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1. Motivation and significance

To curb the devastating effects of climate change it is necessary to
shift away from fossil fuels towards renewable energy sources. One such
renewable energy source is methane. Methane is a product of anaerobic
digestion; so wastewater treatment plants that use anaerobic digestion
can capture the methane produced to use as a biofuel [1,2]. Mathemat-
ical models, such as the Anaerobic Digestion Model 1 (ADM1) [3], have
been designed to simulate the processes of anaerobic digestion to allow
users to better understand the effects of different parameter choices on
anaerobic digestion. For example, a user who wants to optimize the
production of methane in a physical reactor can perform sensitivity
analyses on ADM1 to better understand which reactor parameters need
to be changed. However, sensitivity analyses can require thousands of
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model simulations. Users may also wish to use ADM1 for optimal con-
trol problems, or automatic parameter calibrations, both of which are
also computationally intensive. Therefore, implementations of ADM1
must be both as computationally efficient as possible and flexible to
user demand. The ADM1jl package was created to satisfy both of those
requirements.

1.1. Anaerobic digestion

Anaerobic digestion is the process by which anaerobic micro-
organisms decompose organic material. Many different bacterial groups
contribute to anaerobic digestion, leading to a chain of conversion
processes where one bacterial group consumes organic waste and
produces a substrate which is consumed by another bacterial group,
and so on [4]. The end product in this chain of processes is methane,
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Fig. 1. A flowchart showing the processes of anaerobic digestion [3]. The abbreviations include HPr (propionic acid), HBu (butyric acid), and HVa (valeric acid).

a major component of biogas. Since methane can be used in biofuel,
there has been a renewed interest in the use of anaerobic digestion in
recent years [5,6].

In addition to the renewable energy aspect, there are many benefits
to using anaerobic digestion as a method of organic waste treatment.
The benefits include the ability to treat a wide range of organic waste
(including agricultural, municipal, and industrial waste), the ability
to efficiently treat large amounts of organic waste, low nutrient re-
quirements, and low production of waste solids [7]. There are some
drawbacks however, including low bacterial growth rates, inefficiencies
when waste is dilute, and the production of odours [7]. However,
the many benefits of anaerobic digestion, including the production of
biofuel, are believed to outweigh the drawbacks, and the processes of
anaerobic digestion remain an active area of research.

The conversion processes involved in anaerobic digestion are
grouped into five categories: the disintegration of the initial particulate
material, hydrolysis, acidogenesis, acetogenesis, and methanogene-
sis [3]. These processes are shown in Fig. 1. To promote the production
of methane, users need to know how changes in conditions like feed-
stock composition and reactor temperature affect these conversion
processes. This is what led to the development of mathematical models
for each of these processes, and ultimately to the development of ADM1
itself.

1.2. The IWA anaerobic digestion Model no. 1

In 2002, an International Water Association task group published
The Anaerobic Digestion Model 1 (ADM1) to model the processes of
anaerobic digestion used in wastewater treatment [3]. It is a system of
35 ordinary differential equations with 104 model parameters. ADM1
was based on simpler models of anaerobic digestion that existed at the
time, and was created to be a quasi industry standard that could be
modified to include or alter processes depending on the requirements
of different systems.

The most basic form of ADM1 considers 12 bacterial species and
12 substrates. It is a system of 24 ordinary differential equations
(ODEs) that models how each bacterial species consumes and pro-
duces substrate. The bacterial species are inhibited by low pH, and
the concentration of dissolved gasses in the substrate (carbon dioxide,
methane, and hydrogen gas) depends on the pressure of the gasses
above the liquid substrate. Both acid/base reactions and liquid/gas
exchange, which determine the pH and concentration of dissolved
gasses respectively, can be modelled by either ODEs or differential

algebraic equations (DAEs). ADM1jl models these reactions as ODEs,
meaning the total number of processes increases to 29 and the total
number ODEs increases to 35. The ODE system can be represented by
the following matrix equation:

dii o - -

i P F(i) + M iy, — Moyclds @D)]
where ii € R¥ is the vector of bacterial and substrate concentrations.
The remaining terms describe the reactions and contain the 104 model
parameters that describe the system. 7(ii) € R? is the vector of process
rates and depends on the concentrations given by #; P € R3? is the
transpose of the Petersen matrix, which is a sparse matrix that contains
the yields of each reaction, thereby describing how the reaction rates
affect the bacterial and substrate concentrations; i, € R* is the vector
of inflow concentrations; M, € R3** and M, € R*>® are diagonal
matrices that describe the inflow and outflow rate, respectively. This
implementation also includes the minor updates to the carbon balances
in the Petersen matrix and to the inhibition forms that are described in
the Benchmark Simulation Model no. 2 (BSM2) [8].

1.3. Some other available implementations of ADM1

Due to the renewed interest in anaerobic digestion as a means
of biofuel production, there have been several implementations of
ADM1 in recent years. These include implementations in Java [9]
and Python [6], as well as the original Matlab implementation of
ADM]1 [8], all of which use the DAE form of ADM1. While the Matlab
implementation and one of the Python implementations give the option
of using the ODE form of ADM1, the ODE form is significantly slower
in both implementations, and is therefore not often used in practice.

This is because modelling the acid/base reactions as ODEs results in
a stiff system and therefore requires the use of a stiff solver. Stiff solvers
are conventionally believed to be computationally slower than using a
non-stiff solver on a system where the stiffness has been relaxed [8].
The DAE form of ADM1 reformulates the acid/base reactions as alge-
braic equations, relaxing the stiffness of the system [3]. The DAE form
of ADM1 does not require the use of stiff solvers to return an accurate
result, and for that reason DAE implementations of ADM1 are widely
believed to be compuationally faster than ODE implementations [8], so
the DAE form is often the one chosen for implementations. However,
the results of a comparison of ADM1jl with the Java and Python
codes [10] show that ADM1jl is computationally faster. ADM1jl is 15
times faster than the Java implementation, and over 800 times faster
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than the slowest Python implementation. This suggests that the choice
of solver algorithm has a much greater impact on the speed of the
implementation than the choice of form.

In addition to the potential drawback in computational speed, ex-
isting implementations of the DAE form also have a major drawback:
instead of updating the algebraic equations every time step, they only
recompute the algebraic equations every so many time steps [8]. This
makes the solver faster, since it requires fewer computations, but it
can also negate the benefit of the adaptive step size solver methods
these implementations use. Conversely, ADM1jl is able to exploit the
full benefit of adaptive step size methods due to implementing the ODE
form of ADM1.

These implementations also hard-code the ODEs, instead of writing
out the matrix form given in Eq. (1). This is likely due to a perceived
loss in computational speed resulting from the Petersen matrix being
sparse, leading to many multiplications by zero. However, ADM1jl
employs the matrix formulation without any noticeable drop in com-
putational speed [10]. The benefit of the matrix formulation is that it
makes it easier to adapt the model to different situations. Adding/re-
moving a process is as easy as adding/removing an element of the
Petersen matrix, as opposed to going through each equation and adding
it manually.

2. Software description
2.1. Software architecture

ADM1jl is a Julia package. In order to make predictions quickly
and accurately, an implementation of ADM1 needs to be computation-
ally fast, and flexible to changes made to the base model. ADM1jl
outperforms existing implementations of ADM1 in both of these areas
by exploiting Julia features and by programming the model to be as
adaptable as possible to both casual and experienced users, as has
already been demonstrated in [10]. Expanding upon that work, this
paper makes the code that was used in [10] publicly available, and
goes into greater detail on its use.

The Julia programming language was chosen for its computational
speed. Julia was designed for scientific computing and puts an emphasis
on optimizing linear algebra operations [11]. The speed of linear
algebra operations in Julia, along with other Julia optimizations, are
harnessed by Julia’s DifferentialEquations package [12], which has
been shown to be computationally faster than differential equation
solvers in other languages [13] in a comparison performed by the
author of the DifferentialEquations package. The DifferentialEquations
package was therefore used to solve the ODEs in ADMIjl, and a
comparison of our implementation of ADM1 with implementations in
other languages [10] corroborates the claims about the speed of Julia’s
solvers.

ADM1jl was designed to be flexible in its basic functionality. Using
the built-in functions and external .csv files containing parameters
for each reactor, the user can model one reactor or multiple reactors in
series, as well as specify the initial conditions, inflow concentrations,
solver algorithms, etc. With this information, ADM1jl builds the Pe-
tersen matrix, rate vector, and inflow/outflow matrices. ADM1jl then
uses the DifferentialEquations package to create and solve the ODE. See
Fig. 2 for more information on the architecture of the code.

While many ADM1 implementations only output the solution at
a final time, ADM1jl returns the solution as type ODESolution,
which has two fields. If the solution is called sol, then the fields are
sol.t and sol.u. The sol.t field is a vector of floats and contains
the output time steps. The sol.u field is a vector that contains
the solution vector at each time step given in sol.t. The solution
vector is length 35, corresponding to the 35 state variables in ADM1.
The documentation contains a table that specifies which vector index
corresponds to which state variable. Additionally, a Jupyter notebook
containing examples of all of the above is available at: https://github.
com/CourtA96/ADM1jl.
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2.2. Basic functionality

The function ADM1sol (tspan,u0,IV) builds the matrix form of
ADM1 and solves the system. tspan is the timespan of the desired
solution, u0 is the initial concentration vector, and IV is the inflow
concentration vector. The inflow vector does not need to be static,
and can also vary with time, which is accomplished by defining IV
as a vector of inflow vectors, where each inflow vector corresponds
to a time in tspan. The 104 model parameters can be modified by
editing the file nmodel_parameters.csv and calling the ADM1sol
function again. By default, the Rodas4P () algorithm, a 4th order A-
stable stiffly stable solver method, is used to solve the system. However,
other algorithms in the DifferentialEquations package can be specified
by the user as optional function arguments, allowing the user to exper-
iment with how solver algorithms affect solution time. The output is a
two element vector that contains the ODESolution and the time in
seconds it took to solve the system.

To solve a system with multiple reactors in series, where the outflow
of the first reactor is the inflow of the second, and so on, the function
MultiChamberSolution is used. Similarly to ADM1sol, it takes
as input: the timespan, the initial conditions for each reactor, and the
inflow to the first reactor as inputs, along with the number of reactors
in series. MultiChamberSolution has all of the same flexibility as
ADM1sol, allowing the user to vary the inflow concentration to the
first reactor, to specify the solver algorithm used, the parameters for
each reactor, and so on.

ADM1jl also includes a simple plotting function. The solution can be
plotted using the plotSols (sol) function, which takes an ‘ODESo-
lution‘ as input and returns a plot showing how the concentration of
each of the 35 variables changes with time. For example, see Fig. 3.

2.3. Extended functionality

A user who is familiar with both the structure of ADM1 and the
Julia Programming Language may want to make modifications to the
system beyond what a basic user would need. Since ADM1jl was written
in matrix form, editing the transportmatrix_definition (Mg
in Eq. (1)), reactionrates (#(u) in Eq. (1)), and petersenma-
trixtranspose_definition (P in Eq. (1)) functions is relatively
straight-forward.! For example, the vector of reaction rates is defined
as rrates in the definition of the reactionrates function. The
rrates vector has the same elements as the reaction rates vector
given in tables 3.1 and 3.2 of the Anaerobic Digestion Model 1. So
a user that wants see what will be the effect of making decay rates
proportional to the squares of the bacterial concentrations can open
the matrix_definitions. jl file and edit the reactionrates
function at lines 233-239, squaring the sx[i] terms in rrates[13]
through rrates[19]. See Listing 1 for reference.

To alter the transportmatrix_definition and petersen-
matrixtranspose_definition functions, the process is much
the same as the above. Both functions are defined in the matrix_
definitions. jl file. The transportmatrix_definition func-
tion returns a diagonal matrix, and the flow rates are defined in a
35 element vector, TMtemp. The petersenmatrixtranspose_
definition function returns a sparse matrix where the elements are
described by the vectors P1, P2, and Q, which specify the column, row,
and value of each element in the Petersen matrix, respectively. Altering
the matrices is therefore as simple as adding an element to the desired
vector(s).

1 Note that altering the code is only suggested for users that want to make
fundamental changes to the ADM1 system itself. Minor changes to parameter
values, for example setting decay rates of bacterial species to zero, can be eas-
ily achieved by changing parameter values in the model_parameters.csv
file. In the case of setting decay rates to zero, this would be done by setting
the parameters k_m_1i to zero, where i indicates the bacterial species.
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Fig. 2. A flowchart showing the architecture of the ADM1sol function. The file model_parameters.csv must be in the working directory in order for the function to run.

Listing 1: Snippet of the code for the reactionrates function.

218

219 'Final inhibition factors:"

220

221 I=I_pH*I_IN#I_1in tables 3.1-3.2 of ADM1

222 IT =I[11*I_h2 # I_2 in tables 3.1-3.2 of ADM1

223 IITI = I[2]*I_nh3 # I_3 in tables 3.1-3.2 of ADM1

224

225 'Reaction Rates"

226

227 rrates=Array{Real} (undef ,NREAC)

228 rrates[1]=bp[1]*sx[13] # k_dis * X_xc

229 rrates[2]=bp[2]*sx[14] # k_hyd_ch * X_ch

230 rrates[3]=bp[3]*sx[15] # k_hyd_pr * X_pr

231 rrates[4]=bp[4]*sx[16] # k_hyd_1i * X_1i

232 rrates[5]= (bp[10]* (monod(sx[1],bp[11]))*sx[17]1)*I[1] # k_m_su *(S_su/ (K_S_su+S_su)*X_su*I_1
233 rrates[6]= (bp[13]*(monod(sx[2],bp[14]))*sx[18])*I[1] # k_m_aa *(S_aa/(K_S_aa+S_aa)*X_aa*xI_1
234 rrates[7]= (bp[16]* (monod (sx[3],bp[17]1))*sx[19]1)*IT[1] # k_m_fa *x(S_fa/(K_S_fa+S_fa)*X_faxI_2

235 rrates[8]= (bp[20]*(monod(sx[4],bp[21]))*sx[20]*(sx[4]/(sx[4] + sx[5] + 10.07(-6.0))))*II[2] # k_m_c4
*(S_va/(K_S_va+S_va)*X_c4*(1/(1+(S_bu/S_va)))*I_2

236 rrates[9]= (bp[20]*(monod(sx[5],bp[21]))*sx[20]*(sx[6]/(sx[5] + sx[4] + 10.07(-6.0))))*II[2] # k_m_c4
*(S_bu/ (K_S_bu+S_bu) *X_c4*(1/(1+(S_va/S_bu)))*I_2

237 rrates[10]= (bp[24]* (monod(sx[6] ,bp[25]))*sx[21])*II[3] # k_m_pr *(S_pro/(K_S_pro+S_pro)*X_pro*I_2
238 rrates[11]= (bp[28]* (monod (sx[7],bp[29]))*sx[22])*III # k_m_ac *(S_ac/(K_S_ac+S_ac)*X_ac*I_2
239 rrates[12]= (bp[34]* (monod(sx[8],bp[35]))*sx[23])*I[3] # k_m_h2 *x(S_h2/(K_S_h2+S_h2)*X_h2*I_2
240

241 # The decay rates:

242

243 rrates[13] = bp[39]*sx[17] # k_dec_su * X_su

244 rrates[14] = bp[40]*sx[18] # k_dec_aa * X_aa

245 rrates[15] = bp[41]*sx[19] # k_dec_fa * X_fa

246 rrates[16] = bp[42]*sx[20] # k_dec_c4 * X_c4

247 rrates[17] = bp[43]*sx[21] # k_dec_pro * X_pro

248 rrates[18] = bp[44]*sx[22] # k_dec_ac * X_ac

249 rrates[19] = bp[45]*sx[23] # k_dec_h2 * X_h2

3. Illustrative examples
3.1. Basic example

The code in Listing 2 shows a basic use case with a single reactor
where the timespan is 200 days and the default inflow vector and
initial conditions are called. The solution is solved using the Rosen-
brock23() algorithm defined in the DifferentialEquations package.
The solution is then plotted with the title “Example Plots” and the
plots are saved as .png files to the current directory with the file
names Example Plots (1 of 2) .png and Example Plots (2 of
2) .png. The resulting plots are shown in Fig. 3.

Listing 2: Basic use case. The DifferentialEquations package is called
so that the user can specify the solver algorithm. If no solver algorithm
is specified, the default algorithm is Rodas4P ().

julia> using ADM1jl

julia> using DifferentialEquations

julia> IV = inflowvector_definition(); # assigns the
default inflow vector to IV

julia> u0 = initialConditions(); # assigns the default
initial conditions to u0

julia> tspan = (0.0,200.0); # the solution will be computed
from t=0.0 to £t=200.0
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Fig. 3. Example plots of the code given in Section 3 demonstrating the output of ADM1jl’s plotSols function, which is intended to give a general sense of the dynamics of the
system. Each plot has an index corresponding to a state variable and shows how the concentration of the variable changes with time. To see which index corresponds to which
state variable, consult the online documentation. See the Supplementary Material for a higher resolution version of this plot.

julia> sol, tSol = ADMlsol(tspan,uO,IV,alg=Rosenbrock23
()); # compute the solution with the Rosenbrock23()
algorithm and save it to sol, the time to solve is
saved to tSol

julia> plotSols(sol, titleText='"Example Plots",savePNG=
true) # plot the solution and save to
-png

3.2. Advanced example
The code in Listing 3 solves a three chamber system for 50 days

where the inflow to the first chamber is read in from a . csv file named
inflow.csv. The CSV and DataFrames packages are needed to read

in the data. The inflow. csv file breaks the 50 day timespan into 0.1
day increments and specifies the inflow vector at each time step. Each
reactor in the series has the same default initial conditions. As opposed
to the previous example, no solver algorithm is specified, so the default
solver algorithm (Rodas4P ()) is used to solve the system. The plots
of the solution to the first chamber are then displayed.

Listing 3: Multi-chamber use case where the inflow to the first
chamber in the series is variable and read in from a . csv file.

julia> using ADM1j1

julia> using CSV, DataFrames
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julia> inflow = CSV.read("inflow.csv",DataFrame) ; # read
in the inflow data from a .csv file

julia> M = Matrix(inflow); # convert data to matrix form

julia> IV = [M[1:35,i] for i in 1:size(M) [2]]; # define
vector of inflow vectors

julia>t = [M[36,i] for i in 1:size(M) [2]]; # define vector
of timesteps

julia> u0 = initialConditions(); # default initial
conditions

julia> sols = MultiChamberSolution((t[1],t[end]), (u0,u0,
u0),IV,t,3); # compute the solution for three
reactors

Finished Chamber 1
Finished Chamber 2
Finished Chamber 3

julia> plotSols(sols[1],titleText="Plot of Variable

Inflow") # plot Chamber 1 solution with title "Plot of
Variable Inflow"

4. Impact and conclusions

ADM1jl is a new implementation of ADM1 that seeks to improve on
the computational time and flexibility of previous ADM1 implemen-
tations. It was designed to be accessible for users and to be used in
real-world applications. It is also flexible to user demand, both through
function calls and the easy adaptability afforded by the implementation
of the matrix formulation. ADM1jl is able to achieve this flexibility
without compromising on computation time. In comparison with other
implementations in Java and Python, ADM1jl has comparable accuracy
but is computationally faster. For more details on this comparison,
including details on the benchmarking process, see [10].

The improved compute time given by ADM1jl, will be beneficial
when using the model in situations where a large amount of simulation
data needs to be generated. Potential such applications include optimal
control problems, automatic parameter calibrations, sensitivity analy-
ses, optimizing treatment efficiency, and other situations where many
simulations need to be carried out. The computation speed could also
allow the model to be connected to a physical reactor to make predic-
tions and recalibrations in real time based on the physical conditions
of the reactor and its feedstock. The ability to perform these analyses
and make predictions allows users to optimize physical reactors for the
production of methane, enabling the efficient production of renewable
energy.
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