of each value is kgCODm−3. The same ratios for sludge,
wort, influent and effluent have been used as in the BMP bottles as shown in Table 3.4. The missing
value for proteins of the quadruple wort has been estimated using the same COD to protein ratio as
the blonde wort.

The biochemical fractionation method was used to calculate the input states for the ADM1 as pre-
sented in table 4.6. The results deviated from expected values in the same manner as the results from
the chemical analysis. As generally wort contains around 90% carbohydrates [40] and the activated
sludge contains mainly microorganism, it was expected that the lipid concentration would be rather low.
As the amount of carbohydrates and proteins found in experiments were lower then expected, the cal-
culated lipid concentration became the main component of the influent. As the concentration of lipids
is calculated as the remainder of the total COD, after the concentration of proteins and lipids had been
subtracted, the amount is probably overestimated.

This results raises a concern for this method, as measurement errors propagate over the used bal-
ance equations. Therefore, extra care should be taken in the chemical analysis, especially in macro
nutrient determination. For carbohydrate determination for example, dilutions should be done in trip-
licate as well, as small errors give large deviations in results due to the high dilution factors needed
for the used sample and method. Furthermore, due to dilutions to concentrations under measurement
ranges, the concentration of VFAs might have been underestimated. This means that the actual com-
position would have higher concentrations of VFAs, results in lower pH in ADM1 simulations. Therefore,
more base could be needed to prevent acidification than in the simulations done with the found results.

Lastly, as the amount of sCOD is dominant for the wort, the used method and equations might not be
ideal for this kind of substrate. A proposal for equations for this procedure for substrates which consist
for a major parts of soluble COD is done in Appendix D. These will result in more representative charac-
terisations for substrates such as the wort. Another way to fractionate substrates with the more equal
distribution between sCOD and pCOD concentrations is by determining macro nutrient concentrations
separately for soluble and particulate COD by filtration.

Table 4.6: ADM1 input values calculated with the biochemical fractionation procedure from the chemical analysis and the BMP
test in kgCODm−3. These inputs represent the BMP tests with ratios as shown in Table 3.4.

parameter Wort and sludge Influent Effluent
sCOD 32 877 16 003 14 961
pCOD 51 563 23 293 23 138
Proteins 4340 2274 2225
Carbs 22 104 9915 9900
Lipids 57 997 27 413 26 095
fd 0.66 0.66 0.63
SI 11 178 5441 5536
XI 17 532 7920 8561
Xpr 2864 1501 1468
Xch 14 588 6544 6534
Xli 16 579 7328 6575
Sac 545 574 400
Spro 0 281 20
Sbu 0 191 19
Sva 262 147 129
Ssu 8955 3988 3970
Saa 1758 915 892
Sfa 10 177 4467 3995
SIN 37 3 2
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4.4. Calibration and simulation
4.4.1. BMP calibration
Simulation of the BMP test was done in order to calibrate the hydrolysis constants. In order to sim-
ulate the inoculum, the steady state output values of the BSM2 was used. It was found that the
summed COD concentration of these output values were very similar to the tCOD of the inoculum
(32.81 and 33.03 kgCODm−3, respectively). One change was made to the BSM2 output values, as
1.35 kgCODm−3 of particulate inert concentration (XI ) was transferred to particulate composite con-
centration (Xxc). This was done to attain similar levels of biodegradability. The inoculum simulation
and the experimental results of the blank BMP test are shown in Figure 4.8a. The wort and sludge
mixture simulation and the experimental BMP results are shown in Figure 4.8b.

The BMP test of the wort and sludge mixture was simulated with the ADM1 model. The blank sim-
ulation was subtracted from the results of the wort and sludge mixture simulation in order to find the
methane originating from the wort and sludge, without the digestate. The found BMP curve simulation
followed the experimentally found results well, which was against expectations. The article from the bio-
chemical fractionation procedure describes how the first-order hydrolysis rate coefficients can be found
by fitting the simulated BMP curves through the experimental curves [7]. By adjusting these parame-
ters, a fit should be found, giving the correct first-order hydrolysis rate coefficients for a given substrate.

As the curves already fit each other reasonably well, it can be either concluded that the standard
ADM1 first-order hydrolysis rate coefficients are representative for the wort and sludge substrate, or
that hydrolysis is not the rate-limiting factor in the digestion of this substrate. However, as VFA con-
centrations were not measured in these test, it is unknown if VFA accumulation has occurred. This
would have been an indicator that methanogenesis was actually the rate limiting step. Nevertheless,
high biodegradability is observed in Figure 4.8b, and it is therefore still expected that methanogenesis
is the rate limiting step, but BMP tests with VFA concentration measurements are needed to determine
this with more certainty.

(a) Comparison between the results of the blank (inoculum) BMP
test and the simulation of this test with the model.

(b) Comparison between the results of the Wort and sludge BMP
test and the simulation of this test with the model.

Figure 4.8: Daily and cumulative results of the experimental and simulated BMP results of inoculum and the wort and sludge.
The results of the blank BMP simulation are subtracted from the wort and sludge simulation results to find the exclusive effect

of the wort and sludge substrate, as is done in the experimental results.

4.4.2. Simulations
La Trappe
For simulation of the digestion of the wort and sludge in a digester with the design and operation as
shown in Table 3.1 and subjected to the Dutch weather, further configuration of the influent states is
needed. Because the unknown states are set to a concentration of 0, no buffering capacity is present
in the influent and it was found that acidification occurs in simulation of the digestion of the wort and
sludge mixture. Therefore, the effect of dosing base to the influent is simulated by finding the effect
increased cation concentration on yearly biogas production and mean pH for the year 2021. This influ-
ence is shown in Figure 4.9a.
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(a) Methane production and pH as a function of cation concentration for
the influent as presented in Table 4.6.

(b) Digestion of the wort and sludge mixture as presented in Table 4.6 in a digester with the design and operation as shown in Table 3.1 and
exposed to the Dutch weather conditions from 2000 till 2003.

Figure 4.9: Simulation of the La Trappe case with influent based on the biochemical fractionation. The concentration of cations
represents the addition of base to the influent substrate to prevent acidification. The found result is then added to the influent

and sludge mixture, which is used to simulate methane production for three years in Figure (b).

A step function corresponding with the three pH inhibition functions as depicted in Figure 2.1 can be
observed. A pH of 7, coinciding with no pH inhibition and the peak in methane production, is reached
if the influent has a concentration of 0.03 kmolem−3 of cation. Simulation of the digestion of the wort
and sludge mixture with the addition of 0.04 kmolem−3 of cation is done for the the Dutch weather con-
ditions from 2000 till 2003. The cation concentration is increased from 0.03 to 0.04 kmolem−3 because
the winter of 2001 reached lower temperatures than the winter of 2021, and acidification did occur.

The resulting methane production and digester temperature are shown in Figure 4.9b. Further-
more, the bulk liquid and effluent concentrations of acetate (Sac), LCFA (Sfa) and the long-chain fatty
acid metabolizing acidogens (Xfa) is shown. A clear seasonal dependence of methane production on
temperature can be observed. This is inline with expectations, as methane production is known to cor-
respond with bulk liquid temperatures in unheated digesters [45]. However, to the author’s knowledge,
this is the first model which combined heat transfer with continuous temperature inhibition functions to
the ADM1 for simulation of this effect.

In this simulation, the combined concentration of lipids and LCFA contributes for almost half of the
biodegradable COD. It can therefore be observed that the daily biogas production is largely dependent
on Xfa concentration. Each year in winter, the amount of Xfa is low, as the temperature inhibition
function lowers the metabolism of the acidogens causing washout due to low reproduction. Due to



4.4. Calibration and simulation 39

the low metabolism and concentration of Xfa, accumulation of Sfa occurs till steady-state with influent
concentrations is reached. This coincides with the low methane production in winter, which is lower
than 20m3 d−1.

However, as temperatures start to increase towards summer, the growth rates of the acidogens
becomes larger than the effluent concentrations, and Xfa concentration starts to increase exponen-
tially due to the high concentrations of their substrate Sfa after accumulation. This exponential growth
results in a clear short peak in biogas production in mid summer, where in a short time interval a large
portion of the Sfa is consumed. As the Sfa concentration becomes rate limiting after this event, the
growth in Xfa abruptly starts to decline. Subsequently, temperatures start to decline again at the end
of summer. Due to this decline, accumulation of Sfa starts again, restarting the cycle.

Temperature has therefore major influence on biogas production in the anaerobic digestion process
of this substrate. This high temperature dependence is caused by the low value for the Monod maxi-
mum specific uptake rate of LCFA µm,fa. The metabolism on this substrate has the lowest values of all
µm coefficients in the ADM1 [85] at 6d−1. Furthermore, absolute temperature inhibition has the most
drastic effect on acidogenesis [15, 28], causing a small temperature range at high temperature values
for low inhibition, as can be seen as well in Figures 4.1c and 4.1d.

This dependence was found as well by Erdirencelebi and Ebrahimi [32], who concluded enhanced
oil and grease removal at the upper mesophilic range (40 °C), compared to digestion at 35 °C of waste
activated sludge. This finding is inline with te found absolute temperature inhibition function. Further-
more, Merlin et al. [66] found that for the digestion of dairy wastewater, temperatures should be kept
above 23 °C to prevent fatty acid accumulation-induced acidification. These findings are inline with the
simulation produced here with absolute temperature inhibition function for LCFA acidogenesis.

However, the effect of temperature on acidogenesis has been determined on the digestion of glu-
cose [28], whose acidogenic speciesmight react differently to temperature change then LCFAmetabolis-
ing acidogens. It is therefore important to study the temperature inhibition effect for different acidogenic
species, by using their representative substrates.

To conclude what the rate limiting step is in the simulation, the concentration of acetate (Sac) is in-
cluded in Figure 4.9 as well. It can be seen that during the summer peaks in biogas production, acetate
concentrations increase as well. This is expected, as this is an intermediate in the conversion of Sfa to
SCH4

. However, a peak in acetate is observed as well at the coldest points of each year. This indicates
that methanogenesis is rate limiting in winter, while hydrolysis is rate limiting in other periods. Even
though methanogenesis is rate limiting, and acetate accumulation is occurring in winter, the addition of
the cation prevents acidification and methanogenic inhibition from taken place. The fact that methano-
genesis is only rate limiting in winter suggests that the concentration of base needed in summer can
be lower than in winter.

As was stated before, the amount of carbohydrates and proteins in the wort and sludge is probably
underestimated and the used biochemical fractionation method therefore caused an overestimation of
the amount of lipids in the influent. It is known that spent wort consist for 90% of carbohydrates [40],
and WAS consists for its majority out of proteins [88]. Based on these, it is expected that the values
from carbohydrates and proteins as presented in Table 4.6 should be multiplied with a factor of 1.8 to
gain representative substrate for the wort and sludge mixture of La Trappe.

Recalculation of the other input values according to the biochemical fractionation method resulted in
a new influent substrate which was used to simulate the influence of temperature on biogas production
for a more representative substrate for the La Trappe case. In this simulation, again acidification occurs
if no base is dosed. Figure 4.10a shows that a concentration of 0.02 kmolem−3 of cations as base
in the influent is needed to prevent acidification from occurring for the temperature profile of 2021.
Again however, higher dosage was needed for simulation from 2000 till 2003, as these winters were
colder. Simulation of the digestion of the new wort and sludge states with a cation concentration of
0.03 kmolem−3 resulted in biogas production as shown in Figure 4.10c.
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(a) Methane production and pH as a function of cation concentration in
the influent substrate for the influent based on literature and with a

constant temperature of 35 °C.

(b) Methane production and pH as a function of cation concentration in
influent for the influent based on literature and with a constant

temperature of 45 °C.

(c) Digestion of the wort and sludge mixture based on literature in an digester with the design and operation as shown in Table 3.1, an influent
temperature of 35 °C and exposed to the Dutch weather conditions from 2000 till 2003.

(d) Digestion of the wort and sludge mixture based on literature in an digester with the design and operation as shown in Table 3.1, an influent
temperature of 45 °C and exposed to the Dutch weather conditions from 2000 till 2003.

Figure 4.10: Simulation of the La Trappe case with influent concentrations based on literature. The concentration of cations
represents the addition of base to the influent substrate to achieve pH neutrality. The found result is then added to the influent

and sludge mixture, which is used to simulate methane production.
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Mean biogas production for this substrate is higher than for the substrate with high lipid concentra-
tion, and daily biogas production variability between summer and winter is lower. The digestion of this
substrate is therefore less dependent on temperature than a substrate with high lipids content. This
suggests that substrates with high lipid content are less suitable for digestion in unheated digesters
with temperature fluctuations below a certain threshold temperature than substrates with high concen-
trations of carbohydrate and proteins. The µm of monosaccharides and amino acids is 30 and 50d−1,
which allows for more inhibition before the rate of the acidogenic process becomes rate limiting, com-
pared to lipids with an µm of 6d−1.

Even though lipid concentrations are lower in this simulation, the peaks in biogas production in
summer in Figure 4.10c still coincide with the lipid digestion, just like in Figure 4.9b. In addition, the
change in rate-limiting step between hydrolysis in summer and methanogenesis in winter still occurs in
this simulation, as acetate concentration increases in winter. It is therefore important to either maintain
pH especially well in winter, or to increase temperatures so methanogenesis will not become the rate
limiting step. A simulation with an influent temperature of 45 °C instead of 35 °C is shown in Figures
4.10b and d.

It is shown that by increasing influent temperature, acetate concentrations in winter will remain lower,
and less base is therefore needed to be dosed. Base dosage, represented by cation concentration in
influent, can be halved from 0.02 to 0.01 kmolem−3, as shown in Figure 4.10b. Most importantly, bio-
gas production is higher and more stable throughout the year, even though there is still a temperature
fluctuation of 10 °C between summer and winter. As the wort leaves the brewery at 72 °C and the WAS
comes from the greenhouse at 27 °C, mixture of these two flows could reach 49.5 °C, assuming no heat
loss occurs and volumes and heat capacity of these substrates are equal. An influent temperature of
45 °C should therefore be possible and advisable.

Furthermore, as the amount of base needed for stabilisation is low, local sources of base or buffer
available to La Trappe can be explored for sufficiency. Wasajja et al. [101] found that in household
anaerobic digesters in Uganda, cow urine was used as a diluent instead of water. This resulted in
increased pH in the digester due to the ureolysis reaction [26]. This suggests that urine could possibly
be used as a steady and sustainable source of base for La Trappe, especially in operation with an
influent at 45 °C, as only low amounts of base are required to prevent acidification.

Washout
Simulations were done to investigate the relation of reactor volume and temperature on methane pro-
duction for the BSM2 influent with a constant flow rate of 2ms−1. Figure 4.11a shows that volumes
smaller or equal to 10m3, giving HRTs of 5 days or smaller, result in washout of biomass and low
amounts of biogas production. From a volume of 10m3 and larger, it is dependent on temperature
if washout occurs. This is due to the increased growth rates of the microbes at higher temperatures,
which allows for a lower HRT. However, for more complete digestion, both temperature and volume
need to be of a sufficient value.

These results suggest that for reactors operating at low HRTs, a drop in temperature could trigger
washout. This is undesirable in the case of biogas production plants, but it also creates an opportu-
nity. In anaerobic digestion research, instead of methane production for energy generation, increased
focus is laid on fermentation product accumulation such as VFAs, which can be used as precursors
for bio-based products [23, 79, 53]. Methanogenesis has to be prevented for this [53], and washout of
methanogens is therefore an explored strategy [77].

The sum of all VFA concentrations in the bulk liquid and effluent of the reactor at steady-state
after 365 days simulation is shown in Figure 4.11b. Both graphs show a clear region of temperature
dependence for the occurrence of washout. Peces et al. [77] concluded that it is not HRT alone that
promotes washout of methanogens and accumulation of VFA, but the combination of HRT with other
operational parameters. It is shown here that temperature is one of these parameters, and that the
occurrence of washout follows a similar relation with temperature as the absolute temperature inhibition
function of methanogens as shown in Figure 4.1j.
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(a) Yearly methane production as a function of temperature and volume. (b) VFA concentration in the bulk liquid at steady-state as a function of
temperature and volume.

Figure 4.11: Steady-state simulations were done for the investigation of washout as a function of operational temperature and
volume for the digestion of BSM2 influent and a flowrate of 2m3 s−1. At low volumes, methanogens are washed out and high

concentrations of VFAs are attained in the simulation.

Furthermore, it suggests that for VFA accumulation, digestion at lower temperatures might be feasi-
ble. The amount of VFAs is highest at high temperatures, but VFAs can be accumulated at temperatures
of 20 °C as well. Especially in substrates with low lipid concentrations or if the µm,fa can be enhanced
[1, 91], digestion of already hydrolysed substrate at lower temperatures with specific retention times
can ensure washout of acetogenic methanogens, while the other microbial species for anaerobic di-
gestion are maintained. However, as these are steady-state simulations, the kinetics are not shown,
and achieving these equilibrium concentrations takes longer for digesters at lower temperatures.

Acidification
To simulate acidification due to overloading, the relation between temperature, OLR and methane pro-
duction has been simulated for BSM2 influent. The results are shown in Figure 4.12a. The values
OLR only account for the biodegradable fraction of the BSM2. Furthermore, for the La Trappe case
with wort and sludge substrate concentrations based on literature and an influent temperature of 45 °C,
the relation between volume and cation dosage is investigated in Figure 4.12b. Lastly, simulation of
reactor failure due to low base dosage in cold winters is shown in Figure 4.12c.

It is shown that at low temperatures and increasing OLR, a clear cutoff point exists. If influent con-
centrations are higher than this point, VFA accumulation lowers pH to trigger the positive feedback
cycle of acidification, rapidly lowering methane production. Reactors operated at higher temperatures
can handle higher OLR because of the higher methanogenic metabolism. This effect is seen with the
increase in OLR before acidification with increasing temperature from 20 °C to 30 °C.

However, above 30 °C, an inverted relation is found. Because the BSM2 anaerobic digester influent
mainly consists of proteins, the amount of inorganic nitrogen in the bulk liquid increases with increasing
OLR and temperature. Free ammonia (NH3) is one of the inhibitors of methanogenesis included in the
ADM1, as shown in Figure 2.1. Due to this inhibition, the optimum OLR for biogas production is not
found at the expected 35 °C, but at a lower temperature of 30 °C. This is due to the fact that at tempera-
tures higher than 30 °C and OLR higher than 14 kgCODm−3 d−1, free ammonia is present in inhibiting
concentrations, as all proteins are degraded, and their nitrogen is converted to inorganic forms.

This phenomenon is well known in the digestion of WAS at high OLR [109]. Free ammonia equilib-
rium concentrations are influenced by temperature, through Van ’t Hoff’s law, and pH [49], and these
relations are included in the simulation [38]. These relations would shift the acid-base equilibrium from
free ammonia towards ammonium at increasing temperatures. However, due to the increased process
rates at higher temperatures, the total concentration of free ammonia increases more than this shift
in acid-base equilibrium lowers it, and acetoclastic methanogenesis is still inhibited. Because of the
inhibition of methanogens, acetate starts to accumulate, causing acidification and further inhibition.
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(a) Methane production as a function of temperature and the
biodegradable fraction of the organic loading rate for the digestion of

BSM2 influent.

(b) Methane production as a function of volume and base dosing to the
influent, represented as cation concentration, for the digestion of wort
and sludge substrate based on literature with an influent temperature of

45 °C.

(c) Simulation of acidification due to minimized base dosage and high OLR in an exceptional cold winter for the La Trappe case.

Figure 4.12: Investigation on the effect of temperature on maximum OLR.

This results in higher concentrations of biodegradable COD in the effluent and should therefore be
prevented in the digestion of WAS. Ahlberg-Eliasson et al. [3] found similar results for increasing the
OLR for cow manure digestion, where free ammonia concentrations became inhibiting, increasing the
residual methane potential in the digestate. However, it was also found that when organic loading rate
is gradually increased, the methanogens are able to adapt to higher ammonia levels, making them
able to handle OLR of up to 50 kgCODm−3 d−1 for WAS [65, 106]. These kind of effects are however
excluded in the model.

Digestion of the wort and sludge mixture based on literature and with an influent temperature of
45 °C is simulated over the temperature profile of 2021 for different reactor volumes and base dosages.
It can be seen in Figure 4.12b that acidification is both dependent on the amount of base dosed to the
influent and the reactor volume. Having a larger volume decreases the OLR, and therefore relatively
lowers the amount of acetate accumulation in the reactor. For the La Trappe case, which has an influent
flow rate of 2m3 s−1, full digestion with reasonable safety margins is attained at a reactor volume of
40m3 and a base dosage representative of a cation concentration of 0.02 kmolem−3.

This optimization of OLR has been studied before, and the existence of this cutoff point before
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acidification is well known [37], but the inclusion of temperature fluctuations is often not regarded [5].
These results suggest that for reactors operating at a certain OLR, a drop in temperature could trigger
an acidification event.

This is simulated for the La Trappe case. The month of January in 2010 was especially cold for
the Netherlands, with an average temperature of −0.5 °C, instead of the normal average of 2.8 °C [55].
Simulation of digestion of the La Trappe case over the period 2008-2010, with an influent temperature
of 35 °C and a cation concentration of 0.025 kmolem−3 is shown in Figure 4.12c.

This cation dose was found by iteration to be as low as possible to prevent acidification in the win-
ters of 2008 and 2009. The pH does fluctuate with the seasons, lowering as acetate concentrations
increase in winter. Due to the minimized base dosage, pH lowers in winter so the acidification reaction
is just narrowly prevented. However, due to the prolonged cold in the winter of 2010, methanogenic
activity is lowered to such an extent that enough acetate accumulation took place to trigger the positive
feedback cycle of acidification as shown in Figure 1.1b.

This could be prevented in two ways, by lowering the OLR in especially cold times to prevent acetate
accumulation, or by increasing the addition of base to prevent acidification due to acetate accumulation.
This example illustrates the need for taking temperature fluctuations in consideration when determining
the safety factors in competitive reactor design, as temperature influences many factors. The impor-
tance of keeping the pH in the neutral range should not be underestimated, as acidification can happen
fast and unexpectedly, due to factors out of the control of operators. However, with knowledge about
the effects of factors that are controlled such as the loading rate or base addition, actions can be taken
to prevent reactor failure.

Heating
The effect of heating the digester with biogas on net biogas production was investigated. To exemplify
how the addition of the biogas heating system affects the temperature model, the temperature fluctua-
tions over the year for setting the heating system (THeater) to 35 °C is shown in Figure 4.13a.

It shows that the attuned temperature of the acetoclastic methanogens (Ta) will approach the op-
erational temperature when heating is applied in winter, which suppresses the dynamic temperature
inhibition function. In summer however, higher than optimal temperatures are reached even though
no active heating is applied. This happens due to the high solar irradiance in summer, which actively
heats the digester above optimal values, and therefore lowers microbial activity and biogas production.

The need for active cooling in heated digesters exposed to solar irradiance has been observed in
other studies [13, 64]. The used temperature inhibition functions do considerate the adverse effect
of these overheating event, which are included in the produced results. Nevertheless, looking at the
whole year, the increase in mean temperature and decrease in temperature fluctuations will allow for
higher absolute biogas production with higher THeater.

However, the difference between absolute and net biogas production will also become larger, as
more biogas will be used for heating. The model was used to find the optimum value for THeater for net
biogas production for the BSM2 influent, the biochemical fractionation based wort and sludge mixture
and the literature based wort and sludge mixture. For this simulation, an influent temperature of 35 °C
was assumed and 0.20 kmolem−3 of cations was added to both the biochemical fractionation based
and literature based wort and sludge substrates to prevent acidification in overheating events.

It was found in Figure 4.13b that for optimal digestion for methane production of the BSM2 influent,
the heating system should keep the bulk liquid in the digester at 36 °C. Figure 4.13c shows that for lab
results based wort and sludge influent this optimum was found at 38 °C, while Figure 4.13d shows that
the optimum for the literature based wort and sludge mixture can be found at 39 °C. The lower optimum
for BSM2 influent was due to free ammonia inhibition at simulations with a THeater higher than 36 °C, as
was found in Figure 4.12a as well.
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(a) Temperature fluctuations over the year of a digester with the
design and operation as in Table 4.5, subjected to Dutch weather
conditions of 2021 and with a heating system with a THeater of

35 °C.

(b) Net yearly biogas production as a function of operational
heating temperature for the digestion of BSM2 influent.

(c) Net yearly biogas production as a function operational heating
temperature for the digestion of the wort and sludge mixture

based on the biochemical fractionation procedure.

(d) Net yearly biogas production as a function of operational
heating temperature for the digestion of the wort and sludge

mixture based on literature.

Figure 4.13: Simulations of the effect the operational heating temperature set in an internal biogas burner for heating on the
net biogas production.

Furthermore, the increase in gas production between having no heating, shown in the gas produc-
tion level at THeater values between 15 °C and 20 °C, and having optimum heating is different for between
the substrates. The wort and sludge mixture based on the lab results contained the most lipids, which
showed the most dependence on operational temperature as seen in Figure 4.9b. This gave this sub-
strate also the largest increase in methane production with heating at optimal temperature compared
to no heating, with an increase of 39%. The highest increase in yearly methane production for this
substrate happens with the increase of heating temperature from 22 °C to 26 °C. By increasing the bulk
liquid temperature within this range prevents the washout of LCFA metabolising acidogens in winter.

The wort and sludge mixture based on literature data and the BSM2 influent had lower increases
in methane production with heating temperature, with an increase of 12% each between having no
heating and having optimal heating. The increase of methane production with heating temperature for
the BSM2 substrate and the literature-based wort and sludge mixture substrate followed a more linear
relation than the wort and sludge mixture with high lipid content. This shows that the relative increase
in methane production with installing a heater in an digester is dependent on substrate composition.

These results shows that different substrates have different optimum digestion temperatures. Sim-
ilar results have been found for the digestion of thin stillage, with better overall digestion at 40 °C than
at 35 °C [69]. Moestedt, Rönnberg, and Nordell [68] found that the temperature for optimal biogas pro-
duction and sludge mass reduction for the digestion of WAS at a Swedish WWTP was found at 38 °C,
instead of at 34 °C or at 42 °C. Free ammonia concentrations increase with operational temperature
and inhibits methanogenesis at higher temperatures in this study as well. Furthermore, the results of
the simulations of this thesis are also inline with practical knowledge, as most digesters with internal
biogas use for heating are operated at temperatures around the values found here [67].



5
Conclusion and recommendations

5.1. Conclusion
This thesis aimed to answer the question how seasonal temperature fluctuations influence the biogas
production of an unheated digester in cold climates. It was found that this is dependent on a multitude
of factors, such as reactor design, the substrate composition and the HRT. However, in general it was
found that biogas production decreases with operational temperature in winter, and increases again in
summer.

A Python version of the ADM1 was used to find these results. To deal with the stiffness of the ADM1,
three methods for pH calculations and two numerical solvers have been compared. The usage of the
Python version, the pH calculation methods and the numerical solver was validated by steady-state
simulation of BSM2 influent. It was found that the DAE method with the Radau solver gave the lowest
absolute errors and computational burden. Furthermore, the effect of temperature on the liquid-gas
transfer coefficient in the ADM1 was investigated. It was found that the liquid gas transfer process
could potentially be rate limiting in digesters operated at temperatures below 30 °C, but this result has
not been validated.

The heat transfer model was used to simulate yearly temperature fluctuations in the operational
bulk liquid temperature of a digester in the Netherlands. The main heat pathway which increases tem-
perature in summer is solar irradiance, while advection from the influent substrate largely determines
the temperature in winter. Mean temperature and yearly temperature fluctuations were found to be
dependent on several design and operational parameters. Larger volumes and flow rates lowered
temperature fluctuations throughout the year, favouring large and high-rate reactors for temperature
stability.

Bulk liquid temperature was used to calculate absolute temperature inhibition functions for each
digestion step. The constants for both the Arrhenius and the cardinal temperature equation were found
for each digestion step, but no comparison or validation study is as of yet done. Furthermore, a dy-
namic heat shock inhibition function is added for acetogenic methanogenesis, simulating the inhibitory
effect of fast temperature change to biogas production. It was found that the climate around the equator
suppresses the inhibition for both the absolute and dynamic inhibition function, allowing for high biogas
production without active heating, while at colder climates inhibition will take place.

The temperature inhibition functions are used in the ADM1 to simulate the effect on biogas produc-
tion. The coupled heat transfer and ADM1 model was used to investigate the co-digestion of wort and
WAS of the La Trappe brewery in the Netherlands. The substrate composition found using the bio-
chemical fractionation procedure contained a higher fraction of lipids then was expected in literature.
Therefore, simulation of the digestion of the found substrate composition and the expected substrate
composition based on literature was done.

46
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For the found substrate composition, metabolism of LCFA consuming acidogens lowered in winter,
causing washout, LCFA accumulation and low biogas production. This effect was less considerable in
the substrate composition based on literature, and it is therefore concluded that substrate composition
determines the magnitude of the effect of temperature inhibition on biogas production. LCFA accumu-
lation can however be largely prevented for this case if bulk liquid temperature is kept above 25 °C.

Furthermore, the rate of methanogenesis is limited in winter by the temperature inhibition functions,
increasing acetate concentrations and lowering pH. Base has to be dosed to the influent substrate to
prevent acidification, but the amount needed is dependent on substrate composition, bulk liquid temper-
ature and reactor volume. Less base is required at lower concentrations of lipids, at higher operational
temperatures and at larger volumes. It was found that an exceptionally cold winter could trigger an
acidification event if base dosage or OLR is not adjusted. The amount of base needed can therefore
be made dependent on operational temperature. Decreased base dosage can be achieved by feeding
the digester with higher influent temperature. It was found that increases the influent to 45 °C increased
biogas production stability and lowered acetate accumulation in winter.

The relation between HRT and temperature was investigated, and it was observed that washout of
methanogens and the consequential increase in VFA concentration follows the same relation with tem-
perature as the temperature inhibition function. A relation between OLR and temperature was found
for the digestion of BSM2 WAS, where it was found that acidification and free ammonia inhibition are
both affected by temperature. These combined effects determine the maximum OLR.

Lastly, the internal usage of biogas for heating was investigated, and optimal operational tempera-
tures for maximizing net biogas production where found between 36 °C and 39 °C, depending on sub-
strate composition. Furthermore, the largest increase in biogas production was observed by increasing
the heating temperature from 22 °C to 25 °C.

Overall, the model was found capable of simulating the effect of temperature on the anaerobic
digestion as expected. Validation is however still required. For now, it can therefore only be used as
a tool for theoretical calculation of the effect of different design and operational scenarios. However,
these calculations can help to recommend on the design of new reactors as a ’best guess’.

5.2. Recommendations
5.2.1. La Trappe design
At the brewery of La Trappe, a fixed-dome anaerobic digester will be build for the digestion of the wort
and sludge mixture. However, due to the uncertainty of the influence of temperature fluctuations on the
anaerobic digestion process of such a reactor in the Dutch climate, recommendations based on this
model will be used for design. This digester will be used to validate the model from this thesis, which
then can be used more reliably. For now however, as a ’best guess’, the results from this thesis will be
used. These recommendations are summarised in the cost-benefit analysis of Table 5.1.

As the situation of La Trappe is quite complex, the model is not able to fully simulate all effects
which will influence biogas production at La Trappe. Some general recommendations about other ef-
fects considered but not researched in this thesis are therefore given in Appendix E.

First of all, it was found that biogas production increases with temperature and that including insu-
lation increased mean temperature and biogas production. Insulation is therefore recommended in the
digester. As found with the heat transfer model, solar irradiance is an import source of heat, especially
in summer. It is therefore important that the amount of sunlight to which the digester is exposed is
maximized. The digester should therefore be positioned at a location without any buildings or trees
blocking solar rays. A consideration for further optimal usage of solar irradiance is explored below in
the recommendations on future research.
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Table 5.1: Design considerations for the La Trappe case. C stands for costs and B for benefits. The pluses and minuses then
determine of the cost or benefit increases or decreases with the implementation of the proposed influent or technology to the

digester

C/B Pre-treatment Urine MNR Base Insulation Heating
Mean temperature B + +/- - +/- ++ ++
Biogas production B + ++ + ++ + +
Reactor volume C - + ++ +/- - –
Temperature variability C - - - +/- + ++

It was found in themodel that a volume of 40m3 should be sufficient for the digestion of 2m3 d−1 of in-
fluent wort and sludge mixture with a temperature of 45 °C and a cation concentration of 0.02 kmolem−3.
However, one important factor has not been taken into account in the model, as day and night bulk liq-
uid temperature fluctuations and their effect on biogas production are excluded in this thesis. It was
however shown that smaller digesters are prone to larger temperature fluctuations, and that these
fluctuations can have a considerable effects on biogas production stability. If these daily temperature
fluctuations are larger than 0.5 °C, it is likely that they will have negative impact on the biogas produc-
tion. These effects can cause acetate accumulation, and therefore relative higher amounts of base
are needed for dosing in these smaller reactors. Furthermore, lower temperatures at night will lower
daily methane production, meaning that yearly methane production might be overestimated in the used
model, and this effect becomes larger when decreasing reactor volume. These effects can however
possibly be mitigated by increasing the total heat capacity of the reactor, as is explored below in the
recommendations on future research.

In the model, it is assumed that the influent is continuous, completely mixed and homogeneous over
time. In practicality, a mixer and buffer tank will be needed to achieve this, as the belt-thickened sludge
is dense, and the variability of spent wort is high. Furthermore, to limit influent temperature variability,
a heat exchanger will need to be installed in this tank as well. This tank will therefore prepare the
substrate for digestion and can be seen as a pre-treatment tank. This pre-treatment tank will ensure
an influent temperature of at least 45 °C, so bulk liquid temperatures will vary between 25 °C and 35 °C
between winter and summer. This will prevent LCFA accumulation in the reactor. The energy needed
to attain this influent temperature is expected to be low, as the heat already present in both substrates
at their current end-of-life is already high enough to reach 45 °C. However, some heat loss is expected
over transportation and buffer time, and it is expected that heating is necessary, especially in winter.
The increase in bulk liquid temperature and the fact that substrate can be introduced continuously and
homogeneously with the pre-treatment tank will increase biogas production and lower needed volume,
as the substrate will be better available for digestion by the microbes after the WAS has been liquefied
with the wort.

Higher and more stable yearly bulk liquid temperatures could also be achieved with internal usage
of the biogas in a heater. However, this was deemed unfavourable as sufficient heat is already avail-
able at the current end-of-life of the waste streams. The increase in biogas production with a biogas
heater does not compensate for the large increase in the initial expenses, and it decreases the frugality
of the designed reactor.

It was found that the model predicts that acidification will occur, and that therefore base needs to
be dosed or the influent needs to be diluted. However, at an influent temperature of 45 °C, the con-
centrations needed are relatively low. It can therefore be hypothesized that human urine can be used
as a base for the digester as well, as this could potentially meet the demand with the use of the uri-
noirs or urine-separating toilets in the monastery, the brewery and the restaurant. It should however
be checked that free ammonia concentrations are limited in the substrate, as otherwise urine could
potentially inhibit methanogenesis. The urine could be introduced in the pre-treatment tank, as it would
also help liquefy the WAS.

If diluent is needed for further liquefaction of the WAS, or to lower the OLR, the effluent of the MNR
is recommended, as the pH and temperature are higher and more stable then the influent. However,
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this would require an increase in reactor volume to stay at the HRT, and is therefore discouraged unless
necessary. Base like lime could be dosed as well, but this would increase operational expenses, as
well as lower the frugality of the whole design, and is therefore discouraged as well. However, this
could be considered as a temporary option in the start up or in especially cold winters.

5.2.2. Further research
Experimental
The implementation of the temperature inhibition functions in this thesis heavily relied on the research
papers on the effect of temperature on microbial activity within the mesophilic range done by Rebac
et al. [84] and Donoso-Bravo et al. [28]. However, the substrates considered and the number of mea-
surements done in these studies does not cover all processes within the ADM1 and the simulations
considered in this thesis. To validate the temperature inhibition functions, similar studies should be
done, as this would also help in considering the differences between the Arrhenius and cardinal tem-
perature equation. Furthermore, the 5th order temperature relation to kLa found by Lee [58] should be
validated for the desorption of methane from digestate as well, as validity could have large implications
on methane leakage from digestate in unheated digesters.

Modelling
In it’s current version, the main shortcoming of the coupled heat transfer and ADM1 model is its inability
for daily temperature fluctuations. It is expected in smaller reactors that these fluctuations can have
large effects on biogas production, and the temperature inhibition functions already have the capabilities
to showcase these effects. The implementation of the daily fluctuations should be feasible, as this
already done in the original model of Vilms Pedersen et al. [98], and the heat transfer dynamics are
well known. Furthermore, the effect of burial depth could be added to the model as well.

Other considerations for passive heat management
It was found that the total heat capacity has a large effect on temperature fluctuations, with higher
fluctuations at lower heat capacities. In the current model, the only way to increase the heat capacity
would be by increasing the volume. However, it would be interesting to see the effect of adding a layer
of building material with high heat capacity such as basalt between the insulation and cement layer.
This could help stabilize the temperature of digesters, especially those with smaller volumes.

In digesters with heating in warmer climates, solar irradiance can cause overheating [13, 64]. Pas-
sive cooling by painting the digesters white is done to increase the albedo. The opposite is done in
unheated digesters, where the digester is painted black to increase passive heating from solar irra-
diance. Overheating events occur in summer, when solar irradiance is strongest and the sun is the
highest in the sky. While reactor are actively heated in winter when the sun is generally low in the sky.
It would be interesting to see the net effect of having a black ring around the base of a fixed-dome
digester, or on the vertical walls of an industrial digester, to stimulate the uptake of solar irradiance in
winter, and having a white top or roof to limit solar irradiance in summer.

A cross-sectional representation of a fixed-dome digester with this type of painting and a basalt
layer to improve passive heat management is shown in Figure 5.1. To the authors knowledge, reactors
with such modifications are as of yet unexplored, and therefore recommended for future research.
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Figure 5.1: Cross-sectional representation of having black and white paint for passive heating and cooling in winter and
summer, and having a basalt layer in the reactor walls for improved heat capacity. The effect of these measurements could be

explored in future research.
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B
Simplifications

In order to relieve the model of complexities in terms of computational burden and number of parame-
ters, simplifications of the model have been made according to the method proposed in the article of
Weinrich and Nelles [102]. In contrast with this method which uses concentrations in kgm−3, here the
states of the ADM1 will be kept in kgCODm−3 basis.

This simplification method is based on the same assumption as the DAE implementation, that from
the perspective of slower reactions, fast reactions are instantaneous. If reactions are consecutive, they
can be represented by their sum reaction, with the reaction rate taken from the slowest step. A gener-
alized case is shown in (B.1). This method has been used to simplify the ADM1 in a systematic way,
which is summarised in Figure B.1 [102].

In the first simplification, the hydrogenotrophic methanogenesis step is relinquished. With this sim-
plification, now each time hydrogen or hydrogenotrophic methanogens would have been produced, it
is converted to methane, inorganic carbon, inorganic nitrogen, and complex matter instead. Hydrogen
inhibition is omitted from the model as well. This first simplification is called R1. In the next simpli-
fication, in addition to the R1 simplification, the acidogenesis reactions are left out of the conversion
matrix as well. In the new conversion pathway, hydrolysis results in the production of VFAs, acetate,
methane, inorganic carbon, inorganic nitrogen and complex matter. This version is then called R2. In
R3, the samemethod is applied to omit VFAs. Here, carbohydrates, proteins and lipids are immediately
converted to acetate, methane, inorganic carbon and nitrogen and complex matter. In the last version,
R4, Hydrolysis results in the immediate production of methane and carbon dioxide. In this model, pH
inhibition, free ammonia inhibition and inorganic nitrogen inhibition are left out of the model as well.

The resulting Gujer-Petersenmatrices can be found in theGithub link in Appendix C Both the influent
and initial conditions are converted with these matrices for each simplification, to ensure all COD is
still converted. The resulting models are used for simulation of the BSM2, to test the influence of
simplification on biogas production. For this, the model will simulate digestion at 35 °C for 200 days to
reach steady state, and final biogas production will be compared.

ν1A+ ν2B
k1−−→ ν3C + ν4D

ν5D + ν6E
k2−−→ ν7F + ν4G

 ν1A+ ν2B + ν6E
k1−−→ ν3C + ν7F + ν8G

for ν4 = ν5 and k2 −−→ ∞
(B.1)
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Figure B.1: Systemic simplification of the ADM1, method and figure taken from Weinrich and Nelles [102]

The simplifications of the ADM1 according to themethod ofWeinrich and Nelles [102] gave 5models.
These have been compared to the BSM2 using the DAE implementation with the Radau solver, and
the results are shown in Figure B.2

Figure B.2: Yearly methane productions and COD effluent concentrations on simulation with the BSM2 initial and influent
values of different simplifications.

Figure B.2 shows that the difference in methane production and effluent COD is quite small between
the original ADM1 and the R1 simplification. However, in simplifications R2, R3 and R4, the amount of
methane produced is increased by around 50% and effluent COD concentrations lower as well. This
increase comes from the shorter degradation pathway, allowing for fuller digestion for a given HRT. In
order to correct for these differences, it is therefore recommended to lower rate coefficients. A lower
rate coefficient can account for the time needed for both its own as the removed conversion in the
simplification. However, calibration of these rate coefficients was deemed outside the scope of this
study. If successive research finds these parameters, a simple yet powerful model could be created
for simulation of the anaerobic digestion process.



C
Code metadata

Code version used in this thesis 1.0
Python version 3.8.8
Link to code repository https://gitlab.tudelft.nl/amoradvandi/adm1-ht
Support email S.H.Heegstra@student.tudelft.nl
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D
Biochemical fractionation for high sCOD

substrate
As the results of the biochemical fractionation method deviated from expected values, a critical recon-
sideration of the used equations has been done. It was found that the used equations are not fitted for
substrates that mostly consists of sCOD, like the wort and the MNR influent and effluent. Therefore, a
proposal is done for new equations for such substrates. The proposal is the replacement of equations
3.14 till 3.19 with equations D.1 till D.6. This fractionation assumes equal ratios and biodegradability of
macro nutrients between the particulate and soluble fraction of the substrate. If clarification about the
difference in between the particulate and soluble fractions is desired as well, then the macro nutrient
tests should be done twice after substrate filtration, once for the filtrate and once for the residue. This
is advisable for substrates with between 20 and 80% soluble COD. For other fractions, the original
equations of Arnell et al. [7] or the equations as depicted here can be used, respectively.

Ssu = Cch fd
sCOD

tCOD
(D.1)

Saa = Cpr fd
sCOD

tCOD
(D.2)

Sfa = sCOD fd − Ssu − Saa − tV FA (D.3)

Xch = Ssu
(pCOD fd)

sCOD fd
(D.4)

Xpr = Saa
(pCOD fd)

sCOD fd
(D.5)

Xli = pCOD fd −Xch −Xpr (D.6)
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E
Other considerations for La Trappe

• It is known that a sulphur containing coagulant is used in the DAF system before the belt-thickener,
and that sulphur is present in the detergents used for bottle cleaning. This sulphur therefore ends
up in the WAS, and will be introduced to the digester. Sulphur will reduce methane production
and hydrogen sulfide in the biogas can corrode equipment [108]. solutions will need to be found
to prevent or deal with this. For example, the coagulant used in the DAF system can be replaced
with a bio coagulant [57], or sulphate can be scrubbed after anaerobic digestion [73].

• In the simulations, the operation and effluent concentrations of the WWTP at La Trappe were
assumed to be steady over time. However, it is known that a weekly discharge of the cheese
factory effluent is present in the same system. This can be an asset, if nitrogen is limited in the
digestion if, for example, low amounts of WAS is available. However, it could also be a liability,
if high levels of free ammonia are already present in the digester when only WAS and urine are
available. The co-digestion with this source should therefore be investigated.

• It was assumed in the simulation that the bulk liquid in the digester is completely mixed at all
times. The settling of suspended solids in the digester is ignored and temperature gradients
over digester depth are assumed to be non-existing. However, these phenomena will occur in
the digester and will have negative effects on the biogas production. This can be prevented by
installing a mixer in the digester. Because the model could not quantify the effect of such a mixer,
no recommendations are given on its installment, but consideration is recommended.
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