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Abstract 

Abstract 

The increasing eutrophication rate is a serious problem in Sweden. For this reason, a number of 
attempts to decrease the discharge of nutrients have been made. One way to do this is to construct 
wetlands for water treatment. Such construction, however, is costly, and therefore it is useful to 
have models to test different layouts and effects of in advance.  

Today several programming languages can be used to simulate a model. However, it would be 
interesting to test the model in a specific modeling programming language, created specifically to 
simulate models. It would also be interesting to test different models in this environment and 
compare the models to each other. This is to determine the advantages and disadvantages of each 
model and to see which situations each of the models is best suited for.  

In this thesis, two ecological models of nitrogen processes in treatment wetlands have been 
evaluated and compared. These models have been implemented, simulated, and visualized in the 
Modelica language. One model is based on the Arheimer and Wittgren basic wetland model for 
total nitrogen retention (Arheimer & Wittgren, 2002), and the other focuses on nitrification and 
denitrification processes in wetlands modeled by Kadlec & Knight (1996) with some influence 
from Martin & Reddy (1997). The differences and similarities between the Modelica modeling 
environment used in this thesis and other environments or tools for ecological modeling have been 
evaluated. The modeling tools evaluated are PowerSim, Simile, Stella, the MathModelica Model 
Editor, and WEST.  

The evaluation and the analysis have been performed using McCall’s factors for software qual-
ity (McCall et al, 1977), a correlation analysis and the Constant Comparative Method (Glaser & 
Strauss, 1999). The results of the evaluation and comparative analysis show that the modeling 
tools and the models can both be separated into two categories: Simple Components and Complex 
Components for the modeling tools, and Simple Models and Complex Models for the models. The 
major difference between the Simple Components and the Complex Components is the higher 
possibility of the Complex Components to create and reuse separate components and the higher 
complexity in these components. The similarities between the categories are that they are consis-
tent, and easy to overview and use, if no new components are to be created. The major difference 
between the Simple Models and the Complex Models lies in the number of functions and in the 
possibility of reuse and expansion. The similarities between all the models are that they are all 
consequent, logical, valid, specialized, and easy to use if the user has programming skill. 

To conclude this thesis, the nitrogen decrease in a constructed treatment wetland can well be 
simulated using the Nitrification/Denitrification model expressed in Modelica and the MathMode-
lica Model Editor. However, some changes to the Model Editor are recommended to make the 
creation of the model easier. The most important of these changes are the addition of a tutorial, 
the addition of useful error handling and messages, and the removal of unnecessary Visio features. 
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Overview 

Introduction 

Section 1 gives an introduction to this thesis and lists the main questions of the thesis. 

Background 

Section 2 explains the biological and ecological background to this thesis. In this section the 
nitrogen cycle and the biochemistry of nitrogen is described. Further, the role of wetlands 
recipients for nutrients and factors affecting nitrogen processes in wetlands is discussed.  

Section 3 explains the concepts of modeling and simulating, and describes the modeling lan-
guage Modelica and the MathModelica environment. 

Section 4 concludes the background, making a synthesis of the previous two sections and de-
scribes how Modelica and MathModelica can be used to simulate ecological systems. 

Models and Methods 

Section 5 describes the Total Nitrogen model and the Nitrification/Denitrification model used 
in this thesis. 

Section 6 details the evaluation and analysis methods used in this thesis and the realization of 
these methods. Also included in the section is a list of the evaluated ecological modeling 
tools and an explanation of the system dynamics method. 

Section 7 describes the design and implementation of the Nitrogen retention model and the 
Nitrification/Denitrification model used in this thesis.  

Data collection 

Section 8 details the results of a simulation of the Nitrogen retention model and the Nitrifica-
tion/Denitrification model used in this thesis.  

Section 9 details the evaluation of the ecological modeling tools PowerSim, Simile, Stella 
and WEST, and the MathModelica Model Editor. 

Section 10 details the evaluation of the Total Nitrogen model and the Nitrifica-
tion/Denitrification model used in this thesis.  
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Analysis 

Section 11 details comparative analyses of the ecological modeling tools and the MathMode-
lica Model Editor. 

Section 12 details comparative analyses of the Total Nitrogen model and the Nitrifica-
tion/Denitrification model used in this thesis. 

Result 

Section 13 summarizes and emphasizes the results from the analyses presented in section 11 
and 12.  

Discussion 

Section 14 discusses the results from the evaluation and the comparative analyses and con-
cludes the thesis, answering the thesis questions.  

Glossary 

Section 15 consists of a glossary of words used in this thesis, mostly of biological and chemi-
cal origin. 

References 

Section 16 lists all references used in this thesis.  

Appendix 

The Appendix consist of tables with the results from the evaluation of the modeling tools and 
models, notebook code, the project plan, the requirement specification, and a copy of the 
poster presenting the models. 
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1 Introduction 

The increasing eutrophication rate in lakes, rivers, and the Baltic Sea caused by an increasing nu-
trient discharge from human activities is a serious problem in Sweden. Nitrogen is one important 
nutrient that limits the primary production and increases eutrophication. For this reason, a number 
of attempts to decrease the discharge of nutrients have been made. One way to do this is to con-
struct wetlands for water treatment. Such construction, however, is costly, and therefore it is use-
ful to have models to test different layouts and effects of wetlands in advance. Several such mod-
els have been developed.  

To create a useful model, it is helpful to have an environment in which the model can be tested 
and changed easily. A practical way to do this is to represent the model in an executable form in a 
computer, where simulations can be made. The results of these simulations can then be used to 
improve the effect of existing wetland or used when constructing new wetlands for nutrient treat-
ment.  

Today, a number of programming languages exist in which a model can be written and simu-
lated. Since the object of interest is a model, it would be interesting to test the model in a specific 
modeling programming language, created specifically to simulate models. It would also be inter-
esting to test different models in this environment and to compare the models to each other. This 
to determine the advantages and disadvantages of each model and to see which situations each of 
the models is best suited for.  

The aim of this thesis is to evaluate and compare the usefulness of different ecological models 
of nitrogen processes in treatment wetlands, implemented in the Modelica modeling language. 
This leads to the following main questions: 

1. What are the differences (advantages and disadvantages) between a selected Modelica 
modeling environment and other environments or tools for mathematical modeling of 
ecological systems? 

2. What are the differences (advantages and disadvantages) between the models imple-
mented in Modelica? Are there situations they are more suited for than others? 

To find the answers to these questions, a number of main objectives have to be reached: 

1. The ecology and chemistry of nitrogen processes in wetlands have to be studied. 
2. Modeling, simulation, and the Modelica language have to be studied. 
3. Mathematical models for ecological nitrogen systems suitable for wetlands have to be 

found. 
4. Tools commonly used for ecological modeling and simulation have to be evaluated and 

compared with the tools available in the MathModelica environment. 
5. The models of the nitrogen systems have to be implemented. 
6. Simulations of the nitrogen system models have to be run. 
7. The implemented system models have to be compared with each other.  

This thesis is primarily intended for researchers and developers of wetlands and wastewater 
treatment modeling. The thesis could also be interesting for ecologists, biologists or other people 

 1
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interested in ecological modeling in general. To fully understand the discussions presented in this 
thesis, some knowledge of ecological and biochemical concepts and systems is necessary. To un-
derstand the sections of Modelica code included in this thesis, knowledge of the Modelica pro-
gramming language is required. 

2 
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2 Background: Biology and Ecology 

2.1 The Nitrogen Cycle in Wetlands 

A wetland, according to the Swedish Environmental Protection Agency, is defined as land where 
water during a large part of the year, is closely below, in or right above the soil surface as well as 
water areas covered with vegetation (translated from Löfroth, 1991). Another definition of wet-
lands is “land areas that are wet during part or all of the year because of their location in the 
landscape” (Kadlec & Knight, 1996). A wetland consists of a water body, sediment and a vegeta-
tive zone of plants (Figure 1). Most of the nitrogen discharged into wetlands, especially treatment 
wetlands that receive water from wastewater treatment plants, comes from different inlets, al-
though nitrogen could also be discharged through atmospheric deposition or resuspended from the 
sediment or soil.  

 
Atmospheric 
deposition 

 

 

 

 

 

 

 

 

     
Figure 1. A simplified hypothetical wetland. 

Nitrogen can be transported and transformed in the wetland in several ways. One way of trans-
portation is by physical transformation. Physical transformation includes a number of processes: 
1) particulate settling (sedimentation) and resuspension; 2) diffusion of dissolved forms; 3) plant 
uptake and translocation; 4) litterfall; 5) ammonia volatilization; 6) sorption of soluble nitrogen on 
substrates; 7) seed release, and 8) organism migrations (Kadlec & Knight, 1996). These processes 
concern the relocation of nitrogen more than the actual transformation of the substance. Another 
way in which nitrogen can be transported is by molecular transformations. This involves chemical 
processes transforming nitrogen from one form to another. Processes involving molecular trans-
formation are: 1) nitrogen fixation; 2) ammonification (mineralization); 3) nitrification; 4) denitri-
fication; and 5) nitrogen assimilation (Kadlec & Knight, 1996). This thesis will focus on processes 
that involve molecular transformation, particularly nitrification and denitrification. 

The steps by which nitrogen is transformed from one substance to another by molecular trans-
formation are called the nitrogen cycle (Figure 2). Several of the key reactions of nitrogen in na-
ture are carried out almost exclusively by microorganisms, so the microbial involvement in the 
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nitrogen cycle is of great importance. First in the cycle is nitrogen fixation. Nitrogen fixation is a 
bacterial process, which transforms nitrogen gas (N2) to ammonium (NH4

+). Thermodynamically 
nitrogen gas is the most stable form of nitrogen, and it is to this form that nitrogen will revert un-
der equilibrium conditions.  

To transform nitrogen gas into another compound requires a comparatively large amount of 
energy and only a relatively small number of microorganisms are able to utilize nitrogen gas in 
this way. Consequently, the processes involved in the recycling of nitrogen most often use the 
more easily available forms, ammonia (NH3) and nitrate (NO3

-). The inorganic ammonia produced 
by nitrogen fixating bacteria is usually quickly incorporated into proteins and other organic nitro-
gen compounds, either by a host plant, the bacteria itself, or another soil organism. This process is 
called nitrogen assimilation. Organic nitrogen can also be transformed to ammonium by microbes, 
a process that is called ammonification or mineralization. Ammonium is then either transformed 
to gaseous ammonia by the physicochemical process ammonia volatilization and transported away 
from the wetland, or transformed to nitrate by the bacterial process nitrification. Finally, nitrate or 
nitrite (NO2

-) is then transformed to gaseous end products, mostly nitrogen gas but also nitric ox-
ide (NO) and nitrous oxide (N2O), through the bacterial process denitrification. If nitric oxide and 
nitrous oxide are formed, they can also be further transformed into nitrogen gas.  
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Figure 2. A simplified picture of the nitrogen processes and the flows of different nitrogen forms in 
a wetland. ON is organic nitrogen, AN ammonium nitrogen and NN nitrate nitrogen. Modified from 
Arheimer & Wittgren (2002). 

2.2 Biochemistry of Nitrogen 

To understand the nitrogen cycle and the processes involved in the wetland nitrogen transforma-
tions, it is important to understand the chemistry that regulates and causes these transformations. 

2.2.1 Metabolism of Nitrogen 

The term metabolism refers to all the chemical processes that take place within a cell. One type of 
metabolic process is when chemicals are taken up by the cell from the environment and changed 
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into cell constituents. This process is called biosynthesis and the chemicals taken up are called 
nutrients. Organisms must be able to take up nutrients from the environment for the biosynthesis 
to take place. The cell must also have access to an energy source to fuel the process. Different or-
ganisms use different energy sources for this purpose. Organisms that use light are called photo-
trophs. Common examples of phototrophic organisms are plants, but there are also many microor-
ganisms in this group. Chemotrophic organisms use chemical substances as their energy source. 
The chemotrophic organisms break down the substrate into simpler constituents, and as this 
breakdown occurs, energy is released and used by the organism. This process is called catabolism. 
One of the chemicals used by microorganisms both for biosynthesis and as an energy source is 
nitrogen. Actually, most chemotrophs use nitrogen both as an energy source and for cell construc-
tion. 

Access to nutrients in an available form, in this case nitrogen, is important for both biosynthe-
sis and catabolism. One available source of nitrogen is inorganic compounds such as nitrate. In 
cell construction, nitrate can be transformed into amino groups (-NH2), which are then used to 
form proteins. It is important to differentiate between an inorganic compound used as a nutrient 
source, and one used as an energy source in the energy metabolism. When an inorganic compound 
is used as a nutrient source, it is said to be assimilated, and the process is called assimilative me-
tabolism. The use of compounds in energy metabolism is called dissimilative metabolism. The 
reactions follow different paths and produce different end products. In assimilative metabolism, 
only enough of the compound is used to satisfy the needs of the nutrient for growth. In dissimila-
tive metabolism a comparatively large amount of the compound is used, and the product com-
pound is excreted into the environment. Many organisms carry out assimilative metabolism of 
compounds (for example bacteria, fungi, algae), whereas only a limited variety of organisms carry 
out dissimilative metabolism (mostly prokaryotes) (Brock et al, 1994).    

In dissimilative metabolism, organisms use the electron transportation chain to produce en-
ergy. This chain, which is also known as the respiratory chain, is composed of mitochondrial en-
zymes that transfer electrons from one complex (compound) to another. The electrons are passed 
down the chain with each component being reduced as it accepts the electrons and re-oxidized as 
it passes them on. As the electrons pass along the chain of electron acceptors, they lose much of 
their energy, some of which is used to pump protons across the inner mitochondrial membrane. 
This sets up an electrochemical gradient across the inner mitochondrial membrane, which pro-
vides the energy for adenosine triphosphate (ATP) synthesis. ATP is then used by the organism as 
a storage of energy. 

Molecular oxygen often serves as an external electron acceptor, accepting electrons from elec-
tron carriers such as nicotinamide adenine dinucleotide (NADH) by way of the electron transport 
chain. When oxygen is used as an electron acceptor the process is called aerobic respiration. The 
reason oxygen is so commonly used is that it is the compound that yields the most energy as an 
electron acceptor. When another electron acceptor instead of oxygen is used, the process is called 
anaerobic respiration. In biochemistry this is very important, as some processes can only take 
place in one of these conditions, and many anaerobic processes are repressed by the presence of 
oxygen. Nitrification, which is described further down, is an example of an aerobic process, while 
denitrification is an anaerobic process. Inorganic nitrogen compounds are some of the most com-
mon electron acceptors in anaerobic respiration. In some cases, such as with the denitrifying bac-
teria, the anaerobic process competes with the aerobic process in the same organism. In such 
cases, if oxygen is present, aerobic respiration is usually favored.  

2.2.2 Biochemistry of Nitrification 

Ammonia is produced during the decomposition of organic nitrogen compounds, ammonification 
(Figure 2), and exists at neutral pH as ammonium. Under anoxic conditions, i.e. conditions with 
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little or no oxygen, ammonia is stable, and it is in this form that nitrogen is predominately found 
in anoxic sediments. In soils, much of the ammonia released by aerobic decomposition is rapidly 
recycled and converted into plant amino acids (i.e. metabolism). In aerobic environments ammo-
nia can be oxidized to nitrogen oxides and nitrate, but as ammonia is a stable compound, strong 
oxidizing agents or catalysts are usually needed for these chemical reactions. A specialized group 
of bacteria, the nitrifying bacteria, work as biological catalysts and oxidize ammonia to nitrate. 
This process is called nitrification. 

In the nitrification process ammonia (NH4
+) is converted into nitrite (NO2

-) and further on into 
nitrate (NO3

-). These processes are highly oxygen-demanding, which means that nitrification re-
quires oxic and causes anoxic environments. Ammonia- and nitritoxidizing bacteria are examples 
of chemotrophs with oxygen as the final electron acceptor. Ammonia is oxidized into nitrite by 
the bacteria Nitrosomas sp. Nitrite is oxidized into nitrate by Nitrobacter sp.  

The two steps in nitrification can be summarized as follows (Reddy & Patrick, 1984): 

NH4
+

 + 1.5 O2  => 2 H+ + H2O + NO2
-      (Reaction 2-1) 

NO2
- + 0.5 O2  => NO3

-       (Reaction 2-2) 

These two steps in turn can be summarized as: 

NH4
+

 + 2 O2  => NO3
- + 2 H+ + H2O     (Reaction 2-3) 

2.2.3 Biochemistry of Denitrification  

The most widespread inorganic nitrogen compounds in nature are ammonia and nitrate, both of 
which are formed in the atmosphere by inorganic chemical processes, and nitrogen gas, which is 
the most stable form of nitrogen found in nature. In dissimilative nitrate reduction, one of the most 
common alternative electron acceptors is nitrate, which can be reduced to either ammonia or ni-
trogen gas (as end products). The process in which the end product is nitrogen gas is called deni-
trification. 

Nitrate reduction takes place in several steps. An enzyme involved in nitrate reduction is called 
a nitrate reductase and the nitrate reductase involved in the first step of nitrate reduction is a mo-
lybdenum-containing enzyme. In general, assimilative nitrate reductases are soluble proteins that 
are repressed by ammonia, while dissimilative nitrate reductases are membrane-bound proteins 
repressed by oxygen and synthesized under anaerobic conditions. The process of dissimilative 
nitrate reduction is strictly an anaerobic process, while assimilative nitrate reduction occurs quite 
well under fully aerobic conditions. Assimilative nitrate reduction occurs in all plants and most 
fungi, as well as in many bacteria, whereas dissimilative nitrate reduction is restricted to a diverse 
number of bacteria (Brock et al, 1994). 

The first product of nitrate reduction is nitrite, and another enzyme, nitrite reductase, is re-
sponsible for the next step. In the dissimilative process, two paths are then possible, one with 
ammonia as end product and the other with nitrogen gas as end product. The path leading to am-
monia is carried out by a fairly large number of different bacteria, but is of less practical signifi-
cance. The pathway leading to nitrogen gas proceeds via two intermediate gaseous forms of nitro-
gen, nitric oxide and nitrous oxide (Reaction 2-4). Several organisms are known to produce only 
nitrous oxide during the denitrification process, while other organisms produce nitrogen gas. 
Since all the products of this path are gaseous (Reaction 2-4), they can easily be lost from the wa-
ter environment into the air. It is therefore unlikely that nitrogen will easily be transformed back 
into a more biologically available form of nitrogen.  

NO3
- => NO2

- => NO (g) => N2O (g) => N2 (g)   (Reaction 2-4) 
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The denitrification process is the main means by which gaseous nitrogen gas is formed bio-
logically, which makes denitrification a very important process and bacteria that perform denitri-
fication a very important part of the microbiota. The most common bacterial groups that accom-
plish denitrification are Bacillus, Enterobacter, Micrococcus, Pseudomonas and Spirillum (Kadlec 
& Knight, 1996). 

The denitrification process needs a carbon source to take place. This carbon source differs de-
pending on the environment and availability. When a carbohydrate substrate (CH2O) is used as a 
carbon source, the overall reaction can be summarized as the following (Reddy & Patrick, 1984): 

5 (CH2O) + 4 NO3
- + 4 H+ => 5 CO2 + 2 N2 + 7 H2O   (Reaction 2-5) 

2.3 Wetlands as Recipients of Nutrients 

In any water system there is always a limiting factor for production, which can for instance be 
light, oxygen or temperature. Often the limiting factor is the availability of nutrients, mainly ni-
trogen and phosphorus. Phosphorous is the most common limiting factor in lakes and water-
courses in Sweden, while nitrogen is the most common in the seas surrounding Sweden (Persson, 
1990). However, during warm summers large numbers of blue-green algae can use the free nitro-
gen gas dissolved in sea water. In these cases phosphorus is the limiting factor (Bernes, 1993). 
Since the availability of nutrients, especially nitrogen and phosphorus, is of great importance as a 
limiting factor, an increased discharge of material with a high nutrient content will have a signifi-
cant effect on the production of the water system.  

Today, one important environmental problem is the increase of nutrients, eutrophication, in 
watercourses, lakes and seas. Eutrophication can be described as a surplus of nutrients or as a 
condition in an aquatic ecosystem where high nutrient concentrations stimulate production of 
blooms of algae in unreasonable proportions (Ryding & Rast, 1989). Eutrophication has a number 
of effects on health, the environment and the economy. Nitrate pollution increases in regions with 
intensive agriculture and soils with slow groundwater movement (Falkenmark et al, 1999). Toxic 
substances can be formed with blooms of algae, which makes it dangerous to eat fish from or 
swim in such nutrient-polluted water. Blooms of algae cause the water to become cloudy and pre-
vent light from reaching down to the bottom. When the algae is broken down, large amounts of 
oxygen is consumed, which leads to anoxic conditions and production of hydrogen sulfide which 
can kill all life on the lake bottom (Bernes, 1993).  

The rate of eutrophication may be increased by human activities, for instance insufficiently 
processed wastewater and sewage. The distribution of nitrogen in southern Sweden shows that the 
largest contribution in these parts of the country comes from arable land and wastewater treatment 
plants (Arheimer, 1998) (Figure 3). The best way to reduce these contributions is to eliminate 
them, i.e. eliminate the excessive discharge of nitrogen, phosphorus and organic material. Due to 
better treatment methods, the discharge from wastewater treatment plants and industrial waste has 
decreased in the latest decades. However, there are nutrient sources that are hard to eliminate. 
Discharge from arable land, roads, and populated areas are still substantial, and there are difficul-
ties in reducing nitrogen from the discharge of wastewater treatment plants. Most wastewater 
treatment plants today are significant sources of nitrogen.  

One way to reduce the stress on the environment is constructing wetlands to increase retention 
of nitrogen and phosphorus and the sedimentation of organic material. Retention is the decrease in 
nutrient transportation that, for instance, can be accomplished by letting the water pass through a 
wetland. This is primarily done by sedimentation of particles, uptake and incorporation of nutri-
ents in biomass (mainly plants) and denitrification (Leonardson, 1994). 
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Figure 3. Distribution of source apportionment of nitrogen net load on the sea in southern 
Sweden. Modified from Arheimer, 1998.  

Retention can be measured in two ways (Persson, 1997): 

•  Absolute retention which is the difference between the amount of nitrogen let into and dis-
charged from the wetland and is often measured in kg*ha-1*year-1. 

•  Relative retention which is the reduction of nitrogen in the wetland in % per year. 

The ways in which nutrients are removed from the water system by the wetland can be tempo-
rary or permanent. Temporary ways are nutrient assimilation by plants and sedimentation of nu-
trients. When the flow of water slows down in a wetland there is a sedimentation of particles. 
These particles are generated either within or outside of the wetland and are often rich in nutri-
ents. A major part of the material in the sediment is broken down gradually – mineralized – and 
nitrogen and phosphorus are released (Leonardson, 1994). The nitrogen released in this way can 
leak into the groundwater or into the water above the sediment and then be transported further 
down the system.  

Nitrogen can also be released back into the water body of the wetland by the process of resus-
pension. Deposition of organic nitrogen in the sediment makes the nitrogen less available to the 
plants and release of nitrogen from biomass during decomposition will make the nutrients avail-
able again. Examples of permanent traps are nutrient assimilation by plants combined with har-
vest, permanent accumulation of sediment, formation of peat, and denitrification (Leonardsson, 
1994). Permanent removal from the water system is to be preferred as the problem with eutrophi-
cation is solved indefinitely in this way. As both plant assimilation and accumulation of sediment 
can be temporary, formation of peat and denitrification are preferable. Of these two, denitrifica-
tion is the most effective one as formation of peat is a slow process. It is important to remember, 
however, that a combination of methods to remove nutrients often is the most effective solution. 

Wetlands can be used as a step in water treatment in several areas: 

•  For treatment of leach water from arable land. 
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•  As a water treatment step of water discharged from wastewater treatment plants. 
•  For treatment of surface water. 
•  In the food industry, agriculture and mining industry. 
•  For treatment of leach water from dumps/waste disposal facilities. 
•  For treatment of unprocessed sewage water. 

If well constructed, wetlands can also serve as recreational areas and living environments for a 
number of different plants and animals. However, recreational wetlands are often not suitable for 
the constructed sedimentation/retention wetlands used to further increase the nitrogen content of 
the wastewater discharge from the wastewater treatment plants. The use of wetlands as recipients 
for phosphorus, nitrogen and organic material is an example of how a biological solution can be 
used to solve an environment problem. There are still some issues remaining with wetlands as nu-
trient recipients, and methods to increase the efficiency of retention in wetlands are being re-
searched. However, the cost to further reduce the levels of nutrients in wastewater treatment 
plants would be substantial, and in these cases constructed wetlands can be cheaper and in several 
ways self-regulating systems. 

Artificial wetlands that receive water from a significant nutrient source are mostly constructed 
in either of two ways: surface-flow wetlands or subsurface-flow wetlands. The surface-flow wet-
lands have a free water surface, while in subsurface-flow wetlands water is transported in the soil 
of a planted bed. Nutrient-receiving wetlands are shallow, and have a large surface so that as 
much vegetation as possible can establish itself. The flow through the wetland is slow, so that 
sedimentation and chemical processes have time to take place.  

2.4 Significance of and Factors Affecting Nitrogen Processes in 
Wetlands 

Four general factors - hydrological characteristics, vegetation, sediments and microbial activity – 
are critical to a wetland’s retention ability (Elder, 1998). The influences of these factors vary 
greatly among different wetlands, which makes it hard to generalize. However, certain principles 
for the different factors can be found. Elder (1998) have listed a number of such principles: 

•  The wetland should have a low slope and low flow characteristics to increase the turnover 
time, and the outflow should be characterized by a high seepage/drainage ratio. This in-
creases the retention time and consequently the amount of nitrogen reduced.  

•  The vegetation should have a high productivity/biomass ratio, so that as much nitrogen as 
possible will be stored in the wetland plants. If the major nutrient input is during the grow-
ing season, this raises the yearly overall retention as more nutrients will be assimilated by 
the plants.  

•  The sediments of the wetland should have a high sorptive capacity and a high accretion 
rate. The more nutrients that are permanently stored in the sediment, the better. If the con-
ditions in the sediments are kept anaerobic, this also favors the microbiota that performs 
denitrification, which is another permanent way of removing nutrients from the wetland.  

•  The wetland should have an overall diverse microbial community to ensure the execution 
of all reactions dependent on microorganisms.  

The nitrogen processes are of different significance in wetlands depending on where in the 
wetland the process takes place, the amount and form of nitrogen discharged into the wetland, wa-
ter flow through the wetland, and the vegetation. There is some disagreement on which process is 
the most common or important in wetlands. Nitrogen fixation is generally not significant in nitro-
gen rich waters and the process is usually assumed to be negligible in treatment wetlands (Kadlec 
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& Knight, 1996). Plant assimilation only accounts for a small percent of the total nitrogen re-
moval when the nitrogen load is high (Tanner, 2001), which is the case in most surface-flow 
treatment wetlands (Kadlec & Knight, 1996). Ammonia volatilization can be important in wet-
lands with high temperature and pH, although volatilization loss of ammonia is usually not serious 
if pH is below 8 (Reddy & Patrick 1984). The rate of ammonia volatilization is also enhanced by 
high ammonium concentration in the water, high wind velocity at the water surface, high solar 
radiation, and vegetation (Kallner Bastviken, 2002). Nitrification followed by denitrification is 
usually the most important processes for the permanent nitrogen removal in wetlands that receive 
ammonium-rich waters (Reddy & D'Angelo, 1994).  

Nitrification is strictly an aerobic process and is favored by well-drained soils and inhibited by 
anoxic conditions or highly acidic soils. If materials high in protein, such as manure or sewage, 
are added to soils, the rate of nitrification is increased (Brock et al, 1994). The nitrifying bacteria 
require oxygen, an inorganic carbon source, and ammonium, and are favored by high soil tem-
perature (optimum 30-40 °C) (Reddy & Patrick 1984) and slightly basic pH (7.5-8.0) (Prosser 
1989). Plants transport oxygen to the roots from which the oxygen can leak to the sediment and 
make nitrification possible. However, the actual importance of this transport is not clear.  

In wetlands that receive nitrate as the only or dominant nitrogen form, such as in agricultural 
drainage water, the dominant process is commonly denitrification (Kallner Bastviken, 2002). 
More important, the process that one wishes to favor is denitrification, as denitrification is a per-
manent and very cost-effective way to remove nitrogen. It does not require harvesting, and, as 
would be the case with sedimentation, does not require any waste material to be disposed of. De-
nitrification is the main means by which nitrogen gas is formed biologically and as it converts ni-
trate to nitrogen gas, it effectively decreases the amount of available nitrogen in the sewage treat-
ment effluent. As nitrogen gas is a very stable form of nitrogen, a relatively small amount is trans-
formed back into other forms of nitrogen, which means that this is a more or less permanent way 
of removing nitrogen from the sewage water. Denitrification occurs mostly in the sediments and 
in the part of the water area that is anoxic. 

The denitrification process requires a lot of energy, and in the process organic material serves 
as an electron donor while nitrate is used as an electron acceptor. To denitrify, the denitrifying 
bacteria require anoxic conditions, nitrate, and bioavailable organic carbon, and are favored by 
high temperatures (optimum 60-75 °C) and pH 6-8.5 (Knowles 1982, Reddy & Patrick, 1984). 
The process, however, still works in temperatures as low as +4 °C and at lower pH levels, even if 
the rate is declined (Leonardson, 1994). Vegetation in the wetland increases the access to organic 
carbon and thus increases denitrification. Organic substances can also leak from the roots and be-
come substrate for the denitrifying bacteria as well as increasing the surface area for microorgan-
isms. These environmental factors are affected by different wetland conditions, such as climate, 
water flow and vegetation.  

Nitrogen retention, i.e. decrease of nitrogen, is also affected by the water turnover in the wet-
lands. Apart from the transport of nutrients and organic material to and from the wetland, water 
turnover is important for diffusion of dissolved nitrogen fractions in the sediment. The water 
should flow over the entire wetland and not in single flows and streams (Leonardson, 1994). Wa-
ter also affects the temperature in earth and sediment, which affects the rate of nitrification and 
denitrification. Variations in water flow can cause problems in the wetland. When the flow is 
rapid, the time for water turnover is short and earlier sedimented material is resuspended and 
brought to the surface or water body. The rate of turnover should be about 3-5 days and to be 
really effective, the wetland should have an area of at least a few hectares (Leonardson, 1994). 
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3 Background: Modeling and Simulating 

3.1 Modeling and Simulation 

Modeling and simulation is a way to develop a level of understanding of the interaction of the 
parts of a system, and of the system as a whole. This can be done without physically creating the 
system, an alternative that is both time efficient and cost effective.  

To understand the concepts of modeling and simulation, one must first understand the concepts 
of system, experiment and model. A system can be defined as “an object or collection of objects 
whose properties we want to study” (Fritzson, 2004). A system is also an entity that consists of a 
number of different parts or properties that interact with each other in time and space. Virtually 
anything can be a system. The ecosystem is an example of a natural and large system, in which a 
lake, a single organism and a single cell are examples of smaller systems or subsystems within the 
ecosystem. There are many artificial systems around us, for instance a factory with a system of 
machines that have different parts each constituting a small system. What is most important when 
studying a system is to choose what aspects and properties to study, as it is almost impossible to 
study them all. The properties should also be observable and preferably controllable, since it is 
hard to draw conclusions from speculations alone.  

To be able to study a system in different situations, it is important to observe differences be-
tween its behaviors under different conditions. To do this in a controlled and observable environ-
ment is called experimentation. An experiment can be defined as “the process of extracting in-
formation from a system by exercising its inputs” (Fritzson, 2004). In real life this is often both 
expensive and time consuming. The most difficult part is to create a setting for the experiment 
that is both observable and controllable. To eliminate all factors except those one wishes to exam-
ine is almost impossible. Often a large number of experiments have to be done to make it possible 
to draw probable conclusions from the results. In addition, one might want to examine systems or 
parts of a system that do not yet exist, for instance a part of the control system of a new helicopter 
model which would be very expensive to physically manufacture.  

A model is a simplified representation of a system at some point in time or space intended to 
give an understanding of the real system. If applied to the definitions of system and experiment 
above, a model of a system is “anything an experiment can be applied to in order to answer ques-
tions about that system” (Fritzson, 2004). A model could be physical or abstract, that is, a physi-
cal (and often cheaper) model that mimics the behavior of the real system or a created image of 
the model in the mind, on paper or by mathematical means. In this study the focus is on mathe-
matical models generated in a computer environment. Mathematical models are represented in 
various ways, e.g. as equations, functions, computer programs etc. Mathematical models can be 
characterized by three different properties that reflect the behavior of the systems modeled 
(Fritzson, 2004); if the model has dynamic time-dependent properties or if it is static, if it evolves 
continuously over time or changes at discrete points in time, and if it is a quantitative or qualita-
tive model. When a model is created there is always a trade-off as to what level of detail is in-
cluded in the model. If too little detail is included there is a risk of missing relevant interactions 
and if too much detail is included it may become overly complicated. Modeling is the art of creat-
ing a viable model.  
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A simulation can be defined as “an experiment performed on a model” (Fritzson, 2004). A 
simulation of a mathematical model generally refers to a computerization of the developed model 
that is run over time to study the implications of the defined interactions of the parts of the sys-
tem. If the mathematical model is represented in executable form in a computer, simulations can 
be performed by numerical experiments or in non-numerical cases by computed experiments 
(Fritzson, 2004). In this way a controlled and observable environment is created, where only the 
properties necessary for the task in question need to be added to the model simulated. There are a 
number of reasons why a simulation is preferable to performing experiments on real systems:  

1. Possibly most important, physical experiments are often too expensive to perform. The 
set-up can be costly, as can the execution of the experiment. Also, if one wants to change 
a variable in the system, the entire experiment has to be run again, which is often both 
costly and time-consuming.  

2. One might want to examine a system that does not yet exist, which is often very costly as 
the system to be experimented on has to be created.  

3. Some experiments are dangerous and safer to try out in a simulated environment before 
trying them out in real life.  

4. The time scale in real experiments can be very long, several decades or even longer, 
which make them very impractical to perform. In simulations the effects of thousands or 
millions of years could be visualized in minutes or less.  

5. Variables in a real system may be inaccessible. In a simulation all variables can be studied 
and controlled.  

6. A simulation offers an easy manipulation of the models. Variables, parameters and prop-
erties can be changed very quickly, even to the point of impossibility.  

7. In a simulation it is possible to suppress disturbances that are hard to avoid in experimen-
tations of real systems.  

8. Simulations allow suppression of second-order effects such as small nonlinearities. 

Simulation development is generally iterative. The model is developed and simulated, the user 
learns from the simulation, revises the model, and continues the iteration cycle until a satisfactory 
number of results are generated. Creating a suitable model and an environment in which it can be 
simulated is often the most difficult and costly task of the development. Once one has a satisfac-
tory model implemented, variables and properties are often easy to change and the cost of one 
simulation will often be the same as ten. This, as well as all the points discussed above, makes 
simulations a very practical approach to use. However, there are considerations that must be 
taken. 

1. First, a simulation is never better than the model. If the model is inaccurate or does not 
have enough or incorrect parameters, the simulation will not give an accurate picture of re-
ality. A model is a simplified representation of reality and factors that are important to the 
result can be missing from the model. Furthermore, the conditions for which the model is 
created may change with time and place. The model and the simulation must be updated 
and changed as the scientific knowledge changes, and it must be remembered that just be-
cause a model works in one environment, it does not always work in another. It is also im-
portant to consider how sensitive the model is to changes in the model parameters. In real-
ity small changes occur continuously that might generate changes in the system simulated. 
If the model’ sensitivity is too low, it will not accurately simulate reality. At the same time, 
if the sensitivity in a number of factors is too high, it can be hard to draw accurate conclu-
sions from the results.  

2. Second, the hardware and software on which a simulation is run is not guaranteed to be 
without faults. It is very difficult to create a program completely without bugs and that al-
ways performs and will perform in the same fashion. Just as in an experiment on a real sys-
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tem, conditions in the computer environment may change with time and place. It is impos-
sible to predict all the future environments and situations the program may be used in. For 
a small mathematical system this is less of a problem, but as the complexity of the system 
increases, so does the number of things that can go wrong.  

3. Third, with a computed model and a simulation, there is a risk of overlooking problems or 
mistakes obvious in real life. As all variables can be changed to anything, one can create a 
model that is impractical to put into practice in real life. Perfection is very often hard to 
achieve in a real system, and unexpected variables that the model chose to ignore can be 
very important. For instance, one might create a system for growing crops that would 
greatly enhance the food production in an area, only to have it rejected because of religious 
beliefs. 

3.2 Modelica 

3.3 MathModelica 

To write and simulate a model in a computer environment, a programming language is needed. In 
this language, the conditions and requirements for the model can be set, and a simulating program 
can be written to show the results of a model simulation. One programming language that can be 
used for this purpose is Modelica.  

In short, Modelica is an object-oriented, equation-based, functional programming language, 
developed for mathematical modeling. Modelica has a general class concept that unifies classes, 
generics, and general sub typing into a single language construct. This facilitates reuse of compo-
nents and evolution of models (Fritzson, 2004). Object-orientation in Modelica differs from ordi-
nary object-oriented languages. Here, object-orientation is primarily used as a structuring concept, 
emphasizing the declarative structure and reuse of mathematical models (Fritzson & Bunus, 
2002).  

Modelica is primarily based on equations instead of assignment statements. This permits 
acausal modeling since equations do not specify a certain data flow direction (Fritzson, 2004). As 
it is an equation-based language, dynamic model properties are expressed through equations, and 
an object is a collection of instance variables and equations that share a set of stored data. Mode-
lica is also strongly component-based, with constructs for creating and connecting components. 
Modelica has multi-domain modeling capability, meaning that model components corresponding 
to physical objects from several different domains can be connected (Fritzson, 2004).  

Modelica allows specification of models of complex systems, which makes it suitable for com-
puter simulation of dynamic systems where behavior changes with time.  Modelica has two types 
of dynamic models; continuous-time models, which evolve their variable values continuously 
over time, and discrete-time models, which change their variable values only at discrete point in 
time. The Modelica language also offers the possibility to create hybrid models, i.e., models that 
consist of both continuous and discrete components that interact with each other (Fritzson, 2004). 
Components can also in themselves be hybrid, i.e., be both continuous-time and discrete-time. 

MathModelica is an integrated problem-solving environment for full system modeling and simu-
lation using Modelica (Fritzson & Bunus, 2002). The environment integrates Modelica-based 
modeling and simulation with graphic design, advanced scripting facilities, integration of code 
and documentation, and symbolic formula manipulation provided via Mathematica (Fritzson & 
Bunus, 2002), which is a fully integrated environment for technical and scientific computing. 
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MathModelica permits object-oriented design of physical systems for simulation and visual pro-
gramming using a graphic editor. MathModelica consists of three integral parts: the Dymola ker-
nel, the graphical Model Editor and the Mathematica notebook environment (Figure 4). The three 
parts are tightly integrated into a single engineering tool for advanced modeling, simulation, 
analysis, and documentation.  

Matematica notebook

Makes it possible to develop
models textually, together with

experiments and documentation
in interactive notebooks.

Kernel

The Dymola kernel performs the
simulations.

Model Editor

Provides possibility to build
models by drag & drop and an

interface for simulations.

 
Figure 4. The integral structure of MathModelica. Modified from www.mathcore.com (Math-
Core – Technologies for Full System Simulation). 

The Model Editor is a graphical and textual intuitive drag & drop interface. Models are assem-
bled using components from existing model libraries. Models can also be created in the notebook 
textual environment and then transferred to the model editor for a graphical view of the model. 
When the model is built it can be simulated in the simulation environment or transferred to note-
books for post processing, analysis, and documentation. Simulations and results are presented in 
the simulation environment where parameters and initial values of a model can be trimmed be-
tween simulations.  

In the Mathematica notebook environment models can be documented and analyzed. Note-
books combine text, executable commands, numerical results, graphics, and sound in a single 
document. MathModelica integrates documentation, code, graphic connection diagrams and 
mathematical formulae in Mathematica notebooks. Documentation can be typed directly into the 
notebook, making it much easier for others to understand what's been done. The Mathematica 
language integrates several features into a integrated environment: numerical and symbolic calcu-
lations, functional, procedural, rule-based and graphical programming. The notebooks can be used 
even by someone with limited programming experience which is an advantage in ecological mod-
eling as not all ecologists are interested in learning a programming language. 

Dymola, Dynamic Modeling Laboratory, is a tool for modeling and simulation of integrated 
and complex systems. The Dymola kernel handles the simulations by receiving and evaluating all 
expressions. It uses a modeling methodology based on object orientation and equations which 
eliminates the need for manual conversion of equations to a block diagram by use of automatic 
formula manipulation.  

Further information of MathModelica, including the above, can be found on 
www.mathcore.com. 
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4 Background: Ecological Modeling 

4.1 Simulating Ecological Wetland Models in Modelica 

Wetlands of different types and shape can be used in several different environments to reduce the 
nitrogen discharge. The focus of this thesis is on the type of constructed wetland used as a finish-
ing or extra step in wastewater treatment plants. Since wastewater treatment plants are located at 
specific locations wetlands placed directly by the discharge point would greatly reduce the total 
amount of nitrogen discharged. The treatment plants are examples of point sources, unlike the 
more diffuse discharge from arable land or atmospheric deposition. Point sources are often easier 
to control, more cost effective to reduce and the effect of eliminating a point source often has a 
relatively larger impact on the environment.  

The focus of this study is on nitrification and denitrification. The reason for this, as discussed 
earlier in Section 2.4, is that the bacterial processes of nitrification followed by denitrification are 
usually the most important processes for the permanent nitrogen removal in wetlands that receive 
ammonium-rich waters. As the discharge from a wastewater treatment plant is relatively large and 
rapid, the vegetation would have to be harvested often, which is not very cost-effective. The im-
portance of vegetation in permanent removal of nitrogen is still under question, and denitrification 
would be preferable as it is an automatic process that does not need any major human interaction. 
Consequently, it is important to optimize the process of denitrification.  

One way of finding out how to optimize denitrification is by making a simulation of the nitrifi-
cation and denitrification processes in a constructed wetland. In this thesis, a model of nitrification 
and denitrification has been simulated. As it is also important to get an overall view of the wetland 
and be able to calculate the total removal or retention in the wetland, a model for simulating nitro-
gen retention in a constructed wetland has also been simulated. The tool that has been chosen for 
simulating these two models is MathModelica, which uses the programming language Modelica. 
The code used in this thesis is consequently written in Modelica.  

There are several reasons why Modelica should be used to model wetland retention and wet-
land processes. To begin with, equations in Modelica do not represent a specified flow direction. 
This is important when simulating complex ecological systems where paths and reactions often 
flow in different directions depending on environmental conditions. Most of these paths and reac-
tions can be described mathematically, and since Modelica is an equation-based language, the 
mathematical relationships can easily be implemented. It is simple to make models where behav-
ior changes with time, which is advantageous when modeling an ecological system where most 
reactions and relationships change with time. Modelica allows both continuous-time and discrete-
time models as well as hybrids. This is an advantage when modeling ecological systems, since the 
relationships in nature are often complex and involve both continuous and discrete operations.  

Modelica is suited for creating and connecting components, as the language is an architectural 
description language for complex physical systems. Since ecological systems often have a high 
degree of complexity and many reactions and processes are connected to one another, this in turn 
makes it suited for ecological simulations. Modelica also allows physical objects from several dif-
ferent domains to be connected. This is an advantage in an ecological system as there often are 
artificial factors present that have to be accounted for, and if an entire or larger part of an ecosys-
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tem is to be simulated, the varying environment must be integrated in the model. This can include 
electrical, mechanical, thermodynamic, hydraulic, biological, ecological and other physical com-
ponents, all of which must function in the same context. Finally, as Modelica is an object-oriented 
language, it facilitates reuse. The possibility of reuse is always interesting especially when dealing 
with ecological systems since many relationships and chains of reactions are similar to others. 
Many ecological pathways and models are based on the same principle or have the same origin.  

Models implemented in Modelica can be simulated in two ways, either by using the graphical 
Model Editor or by using the Mathematica notebooks. In this thesis, both of these methods have 
been used. The Model Editor provides a drag & drop interface, where the different components of 
the model, represented by icons, can be connected and simulated by the user. In the notebooks, 
code for the models is written in Modelica, which makes the notebooks both an environment for 
writing code and a tool for analyzing the models.  

So far, Modelica has been used to model some simple chemical and biological systems tested, 
and proven useful for biological and ecological systems (Larsdotter Nilsson & Fritzson, 2003b). 
This thesis further examines Modelica’s possibilities as a programming language for simulating 
different ecological models, as well as it compares and evaluates the usefulness of the ecological 
models.  

4.1.1 BioChem  

BioChem is one of the first libraries in Modelica to be created for the biological area. It models 
and simulates uptake and metabolic pathways within cells. Cells are the basic building blocks for 
all living organisms and its metabolism can be seen as a complex web or graph where nodes are 
different substances and edges are reactions that transform one substance to another (Larsdotter 
Nilsson & Fritzson, 2003a). These nodes and reactions can be instantiated as components and be 
connected with connector elements and connections.  

As the structure of chemical reactions and transformations are more or less universal, some of 
the components in the BioChem library can be used to simulate other chemical processes, like the 
nitrogen processes in a wetland. So far, only one component model has been found to be of spe-
cific use for this thesis; the basic connector model that connects reactions with each other. This 
connector model uses concentration and a flow of chemical particles, which can both be used for 
the processes in a wetland (Figure 5). This reuse of already existing components simplifies model-
ing since components do not have to be remade for each new type of process added to the Mode-
lica library. 

 

 

 

 

 

connector ReactionConnection 
 extends Icons.BlueX; 

BiochemUnits.Concentration c; 

flow BioChemUnits.MolarFlowRate r; 
end ReactionConnection; 

Figure 5. The connector model ReactionConnection (Larsdotter Nils-
son & Fritzson, 2003a).  
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5 Models 

To evaluate and compare the usefulness of different ecological models, the models have been im-
plemented and simulated using the Modelica language. Suitable mathematical models for ecologi-
cal nitrogen systems have been found by searching the literature. Two of these have been chosen 
and implemented in Modelica. The first model is the Total Nitrogen retention model, created by 
Arheimer & Wittgren (2002), and the other is the Nitrification/Denitrification model, modeled 
after Kadlec & Knight (1996) with some influences from Martin & Reddy (1997). The models 
have both been chosen because they model the entire reduction of nitrogen within a wetland with 
a number of fairly uncomplicated and easily implemented equations.  

5.1 

5.2 

Wetland Models 

The model simulations of this thesis are primarily designed for surface-flow wetlands; i.e., wet-
lands having a free water surface. This type of wetland is the most commonly used for receiving 
water from wastewater treatment plants in Sweden (Kallner Bastviken, 2002), and many of the 
models used in Kadlec & Knight (1996), Martin & Reddy (1997) and Arheimer & Wittgren 
(2002), are primarily designed for wetlands with a water body.  

To model the natural mixing of wetland water plug flow reactors (PFR) or continuously stirred 
tank reactors (CSTR) are often used. A PFR corresponds to a totally unmixed zone, and a CSTR 
corresponds to a totally mixed zone (Kadlec & Knight, 1996). In the Nitrification/Denitrification 
model, the wetland has been divided into several layers, each constituting a PFR. Flows of nitro-
gen go between the different unmixed layers, simulating the flow of nitrogen within the wetland. 
In theory, wetlands can be divided into infinite number of parallel paths, with or without mixing, 
each in which nitrogen reduction is simulated. In the Total Nitrogen model, the wetland is treated 
as one continuously stirred tank reactor. 

The decrease is measured as decrease over time for the Total Nitrogen model and as decrease 
over the fractional distance through the wetland for the Denitrification/Nitrification model. The 
difference in the way the decrease is measured is not an issue in this evaluation, since the exact 
results of the simulations are not to be compared. Also, the time measurement could easily be 
translated to the fractional distance using the inflow value. The reason this is not done is that the 
models have been kept in their original form as much as possible. 

The Total Nitrogen Model 

The model and equations for simulating total nitrogen are from the paper “Modelling nitrogen 
removal in potential wetlands at the catchment scale” by Arheimer and Wittgren (2002). In this 
paper, nitrogen removal in the wetland is described with a simple first-order model, which has 
been modified and evaluated against data from eight monitored surface-flow wetlands in Sweden. 
The wetland is viewed as a completely mixed batch reactor. The model assumes a constant flow 
of water and is therefore not suitable when the wetland receives a natural and variable water flow. 
As treatment wetlands receive a relatively constant flow, this is not a problem for the simulations 
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of this thesis. Nitrogen removal in the model is assumed to be area dependent. The mass balance 
equation in such a reactor is: 

dC/dt = JrAwet /Vwet       (Equation 5-1) 

with the rate equation for removal: 

Jr = kaTC        (Equation 5-2) 

where  

C = nitrogen concentration (gm-3) 
t = time (d) 
Jr = net nitrogen removal rate (gm-2d-1)  
Awet = wetland area (m2) 
Vwet = wetland volume (m3)  
kaT  = area-based and temperature dependent removal rate coefficient (md-1) 

Further, the commonly used modified Arrhenius temperature dependence is used: 

kaT = ka20Θ(T-20)        (Equation 5-3) 

where  

ka20 = area-based removal rate coefficient (md-1)  
Θ = temperature coefficient (dimensionless) 
T = water temperature (°C) 

Some wetlands may have low average residence time. In these cases, resuspension of sediment 
and litter may be expected during high flow. This can be described with the following equation: 

Jr = -SQin /Vwet        (Equation 5-4) 

where  

S = nitrogen resuspension coefficient (gm-2)  
Qin = daily inflow (m3d-1) 

This equation is used instead of Equation 5-1 below a critical residence time or when 

Vwet /Qin < τcrit        (Equation 5-5) 

where  

τcrit = critical residence time when nitrogen removal switches to nitrogen resuspension (d) 

The above Total Nitrogen model equations are all used in this thesis. 

5.3 The Nitrification/Denitrification Model 

When making a model of the nitrification and denitrification processes in a wetland, consideration 
must be taken concerning the following factors: 

1. The water input and output of the wetland  
The amount of water comes into and leaves the wetland is important to model so that a 
water budget can be made. A water budget is necessary to be able to calculate the nitrogen 
amount in the wetland. 

 
 

18 



Models 
 
 

2. The flow of water within the wetland 
It is necessary to understand the flow of water to know in which ways and how fast the ni-
trogen in the water can be transported from different parts of the wetland to others. Differ-
ent parts of the wetland may be better suited for permanent nitrogen removal. 

3. The nitrogen input and output of the wetland 
To be able to correctly determine the decrease in nitrogen, all possible inflows and out-
flows of nitrogen have to be considered. Note that the wetland itself can be a source of ni-
trogen.  

4. The nitrification and denitrification in the wetland 
The nitrification and denitrification processes in themselves have to be modeled, with con-
sideration taken to the conditions and factors that affect the processes. 

5. Other nitrogen processes in the wetland that affects the nitrification and denitrifica-
tion processes  
It is important to consider all processes that might affect nitrification and denitrification so 
that the decrease in nitrogen is properly modeled. Other nitrogen processes could for in-
stance be ammonification and plant uptake. 

6. The flow of nitrogen within the wetland 
The flow of nitrogen is not necessarily the same as the flow of water within the wetland. 
The flow of nitrogen must also be determined specifically to determine how nitrogen is 
transported in the wetland. 

7. Environmental factors 
These factors affect the nitrification and denitrification processes and should therefore be 
present in the model. Environmental factors could for instance be temperature and pH. 

5.3.1 The Water Input and Output of the Wetland 

The first factor in Section 5.3 can be modeled by adding all the inputs and outputs of water to-
gether. In this thesis, special consideration has not been taken to where in the wetland the input 
and outputs are. To do this would add a complexity to the equations not consistent with the area-
dependent nitrification and denitrification model used.  

Water losses to the atmosphere from a wetland occur from the water and soil (evaporation) and 
from the emergent portions of the plants (transpiration). The combination of the two processes is 
termed evapotranspiration. Water also moves from the ground surface of the wetland into the soil, 
a process that is called infiltration. Finally, water can be added to the wetland through precipita-
tion, which is the quantity of water falling to earth at a specific place within a specified period of 
time, i.e. rain, snow, hail and other forms of water. Precipitation, infiltration and evapotranspira-
tion is presumed to be uniform over the wetland. 

The water mass balance is (Kadlec & Knight, 1996): 

dQ/dA = P – I – ET        (Equation 5-6) 

where 

I = infiltration rate (m/d) 
A = surface area (m2) 
ET = evapotranspiration (m/d) 
Q = water flow rate (m3/d) 
P = precipitation rate (m/d) 

Also important for the water flows to the wetland is the hydraulic loading rate, which is a 
measure of the flow rate in or into the wetland (Kadlec & Knight, 1996): 
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q = Q/A         (Equation 5-7) 

where 

q = the hydraulic loading rate, m/d 

Together, these equations give the total water flow to the wetland: 

total flow = q + P – I – ET      (Equation 5-8) 

5.3.2 The Flow of Water within the Wetland 

The second factor mentioned in Section 5.3 has been simplified in this study. Within the scope of 
this thesis, it is not possible to fully model the flows in a wetland, with consideration taken to pat-
tern effects caused by vegetation and the geographic outlook of the wetland, and to all the effects 
of different flows into the wetland. The bottom of the wetland is assumed to be more or less uni-
form, and the flow over the wetland relatively even with controlled steady water levels. These are 
not unusual conditions for a constructed treatment wetland (Kadlec & Knight, 1996). In this the-
sis, the water flow has been modeled as a plug flow reactor (Section 5.1) with totally unmixed 
zones. Inspired by the work of Martin and Reddy (1997), the wetland has been divided into a 
number of layers; a water body, an aerobic sediment layer and several anaerobic sediment layers. 
The purpose of this division is to simulate the different rates of nitrogen processes within the wet-
land depending on the oxygen level and other factors.  

5.3.3 The Nitrogen Input and Output of the Wetland, Nitrification and Deni-
trification and Other Nitrogen Processes 

The third factor from Section 5.3, nitrogen inputs and outputs, can be simulated by adding all the 
inputs and outputs of nitrogen to the wetland. The input and output of nitrogen to a wetland can be 
summarized as follows: 

Total Nitrogen input = inflow from inlets + inflow from groundwater + atmospheric deposition 
+ plant release + release from sediment and soil + chemical nitrogen processes 
Total Nitrogen output = outflow to outlets + outflow to groundwater + plant uptake + uptake 
from sediment and soil + sedimentation of particles + chemical nitrogen processes 

Since it is difficult to discuss these processes without also discussing nitrification, denitrifica-
tion and other processes in the wetland, factor three, four and five from Section 5.3 will be dis-
cussed together. As the focus of this thesis is on nitrification and denitrification, ammonification 
will not be discussed in detail. However, as shown below, ammonification is present in the model 
and uses similar expressions as those for nitrification and denitrification. 

The expression used to model the disappearance of ammonia nitrogen (i.e. nitrification and 
other processes combined) in treatment wetlands is an area-based, first-order model. As nitrifica-
tion is assumed to be the dominant process, the rate of this process can be seen as the nitrification 
rate (Kadlec & Knight, 1996):  

JAN = kAN(CAN-C*AN)          (Equation 5-9) 

where 

CAN = concentration of ammonium nitrogen (mg/l) 
C*AN = irreducible background concentration of ammonium (mg/l) 
JAN = the area-based ammonium loss rate (g/m2/d) 
kAN = area-based, first-order ammonium loss rate (m/d) 
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C*AN is often assumed to be close to or equal to zero, since there appears to be very small 
background ammonia nitrogen outlet concentration for surface-flow wetlands - in the range of 
0.05 - 0.10 mg/l (Kadlec & Knight, 1996). As a comparison, the guideline values determined by 
the Swedish Environmental Protection Agency for total nitrogen discharge from wastewater 
treatment plants range from 10 to 15 mg/l (Naturvårdsverkets författningssamling, 1994). How-
ever, the C*AN parameter has still been included in the model with the default value of 0 to sim-
plify the correction of the model if a background concentration is found to be significant.  

Denitrification can be modeled with an area-based, first-order model for nitrate-nitrite loss in 
wetlands written as (Kadlec & Knight, 1996): 

JNN = kNN(CNN-C*NN)       (Equation 5-10) 

where 

CNN = concentration of nitrate and nitrite nitrogen (mg/l) 
C*NN = irreducible background concentration of nitrate and nitrite (mg/l) 
JNN = the area-based nitrate + nitrite loss rate (g/m2/d) 
kNN = area-based, first-order nitrate-nitrite rate constant (m/d) 

The value of C*NN is assumed to be approximately zero as no investigation has shown a lower 
limit to the reduction of nitrate (Kadlec & Knight, 1996). However, the C*NN parameter still has 
to be included in the model with the default value of 0 to simplify the correction of the model if a 
background concentration is found to be significant. Nitrite is not very stable and does not exist in 
very high concentrations in wetlands (Kadlec & Knight, 1996). Therefore, the nitrite part of Equa-
tion 5-10 can be said to be negligible.  

The nitrification and denitrification processes have been simulated according to Kadlec & 
Knights (1996) equations for sequential ammonium kinetics. These reactions consist of intercon-
versions of nitrogen accompanied by exchanges with the sediments, biomass and the atmosphere. 
Uptake may occur into living plants and sorption into sediment. Uptake of nitrate nitrogen by liv-
ing plants is thought to be less important than uptake by ammonium nitrogen (Kadlec & Knight, 
1996), but is still included in the reactions. Organic nitrogen can also be released into the water 
via biomass decompostition.  There are no available mechanistic models for releases from decom-
postition, uptake by plant and sorption, or releases of organic nitrogen; therefore these are retained 
as zero-order rates (Kadlec & Knight, 1996). Permanent sedimentation of particles is an important 
process by which nitrogen can be removed from a water system. However, the focus of this study 
is on nitrification and denitrification and therefore, sedimentation has not been specifically simu-
lated but is added to the overall variable for nitrogen exchanges. Atmospheric deposition is con-
sidered negligible compared to the depositions from the wastewater treatment plant.  

The chemical processes used in Kadlec & Knights (1996) model are ammonification, nitrifica-
tion and denitrification. Equations for these processes have been added to the simulation of nitro-
gen in the wetland. Ammonium may also be converted to ammonia gas, and a first order rate can 
be used to describe this reaction, noting the fraction of ammonium nitrogen that is gasified 
(Kadlec & Knight, 1996). As noted earlier in this thesis, this is an irreversible reaction because the 
gaseous ammonium diffuses out of the wetland. In some natural wetlands, atmospheric nitrogen 
may be fixed by wetland plants and algae, but that process is usually assumed to be negligible in 
treatment wetlands (Kadlec & Knight, 1996). The reactions are presumed to consist of zero- or 
first-order reactions which represent the simplest possible rate equation that may be chosen. For a 
steady state, plug flow wetland, the mass balance equations are (Kadlec & Knight, 1996):  

q(dCON /dy) = - kON CON + JRON      (Equation 5-11) 

q(dCAN /dy) = + kON CON – kAN CAN - JUAN    (Equation 5-12) 

q(dCNN /dy) = + ΨkAN CAN – kNN CNN - JUNN    (Equation 5-13) 
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where 

Ψ = fraction ammonium that is nitrified (1 - Ψ is gasified) 
JX = transfer of organic nitrogen (X = RON), ammonium nitrogen (X = UAN) and nitrate ni-
trogen (X = UNN) to and from the wetland sediment and biomass 

Forms of nitrogen other than the ones mentioned above may be present in the wetland. In wet-
lands ammonia in the form of ammonium is predominant in most wetland systems. For an average 
environmental condition of 25 °C and a pH of 7, un-ionized ammonia (NH3) is only 0.6 percent of 
the total ammonia present (Kadlec & Knight, 1996). Therefore, in the model presented in this the-
sis, all ammonia is assumed to be ammonium and nitrification is assumed to be the dominant 
process.  

5.3.4 The Flow of Nitrogen within the Wetland 

The flow of nitrogen within the wetland, factor six in Section 5.3, has been simplified just as for 
the flow of water. A one-dimensional flow description is sufficient for many applications. Wet-
lands are rarely in a true steady flow, but if a long averaging period is considered, changes in stor-
age become less important, and periodic evapotranspiration and stochastic rain events may be re-
placed by their time averages (Kadlec & Knight, 1996). 

In this thesis, the wetland is divided into several layers, and nitrogen passes between these lay-
ers through diffusive flux. This diffusive flux is simulated as in Martin and Reddy (1997) follow-
ing Fick´s law: 

dS/dt (flux) = D(C1-C2)/dx      (Equation 5-14) 

where 

D = diffusion coefficient (m2/d) 
dS/dt = rate of the process (g/m2/d) 
C = concentration of chemical in a layer (g/m3 or mg/l) 
dx = average distance between two layers (m) 

Similar equations for transfer rate calculation are present in Kadlec & Knight (1996), for calcu-
lating rates of transfer across two films.  

5.3.5 Environmental Factors 

Environmental factors, factor seven in Section 5.3, are important when simulating nitrogen in a 
wetland. Temperature has an effect on the rate of organic, ammonium and nitrate nitrogen reduc-
tion. As this effect is similar for each type of nitrogen reduction, the equations used for each re-
duction is also very similar. The equation used by Kadlec & Knight to model this effect is: 

JXN = kXNCθXN
(T-20)       (Equation 5-15) 

where 

XN = organic nitrogen (ON), ammonium nitrogen (AN) and nitrate nitrogen (NN), respec-
tively 
JXN = the area-based loss rate (g/m2/d) 
kXN = area-based, first-order rate constant (m/d) 
C = concentration of nitrogen compound (mg/l) 
θ = process temperature coefficient (dimensionless)  
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T = temperature (°C) 

Oxygen is an important factor for nitrification and denitrification. Both steps in nitrification 
can proceed only if oxygen is present; however, nitrification will occur down to as low values as 
0.3 mg/l of dissolved oxygen (Reddy & Patrick, 1984). As for denitrification, it should not occur 
in the presence of dissolved oxygen. However, denitrification has been observed in treatment sys-
tems that have a relatively low measured dissolved oxygen concentration, which can be explained 
by three factors:  

1. First, the presence of microscopic, anoxic zones that are likely to occur in bacterial films 
(Kadlec & Knight, 1996).  

2. Second, denitrifying bacteria are more abundant than nitrifiers in treatment wetlands 
(Kadlec & Knight, 1996), which increases the possibilities of denitrification.  

3. Third, nitrification causes anoxic environments which favors denitrification (see Section 
2.2.2). 

Oxygen also has an effect on ammonification. Ammonification proceeds more slowly in an-
aerobic than in aerobic conditions (Kadlec & Knight, 1996). However, ammonia nitrogen is more 
likely to accumulate in the anaerobic part of the wetland because of the lower nitrification rates. 
In the aerobic wetland environments, the ammonia resulting from ammonification is more likely 
to undergo nitrification (Kadlec & Knight, 1996). 

In this study, the wetland is divided into different layers according to Martin & Reddy (1997). 
The actual oxygen level in the wetland is a decreasing gradient, but as this results in very complex 
calculations, simplifications are made by applying different nitrification rates to the different lay-
ers. The top layer is the water body, which has high oxygen content; this is followed by an aerobic 
sediment layer, which is the top sediment layer where oxygen can still be abundant. Below this 
layer, several layers of decreasing nitrification and increasing denitrification rates depending on 
oxygen levels are simulated.  

The constants and coefficients for different ammonification, nitrification and denitrification 
rates depending on temperature and oxygen content used in this thesis have mainly been obtained 
from Kadlec & Knight (1996) and Martin & Reddy (1997). 

The nitrification and denitrification rates are also dependent on pH. Lower pH tends to lower 
the nitrification rate and even act as an inhibitor. Treatment wetlands almost always operate at 
circumneutral pH (Kadlec & Knight, 1996), so this should have a negligible influence on the 
models of this thesis. Nitrification in itself tends to lower pH in the water by producing acid; how-
ever, this pH reduction can be compensated by the loss of carbon dioxide to the atmosphere, and 
the denitrification of nitrate nitrogen (Kadlec & Knight, 1996). If floating aquatic plants cover the 
surface and impede the diffusion, nitrification may have a significant impact on pH (Kadlec & 
Knight, 1996). In this thesis, it is assumed that the plant coverage of the surface is negligible and 
that the loss of carbon oxide buffers the pH reduction.  

The optimum pH for denitrification measured in conventional wastewater treatment systems 
ranges from 7 to 8 (Kadlec & Knight, 1996), and as treatment wetlands often operate at circum-
neutral pH, denitrification in treatment wetlands should not be inhibited by pH. Neither should 
ammonification, as its optimum range is between 6.5 and 8.5 (Reddy & Patrick, 1984). As the pH 
is not likely to inhibit either nitrification or denitrification, pH is not accounted for in the models 
or simulations of this thesis. 

5.4 Model Poster 

As a way to present the models of this thesis, a poster with short descriptions of the use of con-
structed wetlands as a way to decrease the nitrogen discharge, the Modelica language, the Wet-
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lands library, and the nitrogen models has been created. This poster can be viewed in Appendix E. 
Note that the packet structure and the models have some differences compared to the models and 
model code presented in this thesis. This is because the poster was created before the final ver-
sions of the models and the model code were finished. 
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6 Evaluation and Analysis Methods 

Two questions are addressed in this thesis: 

1. What are the differences (advantages and disadvantages) between a selected Modelica 
modeling environment and other environments or tools for mathematical modeling of 
ecological systems? 

2. What are the differences (advantages and disadvantages) between the models imple-
mented in Modelica? Are there situations they are more suited for than others? 

The approach has been the same to investigate both of these questions. To answer the first 
question, a few graphical ecological modeling tools and the MathModelica Model Editor (Version 
Nov. 2004) have been evaluated and compared, and to answer the second question the two simu-
lated models have been evaluated and compared. The approach has been the following: 

1. A number of important features for each modeling tool/model has been found and 
evaluated using the McCall method (McCall et al, 1977). 

2. A comparative analysis has been made to determine the differences and similarities be-
tween the different modeling tools/models and the advantages and disadvantages of 
different approaches in the modeling tools/models. To ensure that as many differences 
and similarities as possible are found the comparative analysis has been made in four 
ways: 

1. The features of the evaluation have been added together and analyzed using 
McCall’s method (McCall et al, 1977) to determine the quality ratings of each 
modeling tool/model. 

2. To see if there are some mathematical similarities or differences between the 
modeling tools/models, a correlation analysis has been made. 

3. To analyze the data from the evaluation with a purely qualitative analysis, a 
simple variant of the Constant Comparative Method (Glaser & Strauss, 1999) 
has been used.  

4. Finally, noted differences and similarities found while analyzing the data has 
been specified, especially if they are between entire criteria.  

3. The significance and consequence of the differences in the features has been discussed. 

6.1 Evaluation 

The evaluation method used in this thesis is a qualitative method. Each of the features has been 
determined by observation of the modeling tool or model, and the total quality has been measured 
on a relative scale, depending on the quality perceived. This increases the risk of a subjective 
evaluation. To increase the objectivity, the specific features evaluated have been categorized only 
as present or absent in the modeling tools or models. Still, a level of subjectivism remains, as the 
features in the evaluation are more or less subjectively chosen, with the quality of the modeling 
tool or model in mind.  
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6.1.1 McCall’s Software Quality Method  

The method used for this evaluation is based primarily on McCall’s method for finding software 
quality. In 1977, McCall and his colleagues (McCall et al, 1977) listed a number of factors that 
defined software quality (Table 1). McCall was some of the first to formalize a number of factors 
or criteria for software quality and the McCall factors are commonly accepted for evaluation of 
quality and have been used for a number of applications. As these factors often can not be meas-
ured in themselves, McCall and his colleagues defined a set of criteria to assist in determining 
each quality factor (Table 2). These criteria can be defined as the attributes of the software which 
provide or determine a characteristic of the software product (McCall et al, 1977). Metrics can 
then be defined for each criterion to provide a measure for these attributes. The metrics consists of 
elements or special characteristics of a software product that can be measured.  

Each of the criteria can influence several of the factors, for instance, Consistency can influence 
Correctness and Reliability. Which criterion that influences which factor differs in literature, de-
pending on the area of application and reevaluations of the relevant influences. McCall has also 
re-evaluated the influences since the first creation of the model. The influences used in this thesis 
are those described in Pfleeger (2001) (Table 1). McCall proposed two methods for rating the 
metrics and elements; a relative quantity measure rating, and one binary rating, 0 or 1, represent-
ing the absence or existence of a specific metric or element.  

Table 1. McCall’s quality factors and the criteria relevant for each factor (McCall et al, 1977 & Pfleeger, 2001). 

Quality factor Description Criteria 
Correctness Extent to which a program satisfies its specifica-

tions and fulfills the user’s mission objectives. 
Traceability, Completeness, 
Consistency 

Efficiency The amount of computing resources and code 
required by a program to perform a function. 

Execution efficiency, Stor-
age efficiency 

Flexibility Effort required to modify an operational pro-
gram. 

Simplicity, Expandability, 
Generality, Modularity 

Integrity Extent to which access to software or data by 
unauthorized persons can be controlled. 

Access control, Access audit 

Interoperability Effort required to couple one system with an-
other. 

Modularity, Communica-
tions commonality, Data 
commonality 

Maintainability Effort required to locate and fix an error in an 
operational program. 

Simplicity, Conciseness, In-
strumentation, Self-
descriptiveness, Modularity 

Portability Effort required to transfer a program from one 
hardware configuration and/or software system 
environment to another. 

Simplicity, Software system 
independence, Hardware 
(machine) independence 

Reliability Extent to which a program can be expected to 
perform its intended function with required pre-
cision. 

Accuracy, Consistency, Er-
ror tolerance 

Reusability Extent to which a program can be used in other 
applications. 

Simplicity, Generality, 
Modularity, Software system 
independence, Hardware 
(machine) independence 

Testability Effort required to test a program to insure it per-
forms its intended function. 

Simplicity, Instrumentation, 
Self-descriptiveness, Modu-
larity 

Usability Effort required to learn, operate, operate, pre-
pare input, and interpret output of a program. 

Operability, Training, Com-
municativeness 
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Table 2. McCall’s quality criteria (McCall et al, 1977). 

Quality criteria Description 
Access Audit Those attributes of the software that provide for an audit of the 

access of software and data. 
Access control Those attributes of the software that provide for control of the ac-

cess of software and data. 
Accuracy Those attributes of the software that provide the required precision 

in calculations and outputs. 
Communicativeness Those attributes of the software that provide useful inputs and out-

puts which can be assimilated. 
Communication  
Commonality 

Those attributes of the software that provide the use of standard 
protocols and interface routines. 

Completeness Those attributes of the software that provide full implementation 
of the functions required. 

Conciseness Those attributes of the software that provide for implementation of 
a function with a minimum amount of code. 

Consistency Those attributes of the software that provide uniform design and 
implementation techniques and notation. 

Data commonality Those attributes of the software that provide the use of standard 
data representation. 

Error tolerance Those attributes of the software that provide continuity of opera-
tion under nonnomial conditions. 

Execution efficiency Those attributes of the software that provide for minimum proc-
essing time. 

Expandability Those attributes of the software that provide for expansion of data 
storage requirements or computational functions. 

Generality Those attributes of the software that provide breadth of the func-
tions performed. 

Machine independence Those attributes of the software that determine its dependence on 
the hardware system. 

Instrumentation Those attributes of the software that provide for the measurement 
of usage or identification or errors. 

Modularity Those attributes of the software that provide a structure of highly 
independent modules. 

Operability Those attributes of the software that determine operation and pro-
cedures concerned with the operation of the software. 

Self-descriptiveness Those attributes of the software that provide explanation of the 
implementation of a function. 

Simplicity Those attributes of the software that provide implementation of 
functions in the most understandable manner. 

Software system  
independence 

Those attributes of the software that determine its dependency on 
the software environment (operational systems, utilities, in-
put/output routines etc). 

Storage efficiency Those attributes of the software that provide for minimum storage 
requirements during operation. 

Traceability Those attributes of the software that provide a thread from the re-
quirements to the implementation with respect to the specific de-
velopment and operational environment. 

Training Those attributes of the software that provide transition from cur-
rent operation or initial familiarization. 
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6.1.2 Realization of Evaluation Method – Ecological Modeling Tools 

Five modeling tools have been evaluated. With the exception of the MathModelica Model Editor, 
these are the tools described as priority tools in the list of ecological modeling tools (Section 
6.1.3). As a full evaluation of all features and functions of the tools has not been possible within 
the time constraint set up for this thesis, the tools have been evaluated primarily with the wetland 
Denitrification/Nitrification model of this thesis in mind. The focus of this evaluation is mainly on 
the functionality and not on the specific programming languages of the modeling tools. For the 
common user, this functionality is expressed through the graphical interface, and consequently, it 
is the functionality available from the graphical interface that is the subject of this evaluation. 

For each modeling tool, a model similar to the wetland Nitrification/Denitrification model has 
been created, although the equations and processes in the model have been simplified. This sim-
plification is mainly of the mathematical formulas involved in the processes of nitrification and 
denitrification and in the mathematical calculation of flow between the different components, and 
has little influence on the evaluation of the quality of the tool. What is important in this evaluation 
is not that the modeling tools can produce an exact copy of the Nitrification/Denitrification model, 
but that sufficient equivalents of all the necessary functions and parts of a wetland can be found 
and used. 

First, a number of major factors have been chosen from McCall’s quality factors (McCall et al, 
1977). The factors chosen are: 

•  Correctness 
•  Flexibility 
•  Interoperability  
•  Maintainability  
•  Reusability 
•  Usability 

From these factors, a number of criteria equivalent to McCall’s quality criteria have been cho-
sen. Some of the criteria influence several factors, as seen in Table 1. Not all criteria listed for 
each factor are present. This is because no interesting elements have been found for these criteria. 

•  Completeness 
•  Consistency 
•  Data and communication commonality 
•  Expandability  
•  Generality 
•  Instrumentation  
•  Modularity 
•  Operability 
•  Simplicity 
•  Training  

Second, a number of important major features that are specific and needed for the wetland 
model have been recognized. These features have been found by listing the necessary attributes 
for simulation and representation of the model and are all part of the Completeness criterion. The 
features are: 

•  Representations of the physical parts of a system. 
•  Flows/connections between the different parts of the system. 
•  Equations specifying the reactions in the system. 
•  Variables specifying different values that can be measured or calculated in the system. 
•  Diagrams showing the changes of variables over time. 
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As these features are crucial for the functionality of the model, each has been listed and evalu-
ated separately in the evaluation.  

Third, for each of the criteria, a number of elements have been chosen. These are features that 
are important for the quality of the wetland model and can be measured by a simple yes or no. 
Two or three features have been chosen for each criterion except for the Completeness criterion. 
Completeness has more features since metrics corresponding to and evaluating the attributes of 
the model are all put in this criterion. When the expression “programming skill”, is used in the 
features below, it refers to skill to program in a third generation programming language. 

As mentioned in Section 6.1.1, McCall’s factors have been re-evaluated since they were cre-
ated. Furthermore, as software has evolved considerably since 1977, the differences and bounda-
ries between different criteria have become less obvious, and some of the features below might be 
placed in several of the criteria. However, this would make the evaluation unbalanced, and possi-
bly result in the wrong conclusions. For this reason, the features in this evaluation have only been 
placed in the criteria they are considered most suited for. 

Completeness  
•  Representations of system parts, flows/connections, equations, variables and diagrams 

all present. 
•  Representing element can be other than the equivalent of a variable – i.e. other than 

only a value. 
•  Flows and other connections can be integrated – i.e. the same link can be used for both. 
•  Flows can go in both directions – i.e. both forward and backward. 
•  Possibility of several variables in one flow. 
•  Possibility to change and write new equations in components without programming 

skill. 
•  Built-in mathematical functions in the components. 
•  Variables can be defined in the elements representing a physical part of the system. 
•  Variables can be represented by other than separate components. 
•  Automatically generated graphs and tables.  

Consistency  
•  Uniform design of graphical interface. 
•  Names and labels consistent in the entire environment.  

Data and communication commonality  
•  Possibility for easy import/export from related systems (not counting copying text and 

pictures). 
•  Possibility for easy import/export from unrelated systems (not counting copying text 

and pictures). 

Expandability  
•  Possibility to define and create new components.  
•  Several types of the different components/elements exist. 

Generality  
•  Can be used in related systems (in present state).  
•  Can be used in unrelated systems (in present state). 

Instrumentation  
•  Automatically showing modeling errors in model.  
•  Useful error messages when debugging (using debug function or when running).  

Modularity  
•  Possibility to save separate and specific components of models.  
•  Uses submodels or groups of components that can be saved and used separately. 
•  Possibility to save models. 
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Operability 
•  Easy to use the different tools to create a model.  
•  Possibility to create simple model without programming skill (by using existing com-

ponents). 
•  Possibility to create new components without programming skills. 

Simplicity  
•  Easily overviewed modeling and simulation environment. 
•  Possibility to use without looking in the manual or help file. 

Training 
•  Useful help file. 
•  Useful manual (including links to easily accessed useful manual). 

It is important to keep in mind that this is a qualitative evaluation. The decision whether an at-
tribute is present or not has often been subjective, especially for the criteria Operability, Simplic-
ity and Training. This is the main reason the range of the scale has been kept as short as possible – 
i.e. yes or no.  

Some of the McCall factors (and the criteria corresponding to these factors) have not been con-
sidered in this evaluation. These factors are: 

•  Efficiency 
•  Integrity  
•  Portability 
•  Reliability 
•  Testability 

The factors Reliability and Efficiency have not been evaluated since the evaluation has been 
done by creating a small model which does not put much strain on the modeling tool. Also, since 
the model does not address any security issues, the Integrity factor has not been addressed. Test-
ability has not been evaluated since the small model would not be a proper test object, and since a 
full testing would be beyond the scope of this thesis. For the same reason, Maintainability only 
addresses the problem of errors in the actual modeling, and not for instance errors in the input 
data. Finally, as the environment available for and used by the model will only be Microsoft Win-
dows, the Portability factor has not been evaluated. Related features to this factor have been 
evaluated in the Interoperability factor. This has also affected the evaluation of the Reusability 
factor. 

6.1.3 List of Ecological Modeling Tools 

The MathModelica Model Editor has been compared with tools commonly used for ecological 
modeling. These tools have been found by searching the internet for modeling tools used for mod-
eling ecological systems. Note that tools not commonly present on the internet may have been 
overlooked in this search. The tools have been placed in separate groups depending on their sig-
nificance. The degree of significance is based upon the possibilities of the tool in question to 
model a system consisting of components and flows, i.e. is based upon the same basic principle as 
the MathModelica Model Editor. A prerequisite for the tools to be considered for the evaluation 
has been the existence of a graphical interface. No special method has been use to find the tools, 
except to look for tools used in many applications, i.e., tools that are easily found on the internet 
and referred to in many internet pages and applications. 

As the evaluation above, this has primarily been a qualitative and subjective evaluation. 
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Priority tools 
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These tools are the most significant ones. They can be divided into two groups based upon the 
way they are constructed. The first group consists of the tools PowerSim, Simile and Stella and 
the second group of WEST. The main functionality of both groups is to simulate some kind of 
system. All of them have a way to link different elements and relationships between them and use 
icons for processes, physical elements, flows etc. They are easy to use and have a wide area of 
application. Graphs, tables and other tools can also be added to for example show a specific proc-
ess over time. The difference between the two groups lies in their approach. The tools of the first 
group all have the system dynamics method approach (see Section 6.1.4), which uses a number of 
pre-defined basic elements to construct the models, while WEST is a platform based upon the 
modeling language MSL in which each component is more or less uniquely constructed.  

PowerSim: http://www.powersim.com
Simile: http://simulistics.com/index.htm
Stella: http://www.iseesystems.com/  or 

http://www2.chemeng.lth.se/Edu/Stella/Stellaintro/Stella_manual/manual.html
WEST: http://www.hemmis.com/products/WEST/default_WEST.htm

Interesting tools 
These tools are based on the same principle as the above. However, they do not have so sophisti-
cated flowcharts, a variability of icons, or are not primarily visual tools. They often have more 
sophisticated diagrams and charts. 

Scilab: http://scilabsoft.inria.fr/
Madonna: http://www.berkeleymadonna.com/
Analytica: http://www.lumina.com

Matrix tools 
These tools are based on some kind of concentration: a tree growing more branches, a forest 
cover, concentrations in chemical solutions etc. Most often they do not have flowcharts, and are 
not interesting for the nitrogen simulation, but there are many ecological tools like this, and there-
fore a few of them should be added to the list as examples. 

Eclpss: http://www.cs.oswego.edu/~wender/eclpss/
StarLogo: http://education.mit.edu/starlogo
Hydrus: http://www.pc-progress.cz/Fr_Hydrus.htm
Swarm: http://www.swarm.org/

Other tools 
Below is a list of a few other tools. These are not interesting because they are not suited to visual-
ize an ecological wetland system, or have insufficiencies in their physical layout. Some of them 
are also too complicated and have a number of features unnecessary for the wetland models. 

Extend:  http://www.imaginethatinc.com
FemLab: http://www.comsol.com/
SimuLink: http://www.mathworks.com/products/simulink/
LabView: http://www.ni.com/labview/

Useful web pages 
Below are two links to web pages that list many or even most commonly used ecological model-
ing tools. 

http://www.ierm.ed.ac.uk/gcte3/links.htm#gme
http://www.snr.missouri.edu/ecolmodel/tools.html

http://www.powersim.com/
http://simulistics.com/index.htm
http://www.iseesystems.com/
http://www2.chemeng.lth.se/Edu/stella/stellaintro/stella_manual/manual.html
http://www.hemmis.com/products/west/default_west.htm
http://scilabsoft.inria.fr/
http://www.berkeleymadonna.com/
http://www.lumina.com/
http://www.cs.oswego.edu/~wender/eclpss/
http://education.mit.edu/starlogo
http://www.pc-progress.cz/Fr_Hydrus.htm
http://www.swarm.org/
http://www.imaginethatinc.com/
http://www.comsol.com/
http://www.mathworks.com/products/simulink/
http://www.ni.com/labview/
http://www.snr.missouri.edu/ecolmodel/tools.html
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6.1.4 System Dynamics 

The system dynamics method is the main approach in several of the evaluated modeling priority 
tools listed in Section 6.1.3. This method studies and manages complex feedback systems and was 
developed by Professor Jay W. Forrester, who created the formalism of 'system dynamics'. A 
feedback system is a system where the result of a situation in turn may affect the situation. It is 
essential to study the whole system to get correct predictions, not only the individual parts.  

The steps in the System Dynamics methodology are roughly as follows (System Dynamics 
Society, 2004): 

1. Identify a problem. 
2. Develop a dynamic hypothesis explaining the cause of the problem. 
3. Build a computer simulation model of the system at the root of the problem. 
4. Test the model to be certain that it reproduces the behavior seen in the real world.  
5. In the model devise and test alternative policies that alleviate the problem. 
6. Implement the solution. 

The steps often have to be reviewed and refined several times during the process.   

Within the system dynamics method models of complex systems are evolved and described 
graphically prior to simulation. The central concept of system dynamics is to understand how all 
the objects in a system interact with one another. The methodology uses causal loop diagrams and 
stock-and-flow diagrams. The main issue of stock-and-flow diagrams and of the system dynamics 
simulation is the clear distinction between stock and flow variables (or levels and rates in the 
original terminology of Forrester) (Ossimitz, 1997). Stocks are time-point related and flows are 
time-interval related system variables. 

6.1.5 Realization of Evaluation Method – Simulated Models 

Two models have been simulated and evaluated in this thesis. As the models are written in Mode-
lica, the focus of the evaluation is on the functionality and features available in the Modelica im-
plementation of the models. Consideration has been taken to the possibilities and limitations of 
the programming language when determining features to evaluate. As the programming language 
is of importance, and as this evaluation is not of the modeling tool used, the evaluation has been 
performed in the notebook environment. The evaluation has been made in several steps, in a simi-
lar way as in the evaluation of the modeling tools. 

First, a number of major factors have been chosen from McCall’s quality factors (McCall et al, 
1977). The factors have been chosen as those being relevant for model evaluation. The chosen 
factors are: 

•  Correctness 
•  Flexibility 
•  Maintainability  
•  Reusability 
•  Usability 

From the chosen factors, a number of criteria equivalent to McCall’s quality criteria have been 
listed. Some of these criteria influence several factors, as seen in Table 1. Not all criteria listed for 
each factor in Table 1 are present. This is because no interesting elements have been found for 
these criteria. 

•  Completeness 
•  Consistency 
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•  Expandability 
•  Generality 
•  Instrumentation 
•  Modularity 
•  Operability 
•  Simplicity 
•  Traceability 

McCall’s quality factors and criteria were developed to evaluate software programs and tools. 
However, since the focus of this evaluation is on models implemented in Modelica, the criteria 
should be useful even in this context. To ensure that all features interesting for model comparison 
are evaluated, McCall’s criteria have been complemented with the model and theory criteria listed 
in Wallén’s book “Vetenskapsteori och forskningsmetodik” (1996). The criteria and a description 
of the criteria are shown in Table 3.  

Table 3. Wallén’s theory and model quality criteria (Wallén, 1996). 

Quality criteria Description 
Efficiency  Ease to handle, the efficiency by which the model can be used to 

make prognoses (corresponds to the Operability criteria in McCall’s 
method). 

Generality  The extent to which the model can be used in other applica-
tions/conditions than those examined (corresponds to the Generality 
criteria in McCall’s method). 

Model conditions Simplifications, assumptions, valid domains, supplementary condi-
tions to determine empirical consequences.  

Systematics Inner consistency, absence of contradictions, logical context. 
Validity No or few systematic errors in the model. This could be theoretical 

validity (relevant variables and parameters etc) or empirical validity 
(make adequate prognoses etc). 

Wallén’s Efficiency criterion is characterized by how easy the model is to handle and how 
effectively it can be used. This has more to do with the Operability criteria than with the 
Efficiency criteria in McCall’s model. Therefore, the features interesting for Wallén’s Efficiency 
criteria have been integrated into the Operability criteria. Also, to make comparison easier, the 
remaining of Wallén’s criteria have been integrated into the McCall quality factors already chosen 
for the evaluation. The influences have been considered and determined as follows: 

•  Model conditions (Correctness, Flexibility) 
•  Systematics (Usability, Reusability) 
•  Validity (Maintainability) 

Second, a number of important major features specific for the purpose of simulating nitrogen 
loss in a wetland have been recognized by considering the Requirement Specification in Appendix 
D. These features have been found by listing the necessary attributes for simulation and represen-
tation of the model and constitute the Traceability criteria but could also be assigned to the Com-
pleteness criterion. However, this would make the analysis unbalanced by evaluating the same 
feature for different criteria. The features are: 

•  Prediction of total decrease in nitrogen in a wetland. 
•  Predictions of the decrease in ammonium nitrogen and nitrate nitrogen – i.e. the nitrifica-

tion and denitrification processes in a wetland. 
•  Possibility to change parameters in the simulations. 
•  Possibility to plot chosen parameters in the simulations. 
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•  Changes in concentration described as derivates with respect to a factor (time in wetland, 
distance in wetland, fraction of wetland etc). 

Third, for each of the criteria, a number of elements have been found. These elements can be 
measured by a simple yes or no and are important for the quality of the wetland nitrogen simula-
tion.  Two or three features have been evaluated for each criterion except the Traceability criterion 
for which five features have been evaluated. Traceability has more features since metrics corre-
sponding to and evaluating the requirements of the requirement specification are put in this crite-
rion.  

As for the modeling tools (Section 6.1.2), the features in this evaluation have only been placed 
in the criteria they are considered most suited for, to avoid unbalance.  

Completeness  
•  Different concentrations can be calculated in different parts of the wetland. 
•  The model takes flows within the wetland into consideration. 
•  The model takes outside variables like temperature into consideration.  

Consistency  
•  Use of the same symbols for the variables in the simulated model as in the original 

model. 
•  Use for similar variable names for similar equations throughout the whole model. 

Expandability  
•  Possibility to easily add chemical processes to the model. 
•  Possibility to easily add processes other than chemical to the model. 

Generality  
•  Possibility to use the model as a part of or in related systems. 
•  Possibility to use the model as a part of or in unrelated systems. 

Instrumentation 
•  Useful error messages when debugging (using debug function or when simulating).  
•  Warnings when a variable value is not normal. 

Model conditions 
•  Simulated models equations the same simplification level as the original models.  
•  Consideration taken in the model for situations when the model equations may be inva-

lid. 

Modularity  
•  Possibility to use the model separately and incorporate it into another model or system. 
•  Possibility to use a part of the model separately and incorporate it into another model 

or system. 
•  Possibility to reuse parts of the code in the model with only small changes when add-

ing new processes. 

Operability 
•  Does the same variable only have to be changed in one place in the model?  
•  One part of the model impossible to confuse or connect with another when creating the 

whole wetland model. 
•  Relevant values easily found for all variables and constants in the model from litera-

ture. 

Simplicity  
•  Variable names and labels easy to understand. 
•  Possibility to understand the model without programming and ecological knowledge. 
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Systematics 
•  Each step of the model consequently implemented. 
•  Logical relationship between all parts of the model. 
•  Model free from contradictions in the equations. 

Traceability 
•  Prediction of total decrease in nitrogen in a wetland. 
•  Predictions of the decrease in ammonium nitrogen and nitrate nitrogen – i.e. the nitrifi-

cation and denitrification processes in a wetland. 
•  Possibility to change parameters in the simulations. 
•  Possibility to plot chosen parameters in the simulations. 
•  Changes in concentration described as derivates with respect to a factor (time in wet-

land, distance in wetland, fraction of wetland etc). 

Validity 
•  Are all the variables used relevant for the application? 
•  Does the model use well-defined and well-used processes, reactions and relationships? 
•  When the model is run with example values, does it produce the expected result com-

pared with pre-calculated values? 

It is important to keep in mind that this is an evaluation of the models in the Modelica model-
ing environment they have been implemented in and not an evaluation of the models as such. Fo-
cus of this evaluation is on the functionality as it is handled in the Modelica modeling environ-
ment and does not approach the question if the models are accurate or valid. This has been thor-
oughly examined in Arheimer & Wittgren (2002) and Kadlec & Knight (1996), for the respective 
model. Differences and similarities between the models are also important for this evaluation, and 
therefore, elements specifically interesting for the differences and similarities have been chosen. 
Even if it is impossible for some of these elements to be present in the model, the elements have 
still been evaluated since the point of this evaluation is to find differences and similarities be-
tween the models. This way of choosing elements increases the subjectivity of the evaluation. 
However, it has been difficult to find a suitable method for finding a number of objective ele-
ments within the scope of this thesis. Finding objective elements to evaluate often takes equal or 
more time than performing the actual evaluation. The decision whether an attribute is present or 
not has often also been subjective, especially for the criteria Operability and Simplicity. 

Some of the McCall factors (and the criteria corresponding to these factors) have not been con-
sidered in this evaluation. These factors are: 

•  Efficiency 
•  Integrity 
•  Interoperability 
•  Portability 
•  Reliability 
•  Testability 

As for the evaluation for modeling tools, the factors Reliability and Efficiency have not been 
evaluated, since the two models are too small to create much strain on the soft- and hardware. 
Also, since the model does not address any security issues, the Integrity factor has not been ad-
dressed. Testability has not been evaluated since this is not an evaluation of the accuracy of the 
models and as Testability is a factor more suited for software evaluation. This is also why Inter-
operability has not been evaluated, why Maintainability does not address the size or the documen-
tation produced, or errors in the original model equations, and why Usability does not use the 
Training or Communicativeness criteria. Finally, as the environment available for and used by the 
model will only be Microsoft Windows, the Portability factor has not been evaluated. This has 
also affected the evaluation of the Reusability factor. 
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6.2 Method of Comparative Analysis 

The comparative analyses in this thesis have been made in four ways: 
1. By adding the features together and analyzing them using McCall’s method (McCall et 

al, 1977) to determine the quality ratings of each modeling tool/model. 
2. By using a correlation analysis to see if there are some mathematical similarities or dif-

ferences between the modeling tools/models. 
3. By analyzing the data from the evaluation with a purely qualitative analysis, a simple 

variant of the Constant Comparative Method (Glaser & Strauss, 1999).  
4. Finally, by specifying differences and similarities noted while analyzing the data, espe-

cially if they are between entire criteria.  

The methodology of adding quality features is the same as the methodology used by McCall 
(McCall et al, 1977). McCall uses the defined set of metrics to develop expressions for each of the 
factors according to: 

Fq = c1 x m1 + c2 x m2 +… + cn x mn

where Fq is a software quality factor, cn are regression coefficients and mn are the metrics that 
affect the quality factor.  

Similar methods are also used in ISO 9126 (ISO 9126, 1991). However, in ISO 9126, weighted 
values are also calculated by multiplying each score with a relative importance rating. This 
method of weighting values is commonly used, especially in evaluations, where the factors evalu-
ated have different importance. The method of adding values in a matrix to find the best or prior-
ity factor is also commonly used, for instance in De Sju Ledningsverktygen (Klefsjö et al, 1999). 

A correlation analysis is a basic statistical approach that can capture relationships among pairs 
of variables. Correlations among variables can be either negative or positive. There are different 
ways of computing correlations, but in most cases, the correlation is measured as a coefficient 
ranging from -1 to 1. A value close to 0 in this range indicates a lack of correlation. Values closer 
to the boundaries -1 or 1 indicate strong negative or positive correlations, respectively. Usually, 
strong positive or negative correlations may indicate a causal relationship between the variables. 
In this analysis, a strong positive correlation suggests that the tools are very similar, while a strong 
negative correlation suggests that the tools are very different. The equation for the correlation co-
efficient is:  

 ∑(x-x)(y-y) 
  √ ∑(x-x)2 ∑(y-y)2 Correl(X,Y) = 

where x and y are the sample means of the two arrays. 

The Constant Comparative Method is a method used to, by observation, classify different phe-
nomena into different categories and by this find a theory that states the major qualitative feature 
of the studied objects. The Constant Comparative Method consists of four stages (Glaser & 
Strauss, 1999): 

1. Comparing incidents applicable to category. 
2. Integrating categories and their properties. 
3. Delimiting the theory. 
4. Writing the theory. 

In the first stage the analyst starts by coding each incident in the data into as many categories 
as possible, as categories emerge or as data emerge that fit into an existing category. While coding 
an incident for a category it is important to compare it with the previous incidents in the same and 
different groups of the same category.  
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In the second stage, the method changes from comparison of incident with incident to compari-
son of incident with properties of the category that resulted from initial comparison of incidents.  

In the third stage, the theory begins to develop, in that major modifications become fewer and 
fewer as the analyst compares the next incidents of a category to its properties. Non-relevant 
properties are removed, modifications are made to clarify the logic and details are integrated into 
the categories. Here, reduction is an important concept. In this context, reduction means that the 
analyst may discover underlying uniformities in the original set of categories of their properties, 
and can then formalize a theory with a smaller set of higher properties (Glaser & Strauss, 1999).  

In the fourth stage, the analyst produces, writes and formalizes the theory.  

6.2.1 Realization of Method for Comparative Analysis – Ecological 
Modeling Tools 

First, the quality scores have been calculated for the ecological modeling tools, according to 
McCall’s methods (McCall et al, 1997). The calculations for each factor in this thesis are: 

Criterion = Number of yes for criterion / Number of elements in criterion  

Factor = Criterion1 + Criterion2 + … + Criterionn / Number of criteria in factor 

In this thesis, the same method has also been used to calculate the total quality.  

Total quality = Factor1 + Factor2 + … + Factorn / Number of Factors 

As these calculations weigh each criterion equally, the results may be imbalanced. In this the-
sis, weighted values have been calculated for the Correctness factor and the Completeness crite-
rion as they contain many of the total elements. Otherwise, there is a risk that the Correctness and 
Completeness elements get a lower relative importance than they should. As these elements, the 
Correctness factor, and the Completeness criterion have been determined to be very important to 
the quality of the modeling tool, Completeness has been multiplied with a factor of four and Cor-
rectness with a factor of 10/3. By these multiplications, the elements of Completeness and Cor-
rectness get about the same relative importance as the other elements. To further guarantee that 
the wrong conclusions are not drawn from imbalanced results the total quality has also been cal-
culated without consideration to the criteria or factors, as follows: 

Total quality = Number of yes for each modeling tool / Number of total elements 

Second, the correlation analysis has been made by calculating the correlation coefficient for 
two modeling tools at a time. The correlations have then been compared to each other and the 
modeling tools listed with the most positive correlation first and the most negative correlation last. 
As it is important to find all differences and similarities, this correlation analysis has used all ele-
ments measured as a basis for the calculation.  

Third, a very simple variant of the Constant Comparative Method has been used. As categories 
are already determined by the use of McCall’s method, in a way, this analysis has already been 
made. However, it is still interesting to compare each criterion to each other and see if any con-
clusions can be drawn. The analysis has compared the results of the evaluation, i.e. which ele-
ments are present or absent. Any more elaborate analysis of the elements are neither within the 
scope of this analysis or relevant as the only thing analyzed is the difference between the model-
ing tools. The elements are considered equivalent to the incidents of the Constant Comparative 
Method. In this simple analysis, the first two stages of the Constant Comparative Method have 
been done in more or less one step, as has stage three and four. 

Fourth, noted differences and similarities found while analyzing the data have been specified, 
especially if the differences/similarities can be attributed to entire criteria.  
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The modeling tools are evaluated independently from and then compared to each other. Even if 
the main objective is to compare Model Editor to alternative modeling tools, all tools have been 
compared to each other. This has been done partly because this approach is the most suitable for 
Constant Comparative Method, but also to increase the objectivity and the accuracy of the analy-
sis. If the tools were only to be compared with Model Editor, differences and similarities between 
for example categories of modeling tools might be missed. Furthermore, it is interesting to see if a 
specific feature is present in more than one modeling tool, or if the feature is different in all the 
tools, to get a general idea about how common the feature in question is. A common feature might 
be more important, or possibly easier to implement, than other features. 

6.2.2 Realization of Method for Comparative Analysis – Simulated 
Models 

First, same as for the modeling tools, the quality scores for the ecological models have been calcu-
lated according to McCall’s method. The calculations for each factor in this thesis are: 

Criterion = Number of yes for criterion / Number of elements in criterion  

Factor = Criterion1 + Criterion2 + … + Criterionn / Number of criteria in factor 

In this thesis, the same method has also been used to calculate the total quality.  

Total quality = Factor1 + Factor2 + … + Factorn / Number of Factors 

The calculations weigh each criterion equally, which may lead to the results being imbalanced. 
Weighted values have been used in this thesis for the Correctness factor and the Traceability crite-
rion as they contain many of the total elements. Otherwise, it is possible that the Correctness and 
Traceability elements get a lower relative importance than they should. As the Correctness factor, 
the Traceability criterion and the elements in the criterion have been determined to be very impor-
tant to the quality of the models, Traceability has been multiplied with a factor of two and Cor-
rectness with a factor of 12/5. By these multiplications, the elements of Traceability and Correct-
ness get about the same relative importance as the other elements. To ensure that the wrong con-
clusions are not drawn from imbalanced results the total quality has been calculated without con-
sideration to the criteria or factors, as follows: 

Total quality = Number of yes for each model / Number of total elements  

Second, the correlation analysis has been made by calculating the correlation coefficient for 
the two models. In the correlation analysis, all measured elements have been used as a basis for 
the calculation, as it is important to find all differences and similarities. 

Third, specific differences and similarities of the models have been noted by using a variant of 
the Constant Comparative Method. In a way, this analysis has already been made, as categories 
have already been determined by the use of McCall’s method. However, it is still interesting to 
compare each criterion to each other and see if any conclusions can be drawn. The analysis com-
pares the results of the evaluation, i.e. which elements are present or absent. Any more elaborate 
analysis of the elements are neither within the scope of this analysis or relevant as the only thing 
analyzed is the difference between the models. As there are only two models, it may seem redun-
dant to put them in two different categories. However, this has still been done, to show the differ-
ences between the models. The elements listed in Section 6.1.5 are considered equivalent to the 
incidents of the Constant Comparative Method. The first two stages of the Constant Comparative 
Method have been done in one step, as this is a very simple analysis. In the same way, the last two 
stages of the method have also been combined. 

Fourth, noted differences and similarities found while analyzing the data have been specified, 
especially if the differences/similarities can be attributed to entire criteria.  
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7 Design and Implementation of Nitrogen Models  

7.1 

7.2 

Design and Implementation Decisions 

The programming language used to simulate the models in this thesis is Modelica. As Modelica is 
an equation-based, component-based language this is problematic in the UML diagram notation as 
the classes do not call each other with methods as in for example Java, but are connected through 
special connector elements (also classes). For this reason, the diagrams do not show any method 
calls, but only the relationships between different classes. The notation used is common UML no-
tation, the same as the one used in Larman (2002). The equations and variables of the models are 
also shown in Appendix B. 

This design has been made with reuse of BioChem classes in mind. The BioChem library has 
not yet been fully implemented. Therefore, the connectors do not yet inherit from the BioChem 
connector class described in Figure 5. When the BioChem library has been implemented, the 
connectors used in this thesis will probably inherit from the BioChem ReactionConnector 
class.  

Packages and Classes 

The main package is called Wetlands. It consists of four sub-packages; Nitrogen, in which 
the nitrogen processes are described and modeled; Icons, which consists of icon definitions for 
wetland components; Interfaces, which contains definitions of interfaces; and WetlandUn-
its, which contains type definitions for use with the wetland models. The package structure in 
Modelica is shown in Figure 6.  

                       
Figure 6. Package structure of Wetlands. 

package Wetlands 
package Nitrogen “Nitrogen processes” 

package NitrogenWetlandComponents “Compo-
nents that constitute the wetland” 

end NitrogenWetlandComponents; 
package NitrogenWetlandExamples “Examples of 

wetlands” 
end NitrogenWetlandExamples; 

package Icons “Definitions of icons for wet-
land components” 

end Icons; 
package Interfaces “Definitions of interfaces”
end Interfaces; 
package WetlandUnits “Type definitions for use 

with the wetland models” 
end WetlandUnits; 

end Wetlands; 
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To get an overview of the Wetlands library, all classes are shown in their respective package 
in Figure 7.  

NitrogenWetlandComponents

WetlandGeneral

Icons

ProcessComponent Air WaterBody

SedimentAnearobInterSedimentAerob SedimentAnaerobBottomSedimentAnaerobTop

Ground

WetlandModel TotalNitrogen

SABIcon

WBIcon SAIcon

SATIcon SAIIcon

AirIcon

GroundIcon TWRIcon WetlandIcon

Interfaces

NitrogenConnector ConcentrationConnector

NitrogenWetlandExamples

Nitrogen

WetlandUnits

TotalWetlandConcentration

 Figure 7. The packages and classes in the package Wetlands. 
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7.3 

x B.1.2.  

7.4 

The Total Nitrogen Model 

The Total Nitrogen model consists of only one class, TotalNitrogen. The class 
TotalNitrogen predicts the total retention in a wetland using a very simple model. The 
equations in the class are the same as those used in Arheimer & Wittgren (2002) and shown in 
Section 5.2. As TotalNitrogen in itself is an entire wetland model with wetland example 
values, this class has been put in NitrogenWetlandExamples. TotalNitrogen is the only class 
used to simulate the Total Nitrogen model in the packages. All other classes are used by the 
Nitrification/Denitrification model. As the model is very small, the entire code in Modelica is 
shown in Figure 8. The code can also be seen in Appendi

The Total Nitrogen model has no graphical representation. This is because the entire model 
would only consist of one single component with no flows to other components. 
 

 

 

 

 

 
    

 

 

 

 

 

 

 

 

 

 

 

model itrogen "Simple model of total nitrogen retention"  TotalN
   parameter Area Awet=5000 "The area of the wetland."; 
   parameter Volume Vwet=10000 "The volume of the wetland."; 
   constant NitrogenReactionConstant ka20=0.042 "Area-based removal 

rate coefficient."; 
   parameter NitrogenResuspensionCoefficient S=0.13 "Nitrogen resus-

coefficient."; pension 
   parameter WaterInflow Qin=1000 "Daily inflow."; 
   parameter CelsiusTemperature T=25 "Water temperature."; 
   parameter Real theta=1.05 "Temperature coefficient."; 
   parameter CriticalResidenceTime crit=1.3 "Critical residence time 

when nitrogen removal switches to nitrogen resuspension."; 
   NitrogenRemovalRate Jr(start=0) "Net nitrogen removal rate."; 
   NitrogenReactionConstant kaT(start=0) "Area-based and temperature 

dependant removal rate coefficient."; 
   Nitro
equation 

genConcentration C(start=10) "Nitrogen concentration.";   

   kaT = ka20*theta^((T-20)); 
   der(C) = -(Jr*Awet)/Vwet; 
   if Vwet/Qin < crit then 
      Jr = -(S*Qin)/Vwet; 
   else 
      Jr = kaT*C; 
   end if; 
end TotalNitrogen; 

TotalNitrogen 

Figure 8. The class TotalNitrogen. 

The Nitrification/Denitrification Model 

The classes in NitrogenWetlandComponents constitute the basis of the Nitrifica-
tion/Denitrification model. In the components of this library equations for nitrification and 
denitrification in all wetland layers of the model described in Section 5.3 have been placed. The 
classes Air and Ground are added to promote expandability and modularity. By adding these 
classes, the similarity between the other layer components increases, and this makes it possible for 
the components to inherit most of their equations from the ProcessComponent. 
ProcessComponent is possibly the most important class in the Wetlands library. It contains 
almost all parameters, variables and equations involved in the nitrogen conversions. As most of 
these parameters and equations are the same for each of the wetland layers, with differences only 
in the specific values, very little extra code has to be written in each of the wetland layer 
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values, very little extra code has to be written in each of the wetland layer components. Proc-
essComponent also inherits the class WetlandGeneral, which contains general wetland 
specifics, for example area and precipitation. In this way, the user only has to change the wetland 
parameters or equations in one component. Finally, the class TotalWetlandConcentra-
tion adds all concentrations from all the layers together and thus simulates the total nitrogen loss 
in the wetland.  

The package NitrogenWetlandExamples stores examples of wetlands. So far, there are 
only two example wetlands, TotalNitrogen and WetlandModel. The class TotalNi-
trogen simulates the entire Total Nitrogen model, and has no connections to the other classes of 
the Wetlands library. The WetlandModel connects the classes (components) of the Nitrifica-
tion/Denitrification model, i.e. all classes representing wetland layers, the classes Air and 
Ground, and finally the class TotalWetlandConcentration. The Nitrifica-
tion/Denitrification model uses all classes in the Wetlands library except the class TotalNi-
trogen. 

The package Icons consists of classes with icon definitions for other classes and the package 
Interfaces contains different interfaces components. So far, the only interface components in the 
package are two connectors, one to connect the components between the layers in the Nitrifica-
tion/Denitrification model, and one to connect all the layers to the class TotalWetlandCon-
centration. 

The package WetlandUnits contains type definitions for use with the wetland models. 
This package contains no classes, only the definitions and descriptions of the different types. All 
these types are variants of the commonly used Real type. 

Consideration to the extensibility of the package has been taken. The model currently uses 
variable values calibrated for three anaerobic sediment layers. However, more layers can easily be 
added and simulated, for example more than one SedimentAnaerobInter.  

To present an example on the wetland classes of the Nitrification/Denitrification model, Figure 
9 shows part of the code in ProcessComponent. The code shows some of the involved pa-
rameters and all the nitrogen process equations of the class. The entire code can be viewed in Ap-
pendix B.1.1. 

A graphical representation of the Nitrification/Denitrification model has been created in the 
MathModelica Model Editor (Figure 10). The model is shown next to a schematic view of a wet-
land, to show which wetland layers the Modelica components correspond to. The class (or com-
ponent) TotalWetlandConcentration, which is connected to all the components except 
Air and Ground, is not part of the wetland. It simply simulates the total decrease in nitrogen 
concentration in the wetland by using the results from the other wetland components. This com-
ponent is not necessary for the model, but has been added to make it easier to determine the total 
decrease of nitrogen. 
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Figure 9. The class ProcessComponent. Not all the code is shown in the figure. Sections where code is 
missing are shown by three dots. The entire code can be found in Appendix B.1.1. 

model ProcessComponent "This class contains most of the reactions in 
the wetland. This class is inherited by the water and sediment layers 
of the wetland." 
   extends WetlandGeneral; 
   … 
   NitrogenReactionConstant kNN "Area-based, first-rate order, tempera-

endent constant for nitrate nitrogen."; ture dep
   parameter NitrogenReactionConstant kNN20=0.0959 "Area-based, first-

rate order constant for nitrate nitrogen at 20 degrees Celsius."; 
   … 
   parameter Real Onn=1.09 "Process temperature coefficient for nitrate 

nitrogen."; 
   parameter CelsiusTemperature T=20 "Temperature"; 
   … 
   parameter NitrogenConcentration CNNin=0 "Concentration of nitrate 

nitrogen into the wetland from sources other than diffusion. Also 
t value of nitrate nitrogen."; the star

   parameter NitrogenConcentration CNNb=0 "Irreducable background con-
centration of nitrate nitrogen."; 

   NitrogenConcentration CNN "Concentration of nitrate nitrogen."; 
   … 
   parameter NitrogenDiffusionCoefficient Dnn=0 "Diffusion coefficient 

for nitrate nitrogen."; 
   … 
   parameter BiomassExchange biomassNN=0 "Transfer of nitrate nitrogen 

rom the wetland biomass."; to and f
   parameter Real psi=0 "Fraction ammonium that is nitrified."; 
   parameter Thickness layer "The thickness of the wetland layer."; 
   Interfaces.NitrogenConnector nc_up; 
   Interfaces.NitrogenConnector nc_down; 
   Interf
equation 

aces.ConcentrationConnector cc;    

   kON = kON20*Oon^((T-20)); 
   kAN = kAN20*Oan^((T-20)); 
   kNN = kNN20*Onn^((T-20)); 
   der(CON) = (((-kON*(CON-CONb))-nc_down.fluxON+nc_up.fluxON)-

biomassON)/q; 
   der(CAN) = (((kON*(CON-CONb)-kAN*(CAN-CANb))-

nc_down.fluxAN+nc_up.fluxAN)-biomassAN)/q; 
   der(CNN) = ((((psi*kAN)*(CAN-CANb)-kNN*(CNN-CNNb))-nc_down.fluxNN+ 

nc_up.fluxNN)-biomassNN)/q; 
   nc_up.Con_down = CON; 
   nc_up.Can_down = CAN; 
   nc_up.Cnn_down = CNN; 
   nc_down.Con_up = CON; 
   nc_down.Can_up = CAN; 
   nc_down.Cnn_up = CNN; 
   nc_up.layer = layer; 
   cc.layer = layer; 
   cc.Con = CON; 
   cc.Can = CAN; 
   cc.Cnn = CNN; 

…
end ProcessComponent; 

 

ProcessComponent 

 43



Design and Implementation of Nitrogen Models 
 
 

 
 

 

 

 

 

 

 

 

 

 

                                                        

 

                                  

Aerobic sediment

Anaerobic sediment – top layer

Anaerobic sediment – middle layer

naerobic ediment – tom layer

Water body

A s bot

Ground

Air

Aerobic sediment

Anaerobic sediment – top layer

Anaerobic sediment – middle layer

naerobic ediment – tom layer

Water body

Groun

A s bot

d

Air

Figure 10. Graphical representation of the Nitrification/Denitrification model created in the MathModelica 
Model Editor. The model is shown next to a schematic view of a wetland, to show which wetland layers the 
Modelica components correspond to. 

7.5 Class Diagram 

There are two inheritance structures in the packages; one in which the different process equations 
and wetland variables are inherited, and one in which icons for the components of the wetland are 
inherited (Figure 11). There are two types of aggregation relationships; one between connectors 
and wetland components, and one between the WetlandModel and all component parts of the 
wetland except TotalWetlandConcentration. This later aggregation is important since it 
is through this that the entire model is put together. This aggregation is shown with a thicker line 
in the figure. Note that there are five ConcentrationConnectors linked to TotalWet-
landConcentration, one for each layer of the wetland. 
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8 Simulation of Nitrogen Models  

To simulate the nitrogen models, example values have been assigned to all parameters and vari-
ables in the Modelica models. The models have then been simulated in the notebook environment 
and the result compared to values pre-calculated in Microsoft Excel to test that the equations pro-
duce the same results in both environments. The total nitrogen decrease according to both models 
has also been simulated and is shown in graphs. The decrease is measured as decrease over time 
for the Total Nitrogen model and as decrease over the fractional distance through the wetland for 
the Denitrification/Nitrification model.  

8.1 The Total Nitrogen Model 

The table below shows the simulated variables and parameters compared to the in Excel pre-
calculated variables and parameters. The constants and coefficients used for the simulation are 
from Arheimer & Wittgren (2002). As the model simulates nitrogen retention differently if a criti-
cal value is reached, two simulations has been done, the first in which the retention is normal and 
the other in which the critical value is reached. When only one value is shown in the table, the 
same value has been used for both simulations. The simulations have been measured at time = 10 
and with a start concentration of 10. These values are arbitrary example values that are within the 
possible value limits of the simulation. 

Table 4. Simulated variables and parameters for the Total Nitrogen model compared to the in 
Excel pre-calculated variables and parameters. The values are exact or listed with three decimals. 

Variable/parameter Simulated 
value 

Pre-calculated  
value 

A 5000 5000 
V 10000 10000 
k20 0.042 0.042 
S  0.13 0.13 
Q 1000/10000 1000/10000 
T  25 25 
theta 1.05 1.05 
crit  1.3 1.3 
J 0.410/ -0.13 0.410/-0.13 
k 0.054 0.054 
C 7.648/10.650 7.648/10.650 

As seen in Table 4, the simulated and pre-calculated values are equal. This indicates that there 
are no errors in the simulation of the model equations. This simulation does not address the issue 
if the original models are valid or not. 

Figure 12 shows the total decrease in nitrogen over time. The graph is simulated using the 
same values as for the normal retention values in Table 4. 
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Figure 12. Total decrease in nitrogen over time using the Total 
Nitrogen model. 

The Nitrification/Denitrification Model 

Table 5 shows the simulated variables and parameters compared to the in Excel pre-calculated 
variables and parameters. The constants and coefficients used for the simulation are from Kadlec 
& Knight (1996) and from Martin & Reddy (1997). Note that to make the pre-calculations easier, 
the calculation has been done at fraction = 0 (the beginning of the wetland), and only one Sedi-
mentAnearobInter has been used. 

As seen in Table 5, the simulated and pre-calculated values are equal. This indicates that there 
are no errors in the simulation of the model equations. This simulation does not address the issue 
if the original models are valid or not. 

Figure 13 shows the decrease in the different nitrogen concentrations (organic, ammonium and 
nitrate nitrogen) over time.  It also shows the total decrease as the sum of the nitrogen concentra-
tions. The graph is simulated using the same values as in Table 5. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Decrease in nitrogen over the fractional distance through 
the wetland using the Nitrifiction/Denitrification model. 
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Evaluation of Ecological Modeling Tools and the MathModelica Model Editor 

9 Evaluation of Ecological Modeling Tools and 
the MathModelica Model Editor 

9.1 PowerSim 

PowerSim Studio 2003 is an integrated environment for creating and running simulation models. 
It uses the graphical modeling language known from the system dynamics method to model a sys-
tem. When a graphical model has been built, mathematical formulas are used to define the behav-
ior of the simulation model. The tool uses data presentation objects like graphs and tables, and has 
linking capabilities. By using a number of variables (elements) and connections a model is cre-
ated. The diagrams are organized in sheets, where each sheet represents a part of the model.  

The graphical model defines the structure and relationships in the system. To fully define the 
model, mathematical definitions of the various variables and relationships present need to be 
added. The mathematical definition language contains a number of functions that can be used in 
calculations. These include statistical, mathematical, financial, trigonometric, and other functions. 
Values will be displayed with a unit of measurement, and not just as a number. Furthermore, for 
units like dates and time spans that have established conventions for number formatting, the spe-
cial formats will be used. Also, when providing input to the simulation, units can be used.  

PowerSim Studio 2003 contains events and actions that allow the user to perform certain op-
erations when a condition is met in the simulation model. Events allow the user to set the value of 
a parameter, display a message box, or open a hyperlink. There are also a number of advanced 
modeling features in PowerSim Studio 2003 – for example hierarchical models, array variables 
and discrete, continuous and logical flows.

9.1.1 Elements (variables) of PowerSim 

Variables that accumulate their values over time are called levels ( ). Levels represent states in 
the system. Levels are initialized at the start of the simulation, but during the simulation, they can 
only be increased or decreased by flows ( ). Flows represent the activity in the system.  

PowerSim also contains a variable type that is calculated once in every step of the simulation, 
called auxiliaries ( ). Auxiliaries are used to control flows and to perform intermediate calcula-
tions. The dependencies between variables are indicated by the use of information links ( ). 
Finally, PowerSim contains a constant ( ) variable that is not changed by the model during the 
simulation. Constants are used to hold values that initialize the various levels of the model, influ-
ence the strength of the relationships between variables, or allow user input into the model 
(through input objects).  
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9.1.2 Evaluation of PowerSim 

Completeness 

•  Representations of the physical parts of a system 
Level elements in the tool can be used to represent the different parts of the system. Levels 
represent states in the system, which can be used as an equivalent to a physical part. Note 
that the level element consists of a variable value (in this case, concentration or amount of 
chemical particles) and that properties of the different parts (for example WaterBody) 
cannot be set in the level element. These are added as auxiliaries that affect the flows. The 
level element can be defined using all available variables and a number of built-in func-
tions.  

•  Flow/connections in the system 
As the flow element of the tool is specifically constructed to simulate flows, it can well be 
used to simulate the flow between the layers in the model. A flow with an auxiliary has a 
specific rate, a feature which is used in the wetland model. The output of a level element is 
transported to the next level element in the model. There can be only one flow in each 
connection, but this flow can be affected by a number of variables and equations. The flow 
element can be defined using all available variables and a number of built-in functions that 
are specified in the auxiliary connected to the specific flow. 

•  Equations 
Equations can be written in the levels and the auxiliaries. However, the equations for the 
flow between the levels can only be written in the levels. The rate is influenced by the lev-
els (by the information links), and the equations of this influence are written in the auxilia-
ries. To make the calculations easier, support for equations is integrated in PowerSim. 

•  Variables 
In PowerSim, the elements are treated as variables and could be used as such. Variables 
affecting the concentration in for example WaterBody are added through the use of aux-
iliaries. Each auxiliary represents a variable affecting the process. In Figure 14, all vari-
ables have been shown together in Variables1-6 and Constants. This is merely a way to 
make the picture easier to grasp and not a feature of PowerSim. The actual model would in 
PowerSim have a number of auxiliaries affecting the process. Variables need to be defined 
in the model to be usable in the model equations, as auxiliaries, levels or constants.  

•  Diagrams showing the changes over time 
PowerSim has access to tables, charts and graphs that can show the changes over time. 
These are automatically connected to a simulation.  

Consistency 
The design in PowerSim is uniform. The same design and graphical appearance is used through-
out the entire modeling and simulating environment. It is easy to see that the all the different parts 
belong to the same software. Names and labels are consistent in the entire environment. 

Data and communication commonality 
The dataset connectivity features provide easy data connectivity to SAP’s Strategic Enterprise 
Management - Business Planning and Simulation (SEM-BPS) and Microsoft Excel (Expert edi-
tion). It is also possible to save pictures in picture formats and text in text format. This provides a 
certain degree of commonality.   

Expandability 
PowerSim is restricted to the elements and tools present and new elements cannot be defined by 
the user. However, the environment has many tools and functions that can be connected in many 
different variants, and the building blocks are fairly general and can display many concepts, so 
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this is not a major problem. Still, as the environment cannot easily be expanded beyond its current 
functionality by the user, changes would require contacting the company providing PowerSim.  

Generality 
PowerSim can be used for systems in general, as models of economical, ecological and social sys-
tems can be made. It has a number of features that can be used for different applications, includ-
ing event handling, gauge control, slider, switch, array variables etc. The mathematical definition 
language makes it possible to write a number of complex equations using common programming 
language elements (ex: loop and choice elements). However, as already noted, PowerSim is re-
stricted to the elements and tools present and users cannot define their own. As these elements and 
tools cover many applications they are sufficient for making the model in Figure 14, but there is 
the possibility that other models may include features that do not have an equivalent in the ele-
ments described in Section 6.1.2. Complex mathematical relationships could be examples of mod-
els difficult to simulate.  

Instrumentation 
A very useful error detecting feature is that the model shows when the connections and variables 
of the model do not fit or if some element has a missing property, even before simulation. For ex-
ample, the model in Figure 14 has question marks on the auxiliaries, indicating that the variables 
have not been properly defined, and hash marks on Variables1-6 on the links from these auxilia-
ries to the flows, indicating inconsistencies between definitions. This makes it easy to find errors 
in the model. When the error has been found and corrected, the hash mark or question mark dis-
appears immediately. However, there is no automatic help text to determine exactly what the error 
is. The user has to run a simulation to see helpful error messages.  

Modularity 
Models can be saved and stored in PowerSim. These models can then be copied and changed in 
other applications which facilitate some sort of reuse. However, each model is unique, and spe-
cific components of the model cannot be saved separately (unless, of course, the user makes a 
model consisting of only one component). The model can be reused by using it as a submodel in 
another system, a very useful feature, but then it is the entire model that is reused, not the specific 
elements or components of the model.  

Operability 
The tool is fairly simple to use, as the elements of a model are easily connected and automatically 
integrated with each other. One problem is that everything is called variables in PowerSim. This 
may be technically correct, but it can be confusing during the creation and description of a model. 

To write the more complex equations in the model (relationships including if, for example), 
some programming skill is necessary. Otherwise, the graphical tool is enough to construct models 
and simulations.  

Simplicity 
PowerSim has an easily overviewed modeling and simulation environment. It requires some time 
to get familiar with all the features and find and use the functions needed for a specific task. Oth-
erwise, it is a point-and-click environment that is easily learned. However, the many features 
make it difficult to understand PowerSim without using the manual. 

For someone familiar with the system dynamics method developed by Forrester this tool is 
easy to understand, as it uses many of the elements and concepts found in the system dynamics 
method, for example levels, flows and links. The other tools have names and icons that are intui-
tive, as is the functionality of the elements. However, the many features and functions can make it 
difficult to find the tool needed for a specific application, especially if the user in question has no 
system development experience.  

 

 

 53



Evaluation of Ecological Modeling Tools and the MathModelica Model Editor 
 

Training 
The help function added directly to almost any tool in PowerSim is useful in this aspect. There is 
no easily accessed manual integrated into PowerSim. 
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9.2 Simile 

 
Figure 14. The wetland model modeled in PowerSim. The flows between the levels are concentration or amount 
of chemical particles of nitrogen. Variables1-6 and Constants symbolize many variables and constants that have 
been put together in the figure to simplify the viewing of the model in this evaluation.  

Semantic Interoperability of Metadata and Information in unLike Environments (Simile) is a 
software tool for computer simulation of complex dynamic systems in the earth, environmental 
and life sciences. It uses a logic-based declarative modeling, i.e. that a model should be seen pri-
marily as being a specification rather than as a piece of computer programming, to represent the 
interactions in these systems in a structured, visually intuitive way. It also uses a diagram-based 
language for designing models, including both system dynamics and object-based concepts. Sim-
ile also supports modular model construction, which can be nested to any depth.  

The resulting models can be run as compiled C programs, and delivered to others as stand-
alone models. Simile provides a range of tools for displaying model behavior — but also allows 
the users to add their own customized tools. 

9.2.1 Elements of Simile                                    

 

 

 

 

 
Figure 15. The different elements of Simile. 

Compartments represent the amount of some substance, such as a stock or level. Mathematically, 
a compartment represents a state variable whose behavior is defined by a differential equation.  

A variable represents any quantity whose value is either a constant or calculated as a function 
of other variables in the model. In modeling terms, a Simile variable can thus represent a parame-
ter, an intermediate variable, an output variable, or an exogenous variable.  

A submodel is represented by a round-cornered box that encloses a number of model-design 
symbols, including possibly other submodels. In modeling terms, the single concept has a range of 
interpretations, ranging from a purely visual dividing up a complex model into its component 
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parts, through the defining of objects in the model, to defining an association between objects. 
Because the submodel concept is so central to Simile, has so many uses, and sets it apart from 
more standard approaches, the next section considers submodels in more detail.  

A flow represents a process causing an increase or decrease in the amount of substance in a 
compartment. Mathematically, a flow is an additive term in a differential equation for the associ-
ated compartment (state variable).  

An influence arrow represents the fact that one quantity is used to calculate another. Role ar-
rows are usually used in pairs, with each arrow going from a submodel to a submodel. The com-
bination of submodels and role arrows is used to denote an association between the objects repre-
sented by the submodels at the start of each role arrow.  

A condition element is placed inside a submodel to indicate that the existence of the submodel 
depends on some condition. For example, we might have a model with multiple patches of land, 
of which only some have a crop. In this case, we would have a crop submodel inside the (multi-
ple-instance) patch submodel, with the crop submodel being conditional on the land use for this 
patch being of type “crop”.  

The initial number element is used to specify the initial number of members in a population of 
objects.  

The migration element is used to specify the rate at which new members of a population are 
created.  

The reproduction element is used to specify the rate at which each member of a population 
creates new members.  

The extermination element is used to specify the rule for killing off a member of a population 
of objects.  

9.2.2 Evaluation of Simile 

Completeness 

•  Representations of the physical parts of a system 
Compartments represent the amount of some substance; in this case, it would be the 
amount of nitrogen. Each compartment can also be seen as a part of the system in which 
the substance is transported, in this case, it would be the different parts of the wetland 
(Figure 16). Observe that the compartments consist of a value, and that properties of the 
different parts (for instance SedimentAnaerob) cannot be set in the compartment ele-
ments. These are added as variables that affect the flows.  

•  Flow/connections in the system 
The flow element of the tool is specifically constructed to simulate flows. This makes it 
well suited to simulate the flow between the layers in the model. The output of a com-
partment is transported to the next compartment in the model. This flow is affected by a 
number of variables and equations. 

Connecting variables and other elements in general in Simile is done by using an influ-
ence or role arrow. These connectors are one-way, and circular connections cannot be 
made, which poses a problem if there is a circular dependency.   

•  Equations 
Equations can be written in the flows and the variables. The equations for the flow be-
tween the compartments are written in the flows and can be affected by other elements. 
Support for equations is integrated in Simile. 
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•  Variables 
In Simile, any element can be used as a variable. However, variables/parameters in gen-
eral are written inside the variable element. Note that if a variable is to be used it must be 
defined in the model.  

•  Diagrams showing the changes over time 
Simile has access to tables, plotters and diagrams that can show the changes over time. 
These are automatically connected to a simulation.  

Consistency 
The design in Simile is uniform. The tool has the same design and graphical appearance through-
out the entire modeling and simulating environment. It is easy to see that all the different parts 
belong to the same software. Names and labels are consistent in the entire environment. 

Data and communication commonality 
Simile has a number of features that increases its functionality where exporting/importing is con-
cerned:  

•  First, all the input/output tools supplied with Simile are Tcl/Tk programs stored as text 
files in one subdirectory in the main Simile directory. Users who can program in Tcl/Tk 
can add their own files (and consequently, their own displays) to this subdirectory, either 
by copying and modifying the existing ones, or writing new ones.  

•  Second, when a Simile model is saved, it is saved as a text file in Prolog syntax. A Prolog 
programmer can write programs for working with this file. An example of this is the Sim-
ile html model-description generator, which produces an html file giving a complete de-
scription of any Simile model from the saved-model (.sml) file.  

•  Third, Simile also has the ability to generate C++ code from the models designed.  
•  Finally, Simile generates a computer program for running the model. It is possible to em-

bed this program (for example, as a DLL or as a COM component) in other software sys-
tems.  

These features all provide a certain commonality. However, knowledge of the languages in-
volved, or access to someone with knowledge of the languages is required. As this cannot be ex-
pected of an end user, this lowers the import and export capabilities of the tool.  

Expandability 
Simile is restricted to the elements and tools present and new elements cannot be defined by the 
user. However, new “elements” can be created by combining some of the existing elements. The 
number of elements has deliberately been kept low, to avoid an increasing complexity and diffi-
culty to use the tool due to too many elements. Users can also add new files by programming in 
Tcl/Tk or C++. This, however, requires a certain programming skill and a detailed knowledge on 
how Simile works on a “basic” level.  

Generality 
Simile is general in the sense that it can be used for systems in general. Models can be made for 
several different systems. However, the application was created for earth, environmental and life 
sciences, and it shows. The elements reproducer, migratory and exterminator are typical examples 
of the specialization, not only because of the names, but also the functionality. It is very easy to 
construct ecological and population systems, but a system based upon other concepts could be 
difficult to model. As Simile is intended for biology, ecology and other related sciences, this is not 
a major problem. 

Instrumentation 
Simile has no automatic error detection for modeling errors; however, a debugging function with 
useful error messages is included.  
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Modularity 
Models can be saved and stored in Simile, and the models can then be copied and changed in 
other applications. This facilitates some sort of reuse. However, the main form of reuse is by sav-
ing and using submodels, i.e. models that can become part of a larger system. This is a well used 
and important feature for Simile, and the reason it is possible to construct complex systems. Still, 
each model is unique, and specific components of the model cannot be saved separately (unless, 
of course, a model consisting of only one component is created).  

Operability  
Simile has a point-and-click environment that is easy to use and easily learned. The elements of a 
model are easily connected and automatically integrated with each other. One irritating feature is 
that if the created model is flawed in some way, i.e. generates errors, it is impossible to access the 
simulation environment. 

Unless the user wishes to add his or her own files or displays or changes the format of the out-
put very little programming skill is necessary. However, some of the functions could be difficult 
to understand without programming experience. Hopefully, if a system needs complex functions, 
the one designing it will have the necessary experience for the task.  

There are a number of ways to show the result of the simulation, all of which are easy to create 
(3d_viewer, pie chart, different plotters and diagrams etc). A useful tool is the input sliders where 
input variables can be changed easily. One downside is that the user has to add one variable at a 
time to the plotters, tables etc. If the user wishes to view many variables, this could be time-
consuming. 

Simplicity 
The model and simulating environment is easily overviewed. The model is shown in one envi-
ronment (window), the simulation and display in another. For someone familiar with the system 
dynamics method developed by Forrester this tool is easy to understand. It uses many of the ele-
ments in the system dynamics method and concepts, for example compartments, flows and influ-
ences. The other tools have names and icons that are intuitive, as is the functionality of the ele-
ments. For the ecology, biology and life sciences, the names are especially intuitive, for example 
migration and reproduction.  

Training 
The help file is useful, even if it can take some time to find the answer to a specific question. 
However, the functions available for the equations of some of the elements should be explained in 
more detail. For someone not used to modeling or programming, they could be difficult to under-
stand. There is no manual easily reached from the tool, but the help file on many occasions func-
tions as a manual.  

Waterbody SedimentAerob SedimentAnaerobTop SedimentAnaerobBottomSedimentAnaerobInter

variables2* variables3* variables4* variables5*

Air

variables1*

Ground

variables6*

flow1 flow2 flow3 flow5flow4 flow6

 
Figure 16. The wetland model modeled in Simile. The flows between the levels are concentration or amount of 
chemical particles of nitrogen. Variables 1-6 symbolize many variables that have been put together in the figure 
to simplify the viewing of the model in this evaluation.  

9.3 Stella 

The product Structural Thinking, Experiential Learning Laboratory with Animation (Stella) was 
developed for general modeling education. It is a tool for building and simulating models of dy-
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namic systems and processes, geared primarily at compartment models. The graphical interface 
allows the user to build mathematical relationships without any knowledge of programming. Us-
ing a simple set of building block icons, the user can construct a map of a process or system. The 
diagram automatically generates equations, used for simulation. Output can be viewed as graphs, 
tables, diagram animation or QuickTime movies.  

The code in Stella is limited, and consists mainly of establishing mathematical relationships 
between the various components. In addition to mathematical relationships in the form of equa-
tions, one can also input graphical relationships between variables. Simulation time, time interval 
and computation method can all be set from the menu. There is, however, minimal support for 
discrete-event job flow and queuing models in Stella. 

9.3.1 Elements of Stella 

 The stock symbol (the state variable, reserves, reservoirs) describes the status of the system 
at each time step. Often this is the entity of interest, the component of the system that is being 
modeled (the dependent variable). The cloud represents the source of the material in the stock. 

 Changes in and relationships between stocks are modeled with the flow tool, the inflow and 
outflow regulator.  

 The converters represent controlling variables. These need not be constant, but can be a 
function of other components.  

 The connector tool is used to connect the different parts of the system so that information 
about one variable can be passed on to other variables. The arrow indicates a link. Links are direc-
tional (one-way). When a link is made the attribute associated with the source object is a variable 
that helps determine the value of the attribute associated with the receiving object. 

9.3.2 Evaluation of Stella 

Completeness 

•  Representations of the physical parts of a system 
The stocks represent the status of the system in each step, the reservoir or the reserves. As 
stated above, this is often the entity of interest. In this case, the entity of interest is the 
amount of nitrogen transported through the system. Each stock can also be seen as a part 
of the system in which the substance is transported, in this case, it would be the different 
parts of the wetland (Figure 17). Note that the stocks consist of a value (in this case, con-
centration or amount of chemical particles) and properties of the different parts cannot be 
set in the stock element. These are added as variables that affect the flows. A useful fea-
ture is that the stocks come in four different types: reservoirs, conveyors, queues and ov-
ens. The reservoirs just contain something (for example a chemical compound), a con-
veyor holds on to its content for a specific period called transit time and can have inflow 
limits and a specific capacity, a queue lets the stuff transported enter a queue and remain 
in line waiting its turn to exit (first in- first out), and an oven fills to its capacity or until a 
specified time and then unloads its contents in an instant. These different properties are 
very useful when modeling a physical system where it would otherwise be necessary to 
create mathematical functions for waiting times, transit times, and events depending on a 
specific capacity. 
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•  Flows/connections in the system 
As the flow element of the tool is specifically constructed to simulate flows, it can well be 
used to simulate the flow between the layers in the model. The output of the stocks is 
transported to the next stock in the model. The flow is affected by a number of variables 
and equations. A very useful feature, especially for this model, is that the flow can be de-
fined as a uniflow or a biflow, i.e., set to go in one direction or in two directions. In a wet-
land, the flow of nitrogen between different layers can go in either direction, so this fea-
ture makes the modeling of the wetland easier.  

Connecting variables and other elements in Stella is done by using the connector tool. 
These connectors are one-way, and circular connections can not be made, which poses a 
problem if there is a circular dependency.   

•  Equations 
Equations in general can be written in the flows and the variables and simple equations 
calculating the initial value can be written in the stocks. The equations for the flow be-
tween the stocks are written in the flows and can be affected by other elements. Support 
for mathematical equations is integrated in Stella.  

•  Variables 
Any element in Stella can be used as a variable. However, variables/parameters in general 
are written in the converter element. Note that if a variable or parameter is to be used it 
must be defined in the model.  

•  Diagrams showing the changes over time 
Stella has access to a number of different graphs, tables and numeric displays that can 
show the changes over time. These are automatically connected to a simulation.  

Consistency 
The design in Stella is uniform. The three levels are displayed in the same window, often using 
the same symbols, only adding and removing the necessary functionality or icons. The same de-
sign and graphical appearance is used throughout the entire modeling and simulating environ-
ment. It is easy to see that all the different parts belong to a specific software. Names and labels 
are consistent in the entire environment. 

Data and communication commonality 
Stella can by exported as a text file and to a few specific programs. Otherwise, the capability for 
importing, exporting or communicating with other formats and programming environments is 
low. The text files also may not store all information from the model.  

Expandability 
Stella is restricted to the elements and tools present and new elements cannot be defined by the 
user. The four central elements for modeling (stocks, flows, converters and connectors) have vari-
ants that can be used, but there are still not many building blocks to choose between. As the build-
ing blocks are fairly general, this it not a major problem, but it still provides little expandability. 

Generality 
Stella is constructed to be used for systems in general and models can be made in many different 
systems, for example economical, social, physical and biological. However, the application is still 
restricted to the system features present in the application, and it could be difficult to create a 
model with other requirements.  

Instrumentation 
A useful error detection feature is that the model shows when the connections and variables of the 
model do not fit or some element has a missing property, even before simulation. If this happens, 
a question mark is shown on the element in question. However, there is no help text to determine 
exactly what the error is. The user has to run a simulation to see helpful error messages.  
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Modularity 
Models can be saved and stored in Stella. The models can be copied and changed in other applica-
tions, which facilitates some sort of reuse. Each model is unique, and specific components of the 
model cannot be saved separately (unless the user creates a model consisting of only one compo-
nent). Stella does not use submodels which is a limitation and makes the created models less reus-
able.  

Operability 
Stella has a point-and-click environment that is easy to use and easily learned. The elements of a 
model are easily connected and automatically integrated with each other. However, the built-in 
functions available for the equations of some of the elements should be explained in more detail. 
For someone not used to mathematical modeling, they could be difficult to understand. 

There are a number of ways to show the result of the simulation, all of which are easy to create 
and edit (graphs, tables etc). Useful tools are the sliders where input variables can be changed eas-
ily.  

Very little programming skill is necessary in Stella, which was intended when the program was 
created. Unless the user wishes to transform a model to another format, the only experience 
needed is the mathematical knowledge necessary to write the equation, and of occurs, knowledge 
of the system to be created. This also makes it difficult to change model in any other way than in 
the Stella graphical environment.  

Simplicity 
Stella has an easily overviewed modeling and simulating environment. The environment has three 
levels, the interface level (what is shown in the running simulation), the model level (where the 
model is created) and the equation level (where the equations in the model are shown in text for-
mat). This division into three levels makes it easier to separate the model from the simulation and 
to get a quick overview of the equations. 

For someone familiar with the system dynamics method developed by Forrester this tool is 
easy to understand as it uses many of the elements in the system dynamics method (stocks, flows, 
connectors etc). The other tools have names and icons that are intuitive, as is the functionality of 
the elements. Equations can be easily overviewed and changed in the equation level, which is use-
ful. 

Training 
The tool has a useful help file, detailing and explaining many of the functions and possibilities of 
the software. The tool has no manual directly attached to the software, even if the help file can 
function as a manual. 

Air WaterBody SedimentAerob SedimentAnaerobTop SedimentAnaerobInter SedimentAnaerobBottom Ground

Flow1 Flow2 Flow3 Flow4 Flow5 Flow6

Variables1 Variables2 Variables3 Variables4 Variables5 Variables6  
Figure 17. The wetland model modeled in Stella. The flows between the levels are the concentration or amount 
of chemical particles of nitrogen. Variables1-6 symbolizes many variables that have been put together in the fig-
ure to simplify the viewing of the model in this evaluation. 
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9.4 WEST 

World wide Engine for Simulation, Training and Automation (WEST) is a modeling and simula-
tion environment for any kind of process that can be described as a structured collection of Differ-
ential Algebraic Equations (DAEs). It allows for graphical component-based modeling. WEST 

offers a graphical environment for the modeling and simulation of different processes such as 
wastewater treatment plants, rivers, sewers and other water management systems. The environ-
ment can be said to consist of five parts: the Manager, the Configuration Builder, the Model Edi-
tor, the Experimental Environment and the API. 

The Manager is a tool to manage the WEST files. Related files can be combined into projects 
to facilitate efficiency.  

Using the Configuration Builder, the configuration, i.e. the new model, can be entered in the 
system. The configuration is built using the process nodes, i.e. components, from the Node li-
brary. The process nodes can be put in the drawing window and the appropriate connection lines 
added. Processes are represented by icons stored in the Node library. Any component (e.g. spe-
cific chemicals or toxic components) can be added to the existing component lists using the Peter-
son Matrix Editor. Components are organized in several predefined categories. 

The Model Editor consists of two major parts: the MSL editor and the Peterson Matrix editor. 
Using the MSL editor, new models can be added to the system (by modifying existing models or 
building entirely new ones). MSL is a declarative modeling and programming language, in which 
models can be written (i.e. mathematical modeling). MSL has a hierarchical structure, which 
makes it easier to make modifications to existing models. In the Peterson matrix components pre-
sent in the system, reactions that occur and the stoichiometry and kinetics are presented. 

In the Experimental environment dynamic simulations can be run in an interactive way. Data 
can be displayed and parameters changed during the simulation. The modeled system is shown in 
a tree-view and in a graph pane. All manipulations can be performed on both representations of 
the modeled system. The results of a simulation are displayed by means of graphs and tables. 

The API allows WEST to be addressed from within external applications, using technologies, 
such as Visual Basic for Applications (VBA) or other programming languages. This creates the 
possibility to automate a number of actions. 

9.4.1 Evaluation of WEST 

The evaluation of WEST is more difficult than for the other tools, as the demo version of WEST 
does not allow the creation of new models (or in WEST terminology: configurations). Therefore, 
a version of the wetland model cannot be made. However, as the example model in the WEST 
demo includes a model of a wastewater treatment plant with tanks, denitrification and nitrifica-
tion, it is still possible to make an evaluation based upon the evaluation features listed above. Fig-
ure 18 shows how the wetland model can be modeled in WEST, with rectangles being nodes and 
lines being connections. 

Completeness 

•  Representations of the physical parts of a system 
In the library nodes representing physical components, physical inputs and outputs or 
other processes are stored. These nodes could represent both the physical parts of a wet-
land and the stored amount of nitrogen that is transported through the system. As it is pos-
sible to represent the exact physical compartments in the model, this should be the pre-
ferred approach. Properties can be set in the nodes, for example volume, area and different 
constants. 
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•  Flow/connections in the system 
In a model (or configuration), a connection represents the biological flow or data flow be-
tween the connected nodes – i.e. represent both a literal flow and an influence on the 
model (for example, a variable that affects a process). The user can choose to limit the 
ways in which a connection can exist by defining it as a biological or data connection. The 
connection can also be defined as generic, in which case any type of flow is possible. For 
the wetland model there are several flows, both biological and data. The flows can be af-
fected by a number of variables and equations and several flows can be assigned to the 
same connection. A connection can also have multiple connection segments separated by 
anchors. However, flows can only be defined as uni-directional flows.  

•  Equations 
In WEST, equations between the entire components are possible to change. However, 
equations for the specific reactions and other equations in the components cannot be writ-
ten in the WEST system. As all equations necessary for the model are already integrated 
this should not normally be a problem. However, if a user wishes to change the equations 
in the components the code also needs to be changed and this can only be made in the pro-
gramming language MSL. 

•  Variables 
Variables are set in the nodes. Useful features are that an initial value can be set for each 
variable and that the variables are grouped together as for example influent or concentra-
tion. This grouping makes it possible to perform actions on a whole group makes it easier 
to find specific variables. Variables need to be defined before used in the model equations. 

•  Diagrams showing the changes over time 
WEST has access to tables and plots that can show the changes over time. These are 
automatically connected to a simulation. One useful feature is that WEST has the ability to 
show results in 3-D. 

Consistency 
The design in WEST is uniform and the same design and graphical appearance is used throughout 
the entire modeling and simulating environment. It is easy to see that the all the different parts 
belong to the same software. Names and labels are consistent in the entire environment. 

Data and communication commonality 
The API allows the user to address WEST from within external applications using for instance 
Visual Basic for Applications (VBA) or other programming languages. The WEST API also can 
be used for communication with Microsoft Excel, Microsoft PowerPoint, Supervisory Control 
And Data Acquisition (SCADA) systems, Geographical Information Systems (GIS), AutoCAD 
and others. Graphs can be exported in different picture formats (jpg, gif, emf) and tables and logs 
can be exported to Excel and html format. All this facilitates the commonality of WEST. 

Expandability 
All components and functions of WEST are made in the modeling programming language MSL. 
If the user is familiar with MSL, the possibility to create new nodes in WEST is only limited by 
the abilities and flexibility of the programming language itself. New components can be created 
and incorporated in the libraries and connected to other components through the graphical tools. 
However, knowledge of MSL is needed, a fact that limits the usefulness of this high expandability 
potential. 

Generality 
WEST is designed for modeling processes at waster water treatment plants, rivers, sewers etc, i.e. 
water management. Presently, it is difficult to use it for any other area. The users are limited to the 
nodes present in the node library, and cannot make their own without learning MSL. However, 
within these fields, WEST is fairly general. The users can make their own system models by con-
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necting different nodes from the library, as the nodes are not limited to a certain system model. 
For instance, a Collection node combines two flows, an ability that can be used for a number of 
applications.  

Instrumentation 
The errors in the model are handled in the programming language and are found during the simu-
lation of the model. The error and log messages are usually not shown to the user and not useful 
for someone not familiar with MSL.  

Modularity 
Nodes are stored separately in WEST as separate entities in the node library. These nodes can 
then be used separately in any number of models. This is in many ways the essence of reuse. As 
the nodes can be very complex, this can save a lot of time when modeling different water man-
agement models. Whole models can also be stored, and parts of the models copied and changed 
into other models.  

Operability 
WEST is fairly simple to use. It requires some time to get familiar with all the features and find 
and use the features needed for a specific task. Otherwise, it is a point-and-click environment that 
is easily learned. The elements of a model are easily connected and automatically integrated with 
each other. A useful feature is the content list that contains all the nodes, plots, controls and all 
other parts of the model. In this content list, all the available variables for each plot or control are 
shown and can easily be added or removed. In the controls, sliders can be added, which makes it 
easy to change different input values. The slider controls and the plots can be shown either in 
separate windows or as different frames in one window. Another useful feature is that the simula-
tions can be logged easily and automatically through the logging tool.  

To use the available nodes and make models, no programming skills are necessary. The 
graphical tool is enough to create useful models and simulations. However, if the user wants to 
add more nodes, the user has to create them in the programming language MSL. 

The major factor decreasing operability is that the user needs to get familiar with each node, 
what it represents, and the values and equations it contains. Each node has to be examined sepa-
rately, to understand its full use and functionality.  

Simplicity 
WEST has an easily overviewed modeling and simulating environment. The use of nodes and 
connection in WEST is intuitive. A node represents a part of a system, often a physical part, and 
the connection represent the flow between them. Also, nodes used for a specific application can 
often be found in the same library, for instance the library containing nodes for a waste water 
plant. However, the user needs to get familiar with each node, what it represents, and the values 
and equations it contains. If the user is familiar with the system that is modeled, this should not be 
a major problem, as the names and descriptions of the nodes are easily interpreted to a function in 
the real system. The help function is also very useful in describing both the WEST environment in 
general and the use of specific tools in WEST. The help function and manual are needed in WEST 
as the environment is not simple enough to understand without them. 

Training 
The help file in WEST is useful and explains much of the functionality of the software. WEST 
also has a useful and interesting manual integrated in pdf format. 

     Air WaterBody SedimentAerob SedimentAnaerobTop   SedimentAnaerobInter  SedimentAnaerobBottom Ground 

  

Figure 18. A simplified example of the wetland model modeled in WEST. Rectangles represent nodes and lines 
represent connections. 

 63



Evaluation of Ecological Modeling Tools and the MathModelica Model Editor 
 

9.5 MathModelica Model Editor 

The MathModelica Model Editor is a graphical user interface for model diagram construction by 
'drag-and-drop' of already made components from so-called stencils. The stencils correspond to 
the physical domains represented in the Modelica library or components from user defined com-
ponent libraries.  

The 2004 version of Model Editor is an extension of the Microsoft software Visio for diagram 
design and schematics. The user has access to a number of design features to customize the 
graphical representations of developed models. Since Modelica components often represent 
physical objects it is important to have a sufficiently rich graphical description of them. The 
Model Editor can be viewed as a user interface for graphical programming in Modelica. Its basic 
functions are the selection of components from existing libraries, to connect components in model 
diagrams, and to enter parameter values for different components. To aid these functions the tool 
has access to a number of navigational features. A model diagram can be browsed and zoomed 
and aggregated components are opened in separate windows by double-clicking on their icons. 
Parameter values of a component can be accessed by right-clicking on a component and opening 
the Custom Properties form.  

The complete textual Modelica model is stored in a so called notebook, which can also be 
opened by right-clicking on a component. The Model Editor is well integrated with the notebooks. 
A model diagram in a notebook is a graphical representation of the Modelica code, which can be 
converted into textual form by a command. Double-clicking on a model diagram in a notebook 
will open the Model Editor and the model can be graphically edited. 

9.5.1 Evaluation of MathModelica Model Editor 

Completeness 

•  Representations of the physical parts of a system 
Components (or component models) stored in the Modelica libraries represent physical 
components, in which physical inputs and outputs or other processes are stored. The com-
ponents could represent both the physical parts of a wetland and the stored nitrogen 
amount transported through the system. As it is possible to represent the exact physical 
compartments in the wetland model, a representation of the physical parts is to be pre-
ferred. Properties can be set in the components, for example depth, area and different con-
stants. 

•  Flow/connections in the system 
In the model, a connection is made between two components through connection links. A 
connection represents the transfer of a variable value. The connection can either be a non-
flow or a flow connection. The non-flow connection is merely the transfer of a variable 
value (for example a variable that affects a process), while the flow connections represent 
an actual flow of for instance heat or water. For the wetland model there are several con-
nections, both non-flow and flow. These flows can be affected by a number of variables 
and equations and several flows can be assigned to the same connection. A flow can go in 
both directions.  

•  Equations 
Equations are an important part of the models in Model Editor. However, equations for the 
specific reactions and other equations in the components cannot be written directly in the 
2004 version of Model Editor. From the Model Editor, the user can open a notebook with 
the model or component in question and change the equations directly in the Modelica 
code. This requires knowledge of the Modelica language. As all equations necessary for a 
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model are already integrated this should normally not be a problem. Changing the equa-
tions in the components means that the code also need to be changed and this can only be 
done in the programming language. 

•  Variables 
Variables are set in the components. Useful attributes are start, min, max and default val-
ues that can be set for each variable. Values for variables can be changed both in the mod-
eling and simulation environment. 

•  Diagrams showing the changes over time 
The Model Editor has access to tables and plots that can show changes over time. These 
are automatically connected to a simulation. Useful features are the ability to show results 
in 3-D and make an animation of the model (if data for an animation exists).  

Consistency 
The design in MathModelica is uniform. The same design and graphical appearance is used 
throughout the entire modeling and simulating environment. It is easy to see that all the different 
parts belong to a specific software. Names and labels are consistent throughout the entire envi-
ronment. 

Data and communication commonality 
Visio is compatible with the Microsoft environment and models can be stored in a number of dif-
ferent formats. However, unless the user wishes to store the model as text, a pdf or in a picture 
format, this cannot be used to store actual data.  

The MathModelica Model Editor is well integrated with Modelica. Models and graphics can be 
exported from and imported to Modelica notebooks, which is the common environment for writ-
ing Modelica code. This is a useful feature, which makes it easier to integrate viewing, changing 
and programming the models. However, from a non-programmer point of view, this feature is not 
so useful.  

Expandability 
All components and functions of MathModelica Model Editor are made in the modeling pro-
gramming language Modelica. For a user familiar with Modelica, the possibility to create new 
components is only limited by the flexibility and abilities of programming language itself. New 
components can easily be created and incorporated in the libraries and then connected to other 
components through the graphical tools. This, however, requires knowledge of Modelica, a fact 
that limits the usefulness of the high expandability potential. 

Generality 
Modelica, and the MathModelica Model Editor, are general tools for designing systems. It is lim-
ited to the components present in the libraries, and users cannot make their own components 
without learning Modelica. The generality of Model Editor is based upon the number of defined 
components. At present, it has a very high generality for electrical, mathematical, thermal and 
mechanical systems. Within other system it is less useful. However, new components are con-
stantly being developed, so the generality of the tools is constantly increasing. 

Within these limitations, users can also make their own models by connecting different com-
ponents from the library, as the components are not limited to a certain model. For instance, a 
component that combines two flows can be used for a number of applications.  

Instrumentation 
The errors in the model are handled in the programming language and are found during the build-
ing and simulation of the model. The error and log messages are very detailed and useful for 
someone familiar with Modelica. However, for a non-programmer, the messages can be too com-
plex and confusing.  
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Modularity 
Components are stored separately in the Model Editor as separate entities in the Modelica librar-
ies. The components can then be used separately in any number of models. In many ways, this is 
the essence of reuse. The reuse saves a lot of time when modeling different systems, as the com-
ponents used in the models can be very complex. Whole models can also be stored, and parts of 
the models can be copied and changed into other models.  

Operability 
The MathModelica Model Editor is fairly simple to use. Some time is required to get familiar with 
all the features and to find and use the features needed for a specific task or model. Otherwise, it 
is a point-and-click environment that is easily learned. The elements of a model are easily con-
nected and automatically integrated with each other. A useful feature is the class view, which lists 
all the components and the connections of the model. Another useful feature is that values for 
variables can be changed both in the modeling and simulation environment. 

The major factor decreasing operability is that the user needs to get familiar with each compo-
nent, what it represents, and the values and equations it contains. Each component has to be exam-
ined separately, to understand its full use and functionality. Also, the full functionality of the 
components can only be examined by looking at the code of the model or model components.  

To use the available components and make models, no programming skills are necessary. The 
graphical tool is enough to create useful models and simulations. However, if the user wants to 
add more or change the functionality of existing components, the user has to create them in Mode-
lica, and so has to learn the language or have access to a person who knows the language.  

Simplicity 
The modeling and simulating environment of MathModelica Model Editor is easily overviewed. 
The use of components and connections is intuitive. A component represents a part of a system; 
often a physical part, and the connection represents the flow/influence between them. Components 
used for a specific application can often be found in the same library, for instance the library con-
taining components for an electrical circuit. However, as noted earlier, the user needs to under-
stand each component, what it represents, and the values and equations it contains. If the user is 
familiar with the modeled system, this should not be a major problem, as component names and 
descriptions are easily interpreted to features in the real system. The help functions, unfortunately, 
only contain Visio information and a link to the MathModelica website and very little help with 
the modeling and simulation. As the tools available in the graphical environment are simple, but 
not so simple that Model Editor can be used without a manual, this is a major disadvantage. 

The 2004 MathModelica version of Model Editor is based on the Microsoft Visio environment. 
All the functionality of Visio is present in the Model Editor. This makes it easy for users familiar 
with the Visio (and Microsoft) environment to use the model. However, some of the functionality 
of Visio is not useful for modeling and simulating, and so only confuses the user. 

Training 
No useful help file is available in the Model Editor and no manual is integrated in the environ-
ment. There is a useful help file in the Mathematica notebook environment, but this is mostly a 
help file for the Modelica language. 

Figure 19. An example of the wetland model modeled in Model Editor. Rectangles represent components and 
lines represent connections. This model is usually shown in a vertical mode to make it similar to real wetland. 
Not all components of the model are present. The complete version is shown in Figure 10. 
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9.6 Summary of Evaluated Features 

The simulating tools can be divided into two categories. The first category consists of the tools 
using the system dynamics method. PowerSim, Simile and Stella belong to this category. The 
other category consists of tools using the graphical environment of a declarative, modeling lan-
guage. WEST and the MathModelica Model Editor belong to this category. 

It has been possible to create a simplified version of the wetland model in all the evaluated 
tools. However, to make changes in the detailed equations and functions of the specific compo-
nents in WEST and Model Editor, the user must be familiar with the modeling languages MSL 
and Modelica, respectively. The components are predefined, and cannot be changed from the 
graphical environments. However, if the user only wishes to use the equations already present, the 
full functionality of the wetland model can be used in all the modeling tools. 

In the table in Appendix A.1, the presence of each feature described in Section 6.1.2 is listed 
for each modeling tool, sorted below each criterion.  
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10 Evaluation of Simulated Ecological Models 

10.1 The Total Nitrogen Model 

The model for total nitrogen retention is described in Section 5.2 and Section 7.3. 

Completeness  
The Total Nitrogen model is constructed of only one class that simulates the entire wetland reten-
tion in one step. Therefore, different concentrations cannot be predicted in different parts of the 
wetland. The model gives only one output, and that is the total decrease in nitrogen concentration. 
As the retention is simulated in one step with one simple equation, flows within the wetland are 
not taken into consideration, only the flow into the entire wetland. However, temperature is taken 
into consideration, which increases the completeness of the model. 

Consistency  
The same symbols and names have been used for variables in the simulated model as in the origi-
nal model by Arheimer & Wittgren (2002), with one exception. In Modelica, it is difficult to write 
the symbol Θ (theta). Therefore, the name for the symbol, theta, has been used instead of the ac-
tual symbol. Since the name of the symbol is used, this practice is considered to be equivalent to 
using the actual symbol.  

As the model is very short and consists of only one class, it is easy to use similar variable 
names for similar equations throughout the model. Very few of the variables are used more than 
once. 

Expandability  
The Total Nitrogen model is very compact and simple in its structure, and many simplifications of 
the processes in a wetland are made. This makes it difficult to add any chemical processes to the 
model. So far, there are only two equations describing the nitrogen removal rate in the model, and 
they cannot both be calculated in the same simulation. The entire retention is calculated in one 
step. Possible adjustments to the model could be to change the equation by which the temperature 
affects the model, or to add more dependencies to the model, as for example pH. However, this 
changes the entire model more than it adds to the models functionality. If a chemical process was 
to be added to the model, the model would have to be changed completely and would become an 
entirely different model. The same applies when adding processes other than chemical, for in-
stance movement of water or chemicals within the wetland or consideration of infiltration and 
precipitation. The changes made would require an analysis of what the effect on the already exist-
ing equations would be, which would be both difficult and time-consuming. 

Generality  
The model can be used as a part of or in related systems. It is possible to use several of the models 
after each other, so that a number of wetlands placed in row are simulated. If models for streams 
were added, an entire river system could be simulated. As the model assumes that the wetland is a 
completely mixed batch reactor it can be used in all occasions where nitrogen retention is pre-
dicted in a mixed batch reactor. This makes it possible to use the model in related systems. 

It is considerably more difficult to use the model in unrelated systems, even if the definition of 
unrelated systems is limited to other chemical and biological systems, or even other water sys-
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tems. The model simulates the total nitrogen retention in a wetland seen as a mixed batch reactor, 
and cannot be used for other purposes. It could be used as a wetland in an ecosystem where the 
only interesting input would be the water flow and input concentration. This, however, can hardly 
be considered an unrelated system.  

Instrumentation 
If any of the variables are not within normal range, error messages are shown. This includes the 
case of the concentration being below zero. Otherwise, the simulation only produces the usual er-
ror messages of Modelica, which are useful to someone familiar with Modelica. These messages, 
however, are not inherent to the model.  

Model conditions 
The model equations are the same as that of the original model. No simplifications have been 
made. The model has one consideration for when the model equations may be invalid. If the wet-
land has low residence time, resuspension may be expected. In this case, the model is supple-
mented with another equation that is used instead of the usual equation in the simulation of total 
nitrogen retention.  

Modularity  
As already discussed for Generality, it is possible to use several of the models after each other, so 
that a number of wetlands placed in row are simulated. This could then be used in a river or other 
water system. However, it is not possible to use parts of the model, as the model is very simple 
and calculates nitrogen retention in a simple step. The possibility of code reuse is also limited. As 
discussed for Expandability, adding new processes would result in changing the entire model 
which would require major changes to the equations, not reuse. It is likely that much of the code 
would have to be rewritten.   

Operability 
As the model is very simple, there is only one place to change a variable in the model, an so it 
does only have to be changed in one place. For the same reason, as the model only consists of one 
part, it is impossible to confuse it with another. This also helps in finding relevant values for all 
variables and constants. There are few variables involved, and all of them are already exemplified 
in the model. As the model was developed and is commonly used in Sweden, many of the exam-
ple values are relevant for Swedish conditions, but example values from other countries can also 
be obtained. 

Simplicity  
The variable names are variables commonly used in ecological engineering of water systems and 
are easily recognized for someone familiar with calculations in water systems. For users not fa-
miliar with ecological engineering the variables have useful comments explaining their function-
ality. However, it is difficult to understand the model without knowledge of ecological engineer-
ing. A user skilled in mathematics may understand the equations as such, but to understand the 
meaning of the equations and model, ecological knowledge is necessary. Some programming skill 
is also necessary. As the model and the code used to create the model is very simple, the user may 
not be required to know Modelica to understand the model. However, some programming skill is 
necessary. 

Systematics 
As there is only one step in the model, and this is implemented with the equations used in Ar-
heimer and Wittgren’s (2002) paper, the model is considered to be consequently implemented. In 
the same way, as the model consists of only one part, there can be no other relationship than those 
of the equations, and these relationships are simulated as in the Arheimer and Wittgren paper.  

There is very little possibility for contradictions in the equations of the model, as the nitrogen 
is simulated in only one step. The only contradiction possible is that there are exchangeable equa-
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tions depending on whether there is resuspension or not. As these equations cannot be used at the 
same time, there are no contradictions in the model.  

Traceability 
The main functionality of the model is to predict total nitrogen decrease in a wetland. This is per-
formed by a number of simple equations. These equations do not take different kinds of nitrogen 
into consideration, or the separate processes in the wetland – as nitrification and denitrification.  

It is possible to change parameters in the model and to plot chosen parameters. This is more a 
function of the Modelica modeling environment than of the model.  However, no limitations to 
the changing or plotting of parameters have been applied to the models. 

A feature that is more a requirement than a function of the Modelica modeling environment is 
the possibility of describing changes in concentration as derivates with respect to a factor. In the 
Total Nitrogen model, this is accomplished by describing the change of concentration over time.  

Validity 
All variables used are relevant for the application. It would be impossible to remove any of the 
variables and achieve the same or even similar functionality. The reason for this is that the model 
is very simple.  

The processes, equations and relationships of the model are all from Arheimer & Wittgren’s 
(2002) paper. In this paper, the models have been calibrated, compared and validated with a num-
ber of actual values and wetland concentration. The model has been further used and tested in 
several papers and books, for example in Kallner Bastviken (2002) and Gustafsson (2002). The 
equations used in the model can also be traced to commonly accepted equations used for rates of 
removal, temperature dependences etc, described in for instance Kadlec & Knight (1996).  

To ensure that the model produces correct mathematical results, the model has been run with 
example values that were also calculated in Microsoft Excel. The results from the simulations 
were the same as the pre-calculated values. The example values used are the same as the values 
used as example values in the model in Section 8.1. 

10.2 The Nitrification/Denitrification Model 

The Nitrification/Denitrification model is described in Section 5.3 and 7.4. 

Completeness  
Different concentrations can be predicted in seven different parts of the wetland; the water body 
and six layers of sediment. For each of these layers, the concentration is predicted separately, ac-
cording to the environment and conditions of the layer. Flows between the layers are taken into 
consideration. These flows depend on the flow into the wetland and the concentrations in the lay-
ers above and below the layer in question. Temperature is also taken into consideration in each of 
the layers. Precipitation and infiltration is taken into consideration in the calculations of water in-
flow to the wetland.  

Consistency  
Many of the names and symbols used for variables are the same as in the original model by 
Kadlec & Knight (1996) and as in Martin & Reddy (1997). However, some variables have been 
changed as the names in the original models could be confused with each other and were not very 
descriptive. The variables have been changed to further understanding of the program.  

For all parts of the model, i.e. all layers of the model (see Figure 10), similar names have been 
used in similar equations. In several cases, as the layers inherit from another class, these names 
are the same, only the values differ. Similar names are also used in equations that use the same 
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structure and calculate similar values, as for instance the flows of different nitrogen compounds 
(flowON, flowAN, flowNN).  

Expandability  
The Nitrification/Denitrification model consists of several layers that each have several depend-
encies. A number of reactions and dependencies are the same for all layers. These reactions have 
been set in a separate super class. This makes it easy to add new chemical processes, either to all 
layers, or to a specific layer. If the process uses similar values and dependencies as the nitrogen 
model, for instance phosphorous or BOD, they can be added to the components handling proc-
esses without much difficulty.  

Processes other than chemical can also be added to the model. So far, the atmospheric deposi-
tion, the nitrogen leakage from ground water, sedimentation in the wetland etc, have not been 
simulated. The model is created to make further development of such features, and therefore, it 
would be relatively easy to implement them. More inflows, removal of sediment and other 
changes can also easily be incorporated into the model. However, if any major changes to the flow 
in the wetland were made, as for instance changing the horizontal flow or taking the complex path 
of the flow depending on vegetation into consideration, it would be considerably more difficult to 
change the model. This is because the model simplifies the flows in the wetland, and treats the 
water body and the separate layers as separate units in which the concentration is the same. More 
layers, for instance several water layers, can easily be added, but it would be difficult to add ex-
pressions of complex flows. However, to add a realistic flow, a considerable number of equations 
controlling the flow would have to be added, so the expandability problem would probably be a 
minor one compared to the problem in producing equations simulating a realistic flow. 

Generality  
The model can be used as part of or in related systems. It can be used to simulate wetlands in a 
river system, much as the Total Nitrogen model. It can also be used in any nitrogen system in 
which the water basin can be divided into different layers with flows between them, or where 
there is only one layer – it is possible to use fewer layers than those the model was constructed 
for.  

It is considerably more difficult to use the model in unrelated systems, even if the definition of 
unrelated systems is limited to other chemical and biological systems, or even other water sys-
tems. The model simulates nitrogen in a wetland or a lake, and in its present state it is difficult to 
use it for any other purposes. It could be used as a wetland in an ecosystem, but as already stated, 
this can hardly be considered an unrelated system. Parts of the model may be used for other sys-
tems, but this has more to do with modularity than with generality. 

Instrumentation 
If any of the variables are not within normal range, error messages are shown. This includes cases 
when the concentration is below zero. Otherwise, the simulation only produces the usual error 
messages of Modelica, which are useful to someone familiar with Modelica. These messages are 
not inherent to the model.  

Model conditions 
The model equations are essentially the same as those of the original models in Kadlec & Knight 
(1996) and in Martin & Reddy (1997). No simplifications have been made. However, Kadlec & 
Knight (1996) lists many equations and ways to predict flows and concentrations in a wetland, 
and not all have been used. This can be seen as a simplification. Also, as the way to implement the 
Kadlec & Knight (1996) model is influenced by Martin & Reddy (1997), it is difficult to deter-
mine if any simplification has been made. For the purpose of this evaluation, however, it is not 
interesting to examine all the equations possible, but only the ones used and described in Section 
5.3. With this prerequisite, the model equations used have not been simplified.   
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Except for the case when variables are not within normal range, there are no considerations 
taken for situation when the model may be invalid. pH level, for instance, is assumed to be within 
a range where it does not limit the processes in the wetland.  

Modularity  
As already discussed for the criteria Generality, it is possible to use several of the models after 
each other, so that a number of wetlands placed in row are simulated. As for the Total Nitrogen 
model, this could then be used in a river or other water system. It is also possible to use parts of 
the system and incorporate them in other systems, for instance a system predicting phosphorus or 
one with a more complex flow. The only problem with the layer components is that the connec-
tions would have to be the same. Some of the super classes can also be used in other systems. The 
class/component WetlandGeneral, for instance, only states the parameters interesting for a 
physical wetland (area, volume, inflow to wetland etc), and could be used for any prediction in 
which wetland parameters would be interesting. 

 Several parts of the code can be reused when adding new processes, with the assumption that 
the processes are similar to the ones already present. Equations for flows and reactions can be re-
used, with the only changes being in one or two variable names used.  

Operability 
The same variable only has to be changed in one place in the model. A specific value can be set 
for each of the layers, as well as a default value for all layers. For parameters shared by all layers, 
for instance area, the value only needs to be set for the whole wetland in one place.  

  It is possible to link the different parts and components of the wetland in an incorrect order. 
The names should be intuitive enough for this not to happen, but it is still possible to connect the 
Air component with SedimentAerob without a WaterBody component in between. 

Values for the variables involved are easily found in literature. In Kadlec & Knight (1996) and 
Martin & Reddy (1997), there are some example values and others can be found in similar litera-
ture. Unfortunately, not all these variables can easily be found for Swedish conditions, especially 
if the entire model has to be taken into consideration. Otherwise, it is relatively easy to obtain ex-
ample values.  

Simplicity  
The variable names are variables commonly used in ecological engineering of water systems or 
variables with intuitive names (like flux). The variables also have useful comments explaining 
their functionality. However, it is difficult to understand the model without knowledge of ecologi-
cal engineering. A user skilled in mathematics may understand the equations as such, but to un-
derstand the meaning of the equations and model, ecological knowledge is necessary. Program-
ming skill is also necessary, preferably in Modelica, as several Modelica specific features are 
used.  

Systematics 
Each layer in the model is consequently implemented. They all have the same input and output, 
and use the same processes. The Air and Ground components have been added to promote fur-
ther development and to make the layer components as similar as possible. The total concentration 
decrease is then calculated as the sum of the decrease in all components. Inheritance is used for 
equations that are similar in all layers. A specific wetland component gives example values for the 
wetland and another connects all the components of the wetland. Instances of the same connector 
are used to link the layers in the model. In this evaluation, this approach is considered to be a con-
sequent implementation and the model is considered to have logical relationships between all 
parts of the model.  

No equation components of the model have been found to contradict each other. Each layer 
uses a set of equations separately and calculates the flow and concentration separately. The rest of 
the equations in the model only have one instance. Contradiction could occur if the model compo-
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nents are not connected properly, but this possibility does not have anything to do with the sys-
tematics of the model.   

Traceability 
Total nitrogen decrease in the wetland is predicted in the model, as are the decreases in ammo-
nium and nitrate nitrogen. All processes are separately predicted in each layer, and constants and 
variables that influence the concentrations or processes can be changed for each layer.  

As with the Total Nitrogen model, it is possible to change parameters in the model and to plot 
chosen parameters. This is more a function of the Modelica modeling environment than of the 
model. However, no limitations to the changing or plotting of parameters have been put into the 
models. It is also possible to describe changes in concentration as derivates with respect to a fac-
tor. In the Nitrification/Denitrification model, this is accomplished by describing the change of 
concentration over the fractional distance through the wetland. For example, a fractional distance 
of 0.5 means that 50% of the wetland has been passed. 

Validity 
All variables used are considered relevant for the application. For some of the variables, only ap-
proximated values have been used, but they are still all interesting for the functionality. It is also 
possible to remove a few variables, for instance the variable for precipitation, but this would de-
crease the realism of the model. Finally, background concentration variables, i.e. variables that 
describe the amount of nitrogen that is never transformed in a process, have been used for all lay-
ers and processes. Often these values can be set to 0, and often, they are not important to the equa-
tion. However, this presumption cannot always be made in every layer. Therefore, variables for 
background concentration must be present in every layer.  

The processes, equations and relationships of the model are all from Kadlec & Knight (1996) 
and the Martin & Reddy (1997) papers. In these papers, the equations and relationships of the 
models relationships have been calibrated, compared and validated with actual values and wetland 
concentrations.  

To ensure that the model produces correct mathematical results, the model has been run with 
example values that were also calculated in Microsoft Excel. The results from the simulations 
were the same as those pre-calculated. The example values used are the same as the values used as 
example values in the model in Section 8.2. 

10.3 Summary of Evaluated Features 

In the table in Appendix A.2, the presence of each feature described in Section 6.1.5 is listed for 
each model, sorted below each criterion.  
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11 Comparative Analysis of Ecological Modeling 
Tools and the MathModelica Model Editor 

11.1 Quality Scores 

Quality scores have been calculated using McCall’s method (Section 6.2). Note that it is the qual-
ity values in relation to each other that are important to study, not the exact quality values of each 
tool. In Table 6, the number of elements present and their relative frequencies in the criteria are 
listed.  

Table 6. The number of elements present for each of the criteria in the modeling tools and their relative fre-
quencies. 

 PowerSim Simile Stella WEST Model 
Editor 

Completeness (10) 3 (0.3) 4 (0.4) 5 (0.5) 7 (0.7) 8 (0.8) 
Consistency(2) 2 (1.0) 2 (1.0) 2 (1.0) 2 (1.0) 2 (1.0) 
Data and communica-
tion commonality(2) 1 (0.5) 1 (0.5) 0 (0.0) 2 (1.0) 1 (0.5) 

Expandability(2) 0 (0.0) 0 (0.0) 1 (0.5) 2 (1.0) 2 (1.0) 
Generality(2) 2 (1.0) 1 (0.5) 2 (1.0) 1 (0.5) 1 (0.5) 
Instrumentation(2) 2 (1.0) 1 (0.5) 2 (1.0) 0 (0.0) 0 (0.0) 
Modularity(3) 2 (2/3) 2 (2/3) 1 (1/3) 3 (1.0) 3 (1.0) 
Operability(3) 2 (2/3) 2 (2/3) 2 (2/3) 2 (2/3) 2 (2/3) 
Simplicity(2) 1 (0.5) 2 (1.0) 2 (1.0) 1 (0.5) 1 (0.5) 
Training(2) 1 (0.5) 1 (0.5) 1 (0.5) 2 (1.0) 0 (0.0) 

In Table 7, the relative frequencies of the criteria are used to calculate the quality of each fac-
tor. The factors are then used to calculate the total quality of the modeling tool. It seems that 
WEST has the highest quality when no weighted value is used, followed by Model Editor, Simile, 
Stella and PowerSim. When a weighted value is used, the difference between the tools increases. 
Model Editor and WEST get a higher total quality, while Simile and particularly PowerSim get a 
lower total quality. This results in Stella and Simile changing position. These changes are proba-
bly due to the differences in the Completeness factor between the modeling tools.  

In Table 8, the total numbers of elements present for each modeling tool are listed. From these 
elements, a value for total quality has been calculated. The result seems to be more or less consis-
tent with the result from Table 7 when a weighted value is used. WEST seems to have the highest 
total quality in this calculation too, followed by Modelica Editor and Stella. The difference is that 
PowerSim and Simile have equal quality in this analysis, instead of very similar, as in the previ-
ous analysis. The total quality is lower in all cases except the total quality of Model Editor com-
pared with the total quality when a weighted value is used. 
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Table 7. The relative frequencies of the criteria in the modeling tools and the calculated value for total qual-
ity. The values are listed with three decimals. 

 PowerSim Simile Stella WEST  Model 
Editor 

Correctness(4*Completeness, 
Consistency) 0.440 0.520 0.600 0.760 0.840 

Flexibility(Simplicity, Expand-
ability, Generality, Modular-
ity) 

0.542 0.542 0.708 0.750 0.750 

Interoperability(Modularity, 
Data and communication com-
monality) 

0.583 0.583 0.167 1.000 0.750 

Maintainability(Simplicity, 
Instrumentation, Modularity) 0.722 0.722 0.778 0.500 0.500 

Reusability(Simplicity, Gener-
ality, Modularity) 0.722 0.722 0.778 0.667 0.667 

Usability(Operability, Train-
ing) 0.583 0.583 0.583 0.833 0.333 

Total quality (Correct-
ness*10/3) 0.554 0.586 0.602 0.754 0.696 

Total quality 0.599 0.612 0.602 0.752 0.640 

Table 8. The total number of elements present for each modeling tool and the calculated value for total qual-
ity. The values are listed with three decimals. 

 PowerSim Simile Stella WEST Model 
Editor 

All elements (30) 16 16 18 22 20 
Total quality 0.533 0.533 0.6 0.733 0.667 

11.2 Correlation Analysis 

The correlation analysis is made by calculating the correlation coefficient for the two models. As 
shown in Table 9, there is a relatively high correlation between PowerSim, Simile and Stella, and 
between WEST and Model Editor. In all other cases the correlation is low or very low. There is 
some indication of a significant difference, i.e. negative correlation, between WEST and Stella. 

Table 9. Result of correlation analysis between the different modeling tools. The values are listed with three 
decimals. 

 PowerSim Simile Stella WEST 
Simile 0.732 - - - 
Stella 0.600 0.600 - - 
WEST 0.040 0.073 -0.339 - 
Model Editor 0.047 0.047 -0.144 0.693 

The correlation between the modeling tools are listed in Table 10, with the highest correlation 
coefficient first. PowerSim and Simile have the highest correlation, followed by Model Editor and 
WEST, Simile and Stella, and PowerSim and Stella. The results indicate that Model Editor and 
WEST have many similarities, as have PowerSim, Simile and Stella.  
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Table 10. Correlation factors for the modeling tools, listed 
with the highest correlation first. 

Pair of modeling tools Correlation  
coefficient 

PowerSim - Simile 0.732 
Model Editor -WEST 0.693 
Simile - Stella 0.600 
PowerSim - Stella 0.600 
Simile - WEST 0.073 
Model Editor – PowerSim 
Model Editor - Simile 0.047 

PowerSim - WEST 0.040 
Model Editor - Stella -0.144 
Stella - WEST -0.339 

11.3 Differences and Similarities Using the Constant Comparative 
Method 

PowerSim has many features concerning uniformity and consistency, generality and error han-
dling (Table A.1). It also has several features that makes it easy to use and a possibility to save 
major parts of itself separately. It is easily overviewed and has a useful help file and built-in 
mathematical functions and has a moderate ability to import/export from different systems. All 
these features have a few things in common: to make it easier for a user who is not a very experi-
enced programmer or modeler and who wishes to use the tool for many different tasks that does 
not require basic changes in the tools used. These similarities are further confirmed by the nega-
tives of the evaluation. The more complex functional elements in the Completeness category are 
absent while the most basic ones or ones that simplifies the use of the tool are present. Further, the 
possibility to define new components and the possibility to save specific components for later use 
do not exist. This signifies a simple, general tool. The only thing contradicts this conclusion is that 
the tool has so many features increasing its generality that it is impossible to use without looking 
in the help file or the manual. 

Simile has many features of simplicity, uniformity and consistency. It has some error handling, 
some generality and some possibility of import and export. It has the same easy use and possibil-
ity to save major parts as PowerSim, and the same low possibilities to create and define new com-
ponents. A little more functionality is added in the possibility to change and write new equations 
in components. It cannot be used in unrelated system, to differentiate it further from PowerSim. 
These features have in common to make it easier for a user who is not a very experienced pro-
grammer or modeler and who wishes to use the tool for a specific purpose that does not requires 
basic changes in the tools used. The only thing contradicting this conclusion is that the tool does 
not automatically show modeling errors.  

Stella has many features of uniformity, generality and error handling. It is also very easy to use 
and understand. It has a little more variation, as several types of components exist, and as several 
more features from the Completeness criterion exist, but on the other hand, it does not use any 
submodels (unlike PowerSim and Simile). Like the others, the users cannot create and define their 
own components. Despite the fact that there are several types of components, this still signifies a 
simple, general tool that makes it easier for a user who is not a very experienced programmer or 
modeler and who wishes to use the tool for specific tasks that do not requires basic changes in the 
tools used.  
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WEST has many functionality features, a uniform and consistent look, high possibilities of ex-
port/import, possibilities to define and create components, and possibilities to save both models 
and separate components of models.  It is still easy to use and has helpful help functions, even if it 
is not possible to learn without looking in the manual, and can be used in related systems. How-
ever, the error handling is not very good, it cannot be used in unrelated systems, and programming 
skill is necessary to create new components. This all signifies a tool with a specific area of appli-
cation that can be used either by an experienced programmer or modeler or by a non-experienced 
end user. Only an experienced programmer can deal with errors in the tool and create new com-
ponents.  

Model Editor is similar to WEST in that it has many functions. The ones missing are those that 
make it easier for the user. In this evaluation it differs from WEST only in that it cannot ex-
port/import to/from unrelated systems and in the absence of help functions. This favors users that 
are experienced programmers who wish to create their own components and models on a more 
basic level.  

All the tools are fairly easy to use and overview. However, WEST and Model Editor have 
more functionality, allow for more complex modeling and the creation and reuse of separate com-
ponents. Two categories can be found: a category for programmers, and one for non-
programmers. PowerSim, Simile and Stella are in the first category, while WEST and Model Edi-
tor are in the other. Note that WEST can be placed in both categories, depending on who the user 
is. This makes the categories flawed. Another approach must be taken. The major difference be-
tween these categories is in the possibility to create and reuse separate components and all the 
complexity in these components. To simplify the names of theses categories, one is called Com-
plex Components and the other Simple Components.   

The theory that results from this is the same as the conclusion above: that the major difference 
between these categories is in the possibility to create and reuse separate components and the 
complexity in these components. Another theory is that the similarities between the categories are 
that they are all consistent, and easy to overview and use, if no new components are to be created.  

11.4 Noted Differences and Similarities 

WEST and Model Editor have much in common. Only four features of the 30 listed in Table A.1 
differ. Interesting is that both the features in the Training criteria differ. A major difference be-
tween the two modeling tools are the help files and manuals – i.e. the help the tool provides the 
user to learn the functionality of the tool. These are virtually non-existent in Model Editor.  

The system dynamics modeling tools also have much in common, especially PowerSim and 
Simile. The differences are more spread, however, so no overall conclusions can be drawn. More 
interesting is to note the differences between the systems dynamics group and the group consist-
ing of WEST and Model Editor. To begin with, many of the Completeness features seem to be 
different. The flexibility of WEST and Model Editor allowing for modification of existing com-
ponents is higher than for the system dynamics tools. The Expandability criteria should also be 
noted, as this criterion is higher in WEST and Model Editor. This is also connected to the compo-
nents, as both of the features concern the flexibility of the components and the creation of compo-
nents. Another difference between the groups is in the Instrumentation criteria, where neither 
WEST nor Model Editor has any useful automatic error handling, while the system dynamics sys-
tems are useful in this aspect. 

Two interesting similarities should be noted. The values of the features for the Operability and 
the Consistency criteria are identical. There seem to be little difference in the quality of the Con-
sistency and Operability of the tools. 
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12 Comparative Analysis of Simulated Models 

12.1 Quality Scores 

Quality scores have been calculated using McCall’s method. Note that it is the quality values in 
relation to each other that are important to study, not the exact quality values of each model. In 
Table 11, the numbers of elements present and their relative frequencies in the criteria are listed.  

Table 11. The number of elements present for each of the criteria in the 
models and their relative frequencies. 

 Total  
Nitrogen  

model 

Nitrification/ 
Denitrification 

model 
Completeness (3) 1 (1/3) 3 (1.0) 
Consistency(2) 2 (1.0) 1 (0.5) 
Expandability(2) 0 (0.0) 2 (1.0) 
Generality(2) 1 (0.5) 1 (0.5) 
Instrumentation(2) 1 (0.5) 1 (0.5) 
Model conditions(2) 2 (1.0) 1 (0.5) 
Modularity(3) 1 (1/3) 3 (1.0) 
Operability(3) 3 (1.0) 2 (2/3) 
Simplicity(2) 1 (0.5) 1 (0.5) 
Systematics(3) 3 (1.0) 3 (1.0) 
Traceability(5) 4 (0.8) 5 (1.0) 
Validity(3) 3 (1.0) 3 (1.0) 

In Table 12, the relative frequencies of the criteria are used to calculate the quality of each fac-
tor. The factors are then used to calculate a value of the total quality of the model. It seems the 
Nitrification/Denitrification model has a somewhat higher total quality.  Furthermore, it seems to 
make little difference if a weighted Correctness value is used. The difference between the models 
and the total quality increases a little when a weighted value is used. 

In Table 13, the total number of elements present for each model is listed. From these ele-
ments, a value for total quality has been calculated. The result seems to be consistent with the re-
sult from Table 12, except that the total model quality of both models is higher.  
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Table 12. The relative frequencies of the criteria in the models and the calculated value for total quality. The 
values are listed with three decimals. 

 Total  
Nitrogen 

model 

Nitrification/ 
Denitrification 

model 
Correctness (Completeness, Consistency, Model 
conditions, 2*Traceability) 0.787 0.800 

Flexibility (Expandability, Generality, Model condi-
tions, Modularity, Simplicity) 0.467 0.700 

Maintainability (Instrumentation, Modularity, Sim-
plicity, Validity) 0.533 0.750 

Reusability (Generality, Modularity, Simplicity, 
Systematics) 0.583 0.750 

Usability (Operability, Systematics) 1.000 0.833 
Total quality (Correctness*2.4) 0.699 0.774 
Total quality 0.674 0.767 

Table 13. The total number of elements present for each model and the 
calculated value for total quality. The values are listed with three decimals. 

 Total  
Nitrogen 

model 

Nitrification/ 
Denitrification 

model 
All elements (32) 22 26 
Total quality 0.688 0.813 

12.2 

12.3 

Correlation Analysis 

The correlation between the Total Nitrogen model and the Nitrification/Denitrification model is 
0,194. This is not a high positive correlation. However, neither is there a significant major differ-
ence between the two. There seems to be little correlation at all. This probably means that the 
models have some similarities and some differences. 

Differences and Similarities Using the Constant Comparative 
Method 

The Total Nitrogen model uses similar or the same variables, symbols and names as in the origi-
nal, is consistent, logical and consequent and has a high level of validity. It also has the same sim-
plification level as the equations as in the original model and takes consideration for when the 
models are invalid. It is possible to use the entire model in related systems. It also fulfills most of 
the functionality requirements from the Traceability criteria. However, a few more complicated 
functions are not present, and it is difficult to add new processes or reuse separate parts of the 
model. This signifies a simple, specialized, consequent and valid model that is easy to use but 
does not have many possibilities for expansion or reuse. The only thing contradicting this conclu-
sion is that the model is no fully possible to understand without ecological knowledge and pro-
gramming skill.  

The Nitrification/Denitrification model has many functions (found in the Completeness and 
Traceability criteria), can reuse parts separately and easily be added processes to. Just like the To-
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tal Nitrogen model, it is consequent, logical and valid. However, it has less consistency as it does 
not always use the same symbols for variables, consideration for when the equations may be inva-
lid is not taken, and it is possible to confuse one part of the model with another. Otherwise, just 
like the Total Nitrogen model, it is possible to use the model in related but not unrelated systems, 
there are not many useful error messages when debugging except warnings when variables are not 
normal, and it is not possible to fully understand the model without programming or ecological 
knowledge. This signifies a fairly complex specialized model with many functions that is a conse-
quent and valid, easy to use, and has many possibilities for expansion or reuse. 

The major differences between the two models seem to consist in the number of functions and 
in the possibility of reuse and expansion. The Nitrification/Denitrification model is also more 
complicated to learn in that not all variables are the same as in the original, and that it is possible 
to confuse or connect one part of the model with another. Both are valid, consequent and can only 
be used in related systems, and none of them have any useful error messages except for abnormal 
variables. Two different categories emerge from this; a complex, reusable, expandable model, and 
a simple model with fewer possibilities of reuse and expandability. The only thing that contradicts 
this is that both models have complexity in that both cannot be understood without programming 
skill. However, as can be concluded from the description of the Simplicity and Operability criteria 
in Section 10.1 and 10.2, the Total Nitrogen model is still easier to understand than the Nitrifica-
tion/Denitrification model. To simplify the names of the categories they can be called Complex 
Models and Simple Models.  

The theory that results from this is the same as the conclusion above: that the major difference 
between these categories lies in the number of functions and in the possibility of reuse and expan-
sion. Another theory is that the similarities between the models are that they are all consequent, 
logical, valid, specialized, and easy to use if the user has programming skill.  

12.4 Noted Differences and Similarities 

There seem to be more criteria that are very similar than are very different between the two mod-
els. The Generality, the Instrumentation, the Simplicity, the Systematics and the Validity criteria 
all have the same answers. Many of these features are general features that have to do with error 
handling, if there is consequence in the model and how easily it is handled. The Operability fea-
ture also has a high similarity.  

There are differences between the models in the Completeness and Modularity criteria, al-
though the difference is not total. There is, however, total difference in the Expandability criteria. 
What these criteria have in common is that they favor a model separated into several independent 
parts with different equations kept separate in independent components as much as possible. This 
is difficult in a simple complex model as the Total Nitrogen model, which gives the Nitrifica-
tion/Denitrification model an advantage over the Total Nitrogen model. The Total Nitrogen model 
seems to have an advantage where Consistency and Model conditions are concerned, though, 
which probably also is a result of it being a small simple model.   
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13 Analysis Results 

13.1 Modeling Tools 

The results of the analysis of the modeling tool can be summarized as follows: 

•  WEST has the highest quality no matter how the quality value is calculated, followed by 
Model Editor and the system dynamics group. Minor differences occur in the order of the 
system dynamics group occur depending on which calculating method is used. These 
changes seem to have to do with changes in the Completeness feature. 

•  All results indicate that the tools can be divided into two groups, one group consisting of 
West and Model Editor, and the other of PowerSim, Simile and Stella, i.e. the system dy-
namics tools. This conclusion can be drawn from the following facts: 

o There is a relatively high correlation between PowerSim, Simile and Stella, and 
between WEST and Model Editor. In all other cases the correlation is low or very 
low. The results indicate that Model Editor and WEST have many similarities, as 
have PowerSim, Simile and Stella. 

o According to the constant comparative method, the tools can be placed in two 
categories, one called Simple Components and one called Complex Components. 
The major difference between these categories is in the possibility to create and 
reuse separate components and all the complexity in these components. The tools 
in the Simple Components category often have a high uniformity, simplicity, gen-
erality and error handling. The users of these tools cannot create and define their 
own components. The Complex Components have a high completeness, expand-
ability and modularity. They have more functionality, allow for more complex 
modeling and the creation and reuse of separate components. These results are 
consistent to the noted differences and similarities in Section 11.4. 

o Only four features of the 30 listed in Table A.1 differ between WEST and Model 
Editor.  

•  The similarities between the tools in the Simple and Complex Components categories are 
that they are all consistent, and easy to overview and use, if no new components are to be 
created. The values of the features for the Operability and the Consistency criteria are 
identical. There seem to be little difference in the quality of the Consistency and Operabil-
ity of the tools. 

•  The major difference between WEST and Model Editor is that WEST has useful help files 
and manuals, while Model Editor has none. The differences within the system dynamics 
tools are more spread, so no overall conclusions can be drawn.  
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13.2 Models 

The results of the analysis of the models can be summarized as follows: 

•  The Nitrification/Denitrification model has a somewhat higher total quality no matter 
how the quality value is calculated. The difference between the models and the total 
quality increases a little when a weighted value is used. 

•  There is neither a significant positive nor a negative correlation between the two mod-
els. There seems to be little correlation at all. 

•  According to the constant comparative method, the models can be divided into two 
categories, Simple Models and Complex Models. The Complex Models category con-
sists of complex, reusable, expandable models, while the Simple Models category has 
models with fewer possibilities of reuse and expandability. The major differences be-
tween the two models seem to consist in the number of functions and in the possibility 
of reuse and expansion. These results are consistent to the noted differences and simi-
larities in Section 12.4. 

•  The similarities between the models in the Simple and Complex Models categories are 
that they are both valid, consequent, logical, specialized, can only be used in related 
systems, and do not have any useful error messages except for abnormal variables. 
They are also both easy to use if the user has programming skill. 

•  The models have similarities in that they have several criteria that have the exact same 
answers. These criteria include Generality, Instrumentation, Simplicity, Systematics, 
and Validity. Many of these features are general features that have to do with error 
handling, if there is consequence in the model and how easily it is handled. 
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14 Discussion 

14.1 Modeling Tools 

14.1.1 Quality Analysis 

A conclusion that can be drawn from the analysis is that none of the tools are perfect. WEST has 
the highest quality, and PowerSim has the lowest. The range is between 0.554 and 0.754. The 
highest number of elements present is 22, and the lowest 16. This means that not one of the mod-
eling tools has even ¾ of the elements. This is not a very good result. However, as the number of 
elements involved is not many, and the evaluation and choosing of elements in many cases is sub-
jective, not too much weight should be put on the exact quality value. It is the differences between 
the evaluated tools that are interesting to observe. Also, it is important to remember is that not all 
McCall’s factors or criteria are used in this analysis and that the criteria influences on factors may 
be assigned differently. This affects both the total quality value and the values for the separate 
factors. 

It is more interesting to compare the different modeling tools with each other. In this, one can 
see that the quality does not differ much between the three tools in the system dynamics group, 
especially if Correctness is considered of equal importance to the other factors. This is probably 
due to the fact that they use the same principle. WEST and Model Editor have a higher quality 
rating, which is much due to their higher Completeness, Expandability and Modularity. As these 
tools are based upon programming languages, this is not surprising. Note that the result could be 
influenced by the fact that the features evaluated have been chosen with the Nitrifica-
tion/Denitrification wetland model of this thesis in mind (Section 6.1.2), a model that has been 
created for implementation in the MathModelica Model Editor. As the Model Editor and WEST 
use the same principles, these two should get a higher quality rating. It is interesting that WEST 
gets an overall higher rating than Model Editor. This is probably due to the fact that Model Editor 
should be used with the notebook environment, while WEST is meant to be a stand-alone envi-
ronment.  

Several of McCall’s factors have not been evaluated. The consequence of this may be that im-
portant aspects of the modeling tools are overlooked. The reason Reliability, Efficiency and Test-
ability are not evaluated is connected to the size of the models. The models do not constitute ma-
terial enough for a sufficient evaluation of the factors. If the models were to be expanded, the im-
portance of testing these factors would increase. Integrity is not evaluated since no security issues 
are addressed. In another model, this could be an important issue. This is also true for the Portabil-
ity factor, as it becomes increasingly important to be able to use programs and consequently the 
modeling tools on all platforms and in all computer environments. 

All factors discussed above are important in a general evaluation. However, it is important to 
remember that the evaluation in this thesis focuses on the possibilities of the modeling tools to 
create a relatively simple model suitable for simulating nitrogen loss in a wetland. If other factors 
were to be introduced into the evaluation that are not significant for this creation, the result could 
show preference for the wrong modeling tool.  
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14.1.2 Differences and Similarities 

From Table A.2 and 9, it is easy to see that WEST and Model Editor have much in common. 
Many of the features are the same. As both environments are based upon defining separate com-
ponents more or less equal to classes in a programming language with a number of properties and 
equations, this is not surprising. The main difference lies in the help functions and connectivity to 
other environments, features not specific to the actual functionality of the modeling tool. In a 
similar way, PowerSim, Simile and Stella – i.e. the system dynamics group - have many features 
that are identical. As an overall conclusion, one can say that PowerSim, Simile and Stella are 
fairly simple tools, while WEST and the Model Editor are more complex. This is also not surpris-
ing, as the first three only have a few basic components to work with, while the programming 
possibilities of WEST and Model Editor makes it possible to create a number of properties for a 
component. Also, each component can be a complex model in itself, as each component is created 
as a separate model in the modeling language that defines the component.  

The main difference between Model Editor and WEST is in the help available and in ex-
port/import capabilities. WEST has very useful help functions and results can be exported to 
many environments. Another important difference is that WEST was designed for water manage-
ment and therefore already has components that can be useful when modeling wetlands. However, 
the exact components used in the Nitrification/Denitrification wetland model of this thesis are not 
available, and would have to be created in a similar way to the Model Editor.  

The correlation analysis shows that the tools within the system dynamics group have many 
similarities. It also shows that WEST and Model Editor have many similarities. This is a logical 
result. Tools based upon the same principle should be similar to one another. Actually, it is inter-
esting that the correlation between PowerSim and Stella and Simile and Stella is not higher. Stella 
also has the highest negative scores, i.e. has a tendency to negative relationships with WEST and 
Model Editor. These correlations are not very high, but still demonstrate a difference. This may be 
due to that fact that Stella lacks/has a few features that the other system dynamics tools have/lack, 
for instance not much export/import ability and the existence of several types of each element. 
However, there is nothing specific to separate Stella from the other tools. The negative correlation 
between Stella and WEST is probably a result of the large difference between the two tool groups. 

The different analysis methods show more or less the same results. The Simple Component 
category has the same tools as the system dynamics group, and the Complex Component category 
consists of the tools dependant on a programming language. The correlation analysis confirms this 
separation of the two groups.  

14.1.3 Advantages and Disadvantages 

The advantage of both Model Editor and WEST lies in their high functionality, and in their ex-
pandability and modularity properties. The components can be programmed in almost any way the 
programmer wants, and are in many ways separate and complete in themselves. Potentially, they 
can be moved to and used in any environment and similar model. This is much as an object-
oriented language is supposed to function. Unfortunately this also results in a disadvantage – the 
user is limited to the existing programmed components, unless he or she is familiar with the pro-
gramming language in question. 

The disadvantages of Model Editor lie in its help and export/import capabilities. Further, it is 
difficult to construct or change components in Model Editor without using the notebook environ-
ment. In many ways, Model Editor is only an extension and graphical complement to the note-
book programming environment, and as such it is very useful. It is very easy to export models and 
code from and to the notebook environment, and once a model in a notebook is linked to Model 
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Editor, changes will affect both environments. As a stand-alone user environment, Model Editor is 
not sufficient.  

The disadvantage of WEST lies in the difficulty to create new components without program-
ming in MSL. Actually, WEST end users often only use full models and do not create new or 
make any major changes to the existing components. WEST is very useful when used in a water 
management environment. However, the difficulty to use it in any other environment makes it a 
very specialized tool. The absence of error messages further exemplifies this. In the user environ-
ment, it should not be possible for the user to make any modeling errors that would need error 
messages.  

The system dynamics group tools are in many ways easier to understand and use. They are 
built to be user-friendly for the specific purpose of creating models that can be described with the 
existing tools. The programming possibility of inheritance makes WEST and Model Editor flexi-
ble. The price of this complexity and flexibility is simplicity. If one is to use the full capability of 
WEST and Model Editor, it is necessary to learn a programming language and to read the manual. 
These modeling environments take a long time to learn and even longer to master. When model-
ing a simple system, Simile and Stella are enough, especially if the system is ecological. How-
ever, if the system gets too complex or consists of many different parts with different level of de-
tail, the environments of WEST or Model Editor are to be recommended. PowerSim is a very 
general tool, and can be used for a number of applications; however, its Completeness is low, 
which might be the price of that generality. Some of the possibilities of PowerSim are not shown 
in this evaluation, especially not all its features and different ways of showing and manipulating 
results and data depending on the interest of the user. If more elements had been added to the 
Generality criteria, PowerSim would probably still get a high value, while the values of the other 
tools would be comparatively lower.  

When discussing the complexity of Model Editor it is important to remember what kind of us-
ers the tool is intended for. For the purposes of using the Model Editor, users can be divided into 
three categories; simple, medium and advanced application users. Simple application users only 
run existing models and change the parameters of the existing models. Medium application users 
also configure existing components into models. Advanced application users, finally, write entire 
new components and component models. In the present state, the Model Editor can easily be used 
by the simple application users. Medium application users can also use the system without diffi-
culty, but they would have to learn how to use the Model Editor and how to connect the compo-
nents. To accomplish this, a tutorial and relevant error messages would be useful. An advanced 
application user can also use the Model Editor, but only as a complement to the notebook envi-
ronment, as new components (with Modelica code) cannot be created using only the Model Edi-
tor. This requirement is not surprising, as Model Editor was never intended to work alone without 
the notebook environment. In present state, advanced application users must consequently know 
the Modelica language to create new components.  

A number of modifications could be done to the Model Editor to make it as easy to use as the 
system dynamics group: 

•  First, as Model Editor uses Visio, there are a number of unnecessary Visio features pre-
sent that are not directly related to creating a Modelica model. These features could be 
removed to decrease the complexity and the possibilities of making errors. All kinds of 
users would benefit from this change. 

•  Second, a better tutorial could be created. In present state, there is no tutorial at all, except 
for the help offered in Visio. As this help only addresses solely Visio-related issues, it is 
not very useful when creating a Modelica model. This would be especially useful for me-
dium application users, as they use the Model Editor to create models from existing com-
ponents but do not necessarily use the notebook environment. However, all users would 
benefit from this change. 
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•  Third, simpler, more “general” components could be created that are not system specific. 
For example, a component could be used to accept any number of flows and then sum 
them together. Actually, there are a number of such simple components present in the 
Modelica libraries today, but they are often parts of a specific system (mostly electrical, 
mechanical or mathematical) with system specific names. A problem with this change is 
to determine which general components to create. Potentially, there are an infinite number 
of ways to construct and combine these components. Users that would benefit from this 
change are mainly medium and advanced application users, as simple application users are 
only interested in using existing models. 

•  Fourth, as it is difficult to create “general” components, additions could be made to the 
tool to make it possible for a user without any programming experience to create new rela-
tively simple components and add equations to them. A tutorial (or suchlike) could guide 
the user through the process of creating components and adding relationships and equa-
tions to them. The code would then be automatically generated from the user’s choices. If 
this was possible to integrate in the Model Editor, the user could not only make their own 
components, but Model Editor would also be much easier to use in unrelated system – i.e. 
“general” components could be created. However, the additions to Model Editor would be 
quite substantial, and it would possibly be easier to make a new tool than to modify the 
existing one. One also has to question the use of such changes. If the prime objective of 
Model Editor were to make it possible for the advanced application users to create new 
components without any programming skill, then these changes would be necessary, but 
for any other users, the changes would not have to be made. As it is probable that the ad-
vanced users also know how to program, these major changes are not to be recommended 
in the present situation.  

•  Fifth, a better error handling with more useful error messages could be added to the tool. 
All users would benefit from this change. 

To conclude the above discussion, it is possible to use any of the modeling tools above to 
simulate the Nitrification/Denitrification wetland model. Another way to interpret the results of 
the evaluation an analysis is that Model Editor can be used to model the wetland model as well as 
any of the modeling tools specifically used for modeling ecological systems. The tool WEST, 
which uses the same principle of programmed components as Model Editor, is the only tool that 
has a higher quality score. The difference in this score is mostly due to the absence of help func-
tions and manuals in Model Editor. If one is familiar with the tool, the actual modeling can be 
done as well in Model Editor as in WEST. However, it is not recommended for a beginner to use 
Model Editor, as programming skill is often necessary and as the help functions are more or less 
non-existent. For someone using Modelica and the Modelica notebook textual environment, it is a 
very useful graphical complement.  

14.2 Nitrogen Models     

14.2.1 Quality Analysis 

A conclusion that can be drawn from the analysis is that none of the models are perfect. The qual-
ity results are higher than for the modeling tools, but there are still some features missing. How-
ever, as for the modeling tools, it is more interesting to discuss the differences between the two 
models. The Nitrification/Denitrification model has the highest quality value. This is mostly due 
to the Completeness, Expandability and Modularity of the model. The model has more special 
features and can be reused and changed in a more complex way than the Total Nitrogen model. 
The results seem to be consistent no matter which method is used. The total quality gets higher 
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marks for both models with a weighted value or if all elements are used for total quality calcula-
tion. This can be explained by the fact that McCall’s method uses the same criteria for several fac-
tors. In this way, these criteria get a higher significance, and if these criteria have a low quality 
rating, the total quality will be lowered considerably. The difference in quality increases when all 
elements are valued equally, which suggests that the Nitrification/Denitrification model has more 
elements in criteria that are considered important for several factors. However, the difference is 
only the presence of four elements, which suggests that a higher number of elements should be 
used for conclusive results. In this thesis, as for the modeling tools, the number of elements is lim-
ited, and the level of quality should primarily be used in comparisons between the models. Also, it 
is important to remember is that not all McCall’s factors or criteria are used in this analysis and 
that the criteria influences on factors may be assigned differently. This affects both the total qual-
ity value and the values for the separate factors. However, the results show that there are quality 
issues for both models that should be taken into consideration when the models are used. 

As for the modeling tools, some of McCall’s factors have not been evaluated. The reasons for 
this and the resulting consequences are mostly the same as for the modeling tools. Also, Testabil-
ity and Interoperability have not been evaluated, since the accuracy of the models is not an issue 
in this thesis. It is the use of the models in the MathModelica environment that are important, not 
if the models correspond well to reality. Of course, if a user or developer were to create their own 
models, this would be a major issue. Many of the criteria and metrics measured would still be the 
same as in this thesis, for example the metrics for the Expandability and Traceability criteria, as 
the requirements for creating a new model and implementing an existing one are often same. 
However, when creating a new model, more issues concerning reliability and testability have to be 
addressed. Again, it is important to remember that the evaluation in this thesis focuses on the use 
of the models in the MathModelica environment.  

14.2.2 Differences and Similarities 

The correlation analysis shows little correlation between the models. The differences and similari-
ties add up. Several features are the same, as for instance the Validity and the Simplicity criteria, 
and several features differ, as Completeness, Expandability and Modularity criteria. The Flexibil-
ity of the Nitrification/Denitrification model is considerably higher. This is probably due to the 
fact that the two models have the same purpose, simulating nitrogen, but different approaches to 
the problem. In both models, nitrogen is correctly simulated in a way fulfilling the requirements 
of the model. The Total Nitrogen model, however, simulates all nitrogen in one step, while the 
Nitrification/Denitrification model simulates nitrogen in several steps depending on the type of 
nitrogen. The latter model also takes more factors into consideration. Another fact which influ-
ences the similarities between the two models is that they are both implemented and simulated in 
Modelica. This is particularly important for Instrumentation, Operability, Simplicity and Sys-
tematics. In the evaluation, elements have been chosen that do not specifically target the pro-
gramming language. However, the influence of the language can not be completely removed. 
Consider for example error messages, which are often dependent on the capabilities of the pro-
gramming language to handle errors. It is also important to remember that the exclusion of the 
programming language may lead to biased conclusions, especially as the creation of new compo-
nents and modifications of existing components are dependent on knowledge of the language. 

The similarities between the models in Simplicity, Systematics and Validity are not difficult to 
understand. The models are consequent, logical and valid. In a way, these features are more due to 
the actual model than of the implementation of them. The elements are more used as an assurance 
that the models retain the same level of quality as the original models.  

Otherwise, the difference seems to be in the complexity and the flexibility of the models. In 
this, the analyses seem to be fairly consistent. 
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14.2.3 Advantages and Disadvantages 

The advantage of the Total Nitrogen model is its simplicity. Not many factors have to be taken 
into consideration to use the model. It also has all the functionality and complexity it will proba-
bly ever need. It is not interesting to simulate the different nitrogen types as it is only the total ni-
trogen load that is considered important. As a model used in the larger HVB-N model that simu-
lates nitrogen load over large regions, the details of flows within the wetland are of minor impor-
tance. To simulate the different processes converting different kinds of nitrogen to other kinds of 
nitrogen in a specific wetland would not be very useful, as too many factors are already simplified 
in the model. In this scale, the hydrology of single wetlands is not important.  

To simulate the different nitrogen processes within a wetland, the Nitrification/Denitrification 
model should be used. This more complex model (see Section 12.3) can simulate nitrogen in sev-
eral layers, with several different constants and several different dependencies. The model can be 
manipulated and changed, and other processes can easily be added to it. All in all, the model of-
fers a more advanced way of simulating wetland retention. The downside of this is that to simu-
late the processes accurately, one needs to have access to all these constants, rates and relation-
ships, and know how they influence and depend on each other. In many cases this is not possible, 
and if accurate parameters can not be found, then the model is not of much use. Today, there are 
many such example values in for instance Kadlec & Knight (1996), Reddy & Patrick (1984) and 
Martin & Reddy (1997), but as calibration must be made for each wetland, only some of these 
values can be used.  

In constructed treatment wetlands, the hydrology and other parameters are often more easily 
obtained than for natural wetlands as these wetlands probably have detailed construction plans. 
An important use for this kind of simulation, as already mentioned in Section 4.1, is to simulate 
different conditions so that an optimal wetland for nitrogen reduction can be constructed. In this, 
the model is very useful.  

The Nitrification/Denitrification model may be too complex in its layering. However, this can 
easily be changed by ignoring the lower layers when building a model. Depending on which lay-
ers are ignored, minor changes to the model might have to be made, but mostly the only differ-
ence would be in the parameter values.   

To conclude, it is possible to use both methods for simulating total nitrogen decrease in wet-
lands. When to use the different models depends on the purpose of the simulation. If the purpose 
is to get an overall view of nitrogen reduction or if not many parameters of the wetland are 
known, the Total Nitrogen model should be used. If the purpose is to construct a treatment wet-
land that can be specifically designed to reduce nitrogen, the Nitrification/Denitrification model 
should be used. This seems to be a very obvious conclusion. However, the purpose of the simula-
tion is often forgotten when choosing between systems or tools, and too much functionality and 
complexity can be as problematic as too little.  

14.2.4 Further Development of the Models 

The Total Nitrogen model is a complete model. For its intended use, it is sufficient and has no 
need of further development. Dependencies might be added to the model, for instance to pH and 
oxygen, but these factors would probably be simulated with the same simple overall wetland 
equations as the equations now used. The reason why temperature is used is probably because it is 
such an important feature for nitrogen retention, especially in Sweden, where the temperature dif-
fers considerably over the year. In a climate where temperature is uniform throughout the year, 
this factor would probably be of less importance. This nicely illustrates the fact that one has to 
consider that the conditions for the model may be different in different environment, even if the 
same process is simulated (see Section 3.1). 
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The Nitrification/Denitrification model was developed for high expandability and can be fur-
ther developed in a number of ways, with a number of processes. The two most important ones 
are to add the sedimentation and plant growth processes to the model. Both these processes are 
potential permanent ways to remove nitrogen from the water system, provided that there is a per-
manent accumulation of sediment and that the plants are harvested (see Section 2.3). This makes 
them high priority processes to add to the wetland model. Harvest in itself is also an important 
factor in treatment wetlands. The conditions before and after harvest change considerably, which 
must be taken into consideration. Unless the wetland is kept with no vegetation at all, harvesting 
is an essential part of the wetland management and supervision. Even if an ideal wetland is a wet-
land that needs no supervision, and denitrification should be favored as a simple permanent way 
to remove nitrogen from the system, a combination of different removal ways often are the most 
effective (see Section 2.3). Also, ideal conditions for denitrification can be difficult to obtain.  

Another interesting way to expand the model is to add more complex flows and hydrology fea-
tures to the wetland. This could be interesting for simulations of how different flows and move-
ments within the wetland affect the nitrogen decrease and the conversion between different nitro-
gen compounds. However, this would require major changes in the model which would take much 
time and effort. It is possible that the model would have to be organized in an entirely different 
way.  

Additional useful features that can be added to the model are more complex processes involv-
ing the exchange of nitrogen to and from the atmosphere and the ground. Leakage to groundwater 
and surface flow are other factors that can be added. Another feature that is easily implemented is 
the possibility to divide a wetland into regions so that different regions can have different condi-
tions. This can be done by putting several of the existing models after each other and linking the 
outputs and input of each layer to each other. This would require only minor changes and would 
be easy to implement. However, to model a more complex flow between different parts of the 
wetland would require more changes and probably involve the creation of a few components, es-
pecially connectors.  

14.2.5 Modelica 

Modelica is an object-oriented, equation-based, functional programming language, developed for 
hierarchical physical and technical modeling (see Section 3.2). This makes it very useful for the 
creation of the models implemented in this thesis. Especially two features are of interest; that 
Modelica easily shows changes over time, and that it has high possibilities of modularity and re-
usability. The notions of completely separate components that can be connected in different ways 
are very useful when modeling, simulating and changing the Nitrification/Denitrification models. 
It is even more useful to see the changes over time (or wetland fraction, as for the Nitrifica-
tion/Denitrification model). The connection possibilities are also interesting, as this nicely illus-
trates both the actual flow and the information flow between different components, which is very 
useful when creating a complex wetland model. The obvious downside of using Modelica for wet-
land creation is that if only one model for wetland simulation is to be used, it is not effective to 
learn to use the entire language. Even if only a smaller subset of the language is needed to create 
the model, the task of learning the principles of a new programming language is too extensive, 
especially if the user is not an experienced programmer. Of course, a user can choose to use only 
an existing model, but this would be a problem if the user wanted to change the model compo-
nents in any way, or if an error occurred in the model. The error messages of Modelica and Model 
Editor are not very useful to someone who is not an experienced programmer.  
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14.3 Concluding Discussion 

In the beginning of this thesis, two questions were asked:  

1. What are the differences (advantages and disadvantages) between a selected Modelica 
modeling environment and other environments or tools for mathematical modeling of 
ecological systems? 

2. What are the differences (advantages and disadvantages) between the models imple-
mented in Modelica? Are there situations they are more suited for than others? 

In the above analysis and discussion, both these questions have been answered. The modeling 
tools and the models can both be separated into two categories: Simple Components and Complex 
Components for the modeling tools, and Simple Models and Complex Models for the models. The 
similarities between the types of these categories are apparent. These similarities are probably not 
coincidental. When modeling, there is often a choice between complexity and simplicity. A com-
plex model or tool may provide more possibilities to detail a simulation of a process or a system. 
However, the price of this complexity and flexibility is lack of simplicity. It may not be necessary 
or even possible to describe a system detailing many parameters, and a simpler model may often 
be enough. This consideration must always be taken in account when modeling. Most (if not all) 
models are simplifications of real life, and it is only the level of simplification that has to be de-
cided.  

To conclude this thesis, the nitrogen decrease in a constructed treatment wetland can well be 
simulated using the Nitrification/Denitrification model expressed in Modelica and the MathMode-
lica Model Editor. However, some changes to the Model editor are recommended to make the 
creation of the model easier. The most important of these changes are the addition of a tutorial, 
the addition of useful error handling and messages, and the removal of unnecessary Visio features. 
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Aerobic respiration The process by which an electron is transferred from an energy-rich 
atom to an oxygen atom, via an electron transport chain. 

Ammonification The microbial mineralization of organic nitrogen to ammonium. 

Anaerobic respiration  The process by which an electron is transferred from an energy-rich 
atom to an atom other than oxygen, via an electron transport chain. 

Assimilation   The conversion of nutrient into the fluid or solid substance of the 
body. 

Assimilative metabolism The reduction process by which an inorganic compound is reduced for 
use as a nutrient source. 

ATP Short for adenosine triphosphate. A high energy molecule made up of 
adenosine and three phosphate groups. ATP is used as a ready energy 
source in all living cells. 

Batch reactor Reactor in which several wafers can be processed at the same time; 
e.g. oxidation furnace. 

Biosynthesis  The process by which chemicals are taken up by the cell from the en-
vironment and are changed into cell constituents. 

Catabolism  The process by which a cell breaks down complex molecules to pro-
duce energy. 

Catalyst  A substance that accelerates the rate of a chemical reaction without 
itself being transformed or consumed by the reaction. 

Chemotrophic organisms Organisms that use chemical substances as their energy source. 

Continuous-time models  Models which evolve their variable values continuously over time. 

Denitrification  The process by which excess nitrate not used by plants is transformed 
into nitrogen by bacteria. Denitrification is an important step in the ni-
trogen cycle. 

Discrete-time models  Models which change their variable values only at discrete point in 
time.  

Dissimilative metabolism The use of compounds in energy metabolism. 

Electron acceptor  A compound to which an electron is transferred via an electron trans-
port chain. 

Electron carrier  A compound that transports electrons in the electron transport chain. 

Electron transportation  This chain is a complex sequence found in the mitochondrial mem-
chain (respiratory chain)  brane that accepts electrons from electron donors such as NADH, 
 shuttles these electrons across the mitochondrial membrane creating 
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 an electrical and chemical gradient, and generates adenosine triphos-
 phate (ATP) through the proton driven chemistry of the ATP synthase. 

Electrons  A subatomic particle. In an atom the electrons surround the nucleus of 
protons and neutrons in an electron configuration. 

Enzyme A protein, or protein complex, that catalyzes a chemical reaction. 

Eutrophication  Increase of nutrients. Can also be described as a surplus of nutrients or 
as a condition in an aquatic ecosystem where high nutrient concentra-
tions stimulate blooms of algae in unreasonable proportions. 

Hybrid models Models that consist of both continuous and discrete components that 
interact with each other. 

Limiting factor  A factor that limits, for instance, the production of algae. 

Membrane  A thin, typically planar structure or material that separates two envi-
ronments, for instance, a mitochondrial membrane. 

Metabolism  The uptake and digestion of food, and the disposal of waste products 
in living organisms. It refers to all the chemical processes that take 
place within a cell. 

Microbiota  The microbial plant and animal life of a region or area. 

Mitochondria  An organelle (a part of a cell). Their primary purpose is to manufac-
ture adenosine triphosphate (ATP), which is used as a source of en-
ergy. 

Molecular transformation The chemical processes by which one compound is transformed from 
one form to another.  

Nitrification  The oxidation of ammonia into nitrites followed with the oxidation of 
these nitrites into nitrates. Nitrification is an important step in the ni-
trogen cycle. 

Nitrogen assimilation  The process by which inorganic nitrogen is transformed into organic 
nitrogen in cells and tissues of plants and bacteria. 

Nitrogen fixation  The bacterial process by which nitrogen gas is transformed to ammo-
nium. Nitrogen fixation is an important step in the nitrogen cycle. 

Nutrient retention  Decrease in nutrient transportation. 

Oxidation  Any chemical or electrochemical process which involves the formal 
oxidation state of an atom or atoms (within a molecule) being in-
creased by the removal of electrons. 

Oxidation state The sum of negative and positive charges in an atom, which indirectly 
indicates the number of electrons it has accepted or donated. 

Phototrophs  Organisms that use light as their energy source. 

Plug flow (in this thesis) Lock-step flow along the length of a wetland cell.  

Reductase  An enzyme involved in reduction. 

Reduction  Any chemical or electrochemical process which involves the formal 
oxidation state of an atom being reduced by the addition of electrons. 

Sorption   The process by which one substance takes up or holds another sub-
stance (by either absorption or adsorption). 
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Stock-and-flow diagrams Stock-and-flow diagrams are ways of representing the structure of a 
system with more detailed information than is shown in a causal loop 
diagram. Stocks are fundamental to generating behavior in a system; 
flows cause stocks to change.  

Stoichiometry The relation between the quantities of substances that take part in a 
reaction or form a compound. 

Suspension A mixture in which a finely-divided species is combined with another 
species, with the former being so finely divided and mixed that it 
doesn't rapidly settle out. 

Thermodynamics  The physics of energy, heat, work, entropy and the spontaneity of 
processes. 

Volatilization The process by which a dissolved sample is vaporized. 
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Appendix A 

A.1 Comparison between Evaluated Tools 

Table A.1. Comparison between different evaluated tools. Specific elements are listed for each criterion. 
 PowerSim Simile Stella WEST Model  

Editor 
Completeness      
Representations of system parts, 
flows/connections, equations, 
variables and diagrams all pre-
sent 

Yes Yes Yes Yes Yes 

Representing element can be 
other than the equivalent of a 
variable 

No No No Yes Yes 

Flows and connections can be 
integrated No No No Yes Yes 

Flows can go in both directions No No Yes No Yes 
Possibility of several variables 
in one flow No No No Yes Yes 

Possible to change and write 
new equations in components 
without programming skill 

No Yes Yes No No 

Built-in mathematical functions. Yes Yes Yes No No 
Variables can be defined in the 
elements representing a physical 
part of the system 

No No No Yes Yes 

Variables can be represented by 
other than separate components No No No Yes Yes 

Automatically generated graphs 
and tables Yes Yes Yes Yes Yes 

Consistency      
Uniform design Yes Yes Yes Yes Yes 
Names and labels consistent in 
the entire environment Yes Yes Yes Yes Yes 

Data and communication 
commonality      

Possibility for easy im-
port/export from related systems 
(not counting text and pictures) 

Yes Yes No Yes Yes 

Possibility for easy im-
port/export from un-related sys-
tems (not counting text and pic-
tures) 

No No No Yes No 

Expandability      
Possibility to define and create 
new components No No No Yes Yes 
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Several types of the different 
components/elements exists No No Yes 

Yes 
(each com-
ponent is its 
own type) 

Yes 
(each compo-

nent is its 
own  type) 

Generality      
Can be used in related systems 
(in present state) Yes Yes Yes Yes Yes 

Can be used in unrelated sys-
tems (in present state) Yes No Yes No No 

Instrumentation      
Automatically showing model-
ing errors in model Yes No Yes No No 

Useful error messages when 
debugging (using debug func-
tion or when running) 

Yes Yes Yes No No 

Modularity      
Possibility to save separate and 
specific components of models No No No Yes Yes 

Uses submodels or groups of 
components that can be saved 
and used separately 

Yes Yes No Yes Yes 

Possibility to save models Yes Yes Yes Yes Yes 
Operability      
Easy to use the different tools to 
create a model Yes Yes Yes Yes Yes 

Possibility to create simple 
models without programming 
skill (by using existing compo-
nents) 

Yes Yes Yes Yes Yes 

Possible to create new compo-
nents without programming skill 
(by using existing components) 

No 
(cannot create 
new compo-

nents) 

No 
(cannot cre-

ate new 
components) 

No 
(cannot cre-

ate new 
components) 

No No 

Simplicity      
Easily overviewed modeling 
and simulation environment Yes Yes Yes Yes Yes 

Possible to use without looking 
in the manual  No Yes Yes No No 

Training      
Useful help file Yes Yes Yes Yes No 
Useful manual (including links 
to easily accessed useful man-
ual) 

No No No Yes No 
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A.2 Comparison between Evaluated Models 

Table A.2. Comparison between the two simulated models. Specific elements are listed for each criterion. 
 Total 

Nitrogen 
model 

Nitrification/ 
Denitrification 

model 
Completeness   
Different concentrations can be calculated in different parts of the 
wetland. No Yes 

The model takes flows within the wetland into consideration No Yes 
The model takes outside variables like temperature into consideration  Yes Yes 
Consistency   
Use of the same symbols for the variables in the simulated model as 
in the original model Yes No 

Use for similar variable names for similar equations throughout the 
whole model Yes Yes 

Expandability   
Possibility to easily add chemical processes to the model No Yes 
Possibility to easily add processes other than chemical to the model No Yes 
Generality   
Possibility to use the model as a part of or in related systems Yes Yes 
Possibility to use the model as a part of or in unrelated systems No No 
Instrumentation   
Useful error messages when debugging (using debug function or 
when simulating)  No No 

Warnings when a variable value is not normal Yes Yes 
Model conditions   
Simulated models equations the same simplification level as the origi-
nal models Yes Yes 

Consideration taken in the model for situations when the model equa-
tions may be invalid Yes No 

Modularity   
Possibility to use the model separately and incorporate it into another 
model or system Yes Yes 

Possibility to use a part of the model separately and incorporate it into 
another model or system No Yes 

Possibility to reuse the code in the model when adding new processes No Yes 
Operability   
Does the same variable only have to be changed in one place in the 
model?  Yes Yes 

One part of the model impossible to confuse or connect with another 
when creating the whole wetland model Yes No 

Relevant values easily found for all variables and constants in the 
model from literature Yes Yes 

Simplicity   
Variable names and labels easy to understand Yes Yes 
Possibility to understand the model without programming and eco-
logical knowledge No No 

Systematics   
Each step of the model consequently implemented Yes Yes 
Logical relationship between all parts of the model Yes Yes 
Model free from contradictions in the equations Yes Yes 
Traceability   
Prediction of total decrease in nitrogen in a wetland Yes Yes 
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Predictions of the decrease in ammonium nitrogen and nitrate nitro-
gen – i.e. the nitrification and denitrification processes in a wetland No Yes 

Possibility to change parameters in the simulations Yes Yes 
Possibility to plot chosen parameters in the simulations Yes Yes 

Changes in concentration described as derivates with respect to a factor 
(time in wetland, distance in wetland, fraction of wetland etc) Yes Yes 

Validity   
All variables used relevant for the application Yes Yes 
All processes, reactions and relationships well-defined and well-used  Yes Yes 
Does the model produce the expected result compared with pre-
calculated values when tested? Yes Yes 
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Appendix B – Notebook Code for Library Wetlands 

B.1 Package Nitrogen 

In this package are the nitrogen processes stored. Classes are shown within boxes. 

B.1.1 Package NitrogenWetlandComponents 

In this package are all components that constitute the wetland and related components. 

WetlandGeneral 
This class contains general wetland parameters and calculates variables concerning the different 
kinds of water transport to and from the wetland. 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model WetlandGeneral "Contains general parameters and variables for the 
wetland" 
   parameter Area A=1000 "Area of the wetland."; 
   parameter Percipitation P=0 "Precipitation rate"; 
   parameter Evapotranspiration ET=0 "Evapotranspiration of the wetland."; 
   parameter Infiltration In=0 "Infiltration rate"; 
   parameter WaterInflow inflow=10 "Inflow of water to the wetland."; 
   WaterInflow Q "Water flow rate"; 
   TotalWetlandPercipitation Ptot "Total precipitation to the wetland."; 
   TotalWetlandEvapotranspiration ETtot "Total evapotranspiration of the 

wetland."; 
   TotalWetlandInfiltration Itot "Total precipitation in the wetland."; 
   HydraulicLoadingRate q "The hydraulic loading rate"; 
   annotation (Documentation(info="This class is an example of a wetland. 

It contains parameters and calculates variables concerning the dif-
ferent kinds of water transport to and from the wetland."));  

equation 
   Ptot = P*A; 
   ETtot = ET*A; 
   Itot = In*A; 
   Q = ((Ptot+inflow)-ETtot)-Itot; 
   q = Q/A; 
   assert(A > 0,"Parameter A zero or negative."); 
   assert(P >= 0,"Parameter P negative."); 
   assert(inflow >= 0,"Parameter inflow negative."); 
   assert(Q > 0,"Parameter Q zero or negative."); 
   assert(Ptot >= 0,"Parameter Ptot negative."); 
   assert(q > 0,"Parameter q zero or negative."); 
   when time > 1 then 
      terminate("End of wetland"); 
   end when; 
end WetlandGeneral; 
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ProcessComponent 
This class contains most of the reactions in the wetland. This class is inherited by the water and 
sediment layers of the wetland. The concentration is calculated using mass balance equations for a 
steady state, plug flow wetland. Consideration is taken to the temperature. Uptake by biomass and 
other exchanges with the environment are only considered as a simple value. The concentration 
values in the connectors to the layer above and below are set to the concentration of the 
class/layer in question. 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model ProcessComponent "This class contains most of the reactions in the 

wetland. This class is inherited by the water and sediment layers of the 
wetland." 

   extends WetlandGeneral; 
   NitrogenReactionConstant kON "Area-based, first-rate order, temperature 

dependent constant for organic nitrogen."; 
   parameter NitrogenReactionConstant kON20=0.0466 "Area-based, first-rate 

order constant for organic nitrogen at 20 degrees Celsius."; 
   NitrogenReactionConstant kAN "Area-based, first-rate order constant, 

temperature dependent for ammonium nitrogen."; 
   parameter NitrogenReactionConstant kAN20=0.0493 "Area-based, first-rate 

order constant for ammonium nitrogen at 20 degrees Celsius."; 
   NitrogenReactionConstant kNN "Area-based, first-rate order, temperature 

dependent  constant for nitrate nitrogen."; 
   parameter NitrogenReactionConstant kNN20=0.0959 "Area-based, first-rate 

order constant for nitrate nitrogen at 20 degrees Celsius."; 
   parameter Real Oon=1.05 "Process temperature coefficient for organic ni-

trogen."; 
   parameter Real Oan=1.04 "Process temperature coefficient for ammonium 

nitrogen."; 
   parameter Real Onn=1.09 "Process temperature coefficient for nitrate ni-

trogen."; 
   parameter CelsiusTemperature T=20 "Temperature"; 
   parameter NitrogenConcentration CONin=0 "Concentration of organic nitro-

gen into the wetland from sources other than diffusion. Also the start 
value of organic nitrogen."; 

   parameter NitrogenConcentration CONb=0 "Irreducable background concen-
tration of organic nitrogen."; 

   NitrogenConcentration CON "Concentration of organic nitrogen."; 
   parameter NitrogenConcentration CANin=0 "Concentration of ammonium ni-

trogen into the wetland from sources other than diffusion. Also the 
start value of ammonium nitrogen."; 

   parameter NitrogenConcentration CANb=0 "Irreducable background concen-
tration of ammonium nitrogen."; 

   NitrogenConcentration CAN "Concentration of ammonium nitrogen."; 
   parameter NitrogenConcentration CNNin=0 "Concentration of nitrate nitro-

gen into the wetland from sources other than diffusion. Also the start 
value of nitrate nitrogen."; 

   parameter NitrogenConcentration CNNb=0 "Irreducable background concen-
tration of nitrate nitrogen."; 

   NitrogenConcentration CNN "Concentration of nitrate nitrogen."; 
   parameter NitrogenDiffusionCoefficient Don=0 "Diffusion coefficient for 

organic nitrogen."; 
   parameter NitrogenDiffusionCoefficient Dan=0 "Diffusion coefficient for 

ammonium nitrogen."; 
   parameter NitrogenDiffusionCoefficient Dnn=0 "Diffusion coefficient for 

nitrate nitrogen."; 
   parameter BiomassExchange biomassON=0 "Transfer of organic nitrogen to 

and from the wetland biomass.";  
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   parameter BiomassExchange biomassAN=0 "Transfer of ammonium nitrogen to 
and from the wetland biomass."; 

   parameter BiomassExchange biomassNN=0 "Transfer of nitrate nitrogen to 
and from the wetland biomass."; 

   parameter Real psi=0 "Fraction ammonium that is nitrified."; 
   parameter Thickness layer "The thickness of the wetland layer."; 
   Interfaces.NitrogenConnector nc_up annotation (extent=list(list(-10, 

100),list(10,120))); 
   Interfaces.NitrogenConnector nc_down annotation (extent=list(list(-10,  

-100),list(10,-120))); 
   Interfaces.ConcentrationConnector cc annotation (extent=list(list(130,  

-10),list(150,10))); 
   annotation (Documentation(info="This class contains most of the reac-

tions in the wetland. This class is inherited by the water and sedi-
ment layers of the wetland. The concentration is calculated using mass 
balance equations for a steady state, plug flow wetland. Consideration 
is taken to the temperature. Uptake by biomass and other exchanges 
with the environment are only considered as a simple value. The con-
centration values in the connectors to the layer above and below are 
set to the concentration of the class/layer in question.")); 

equation 
   kON = kON20*Oon^((T-20)); 
   kAN = kAN20*Oan^((T-20)); 
   kNN = kNN20*Onn^((T-20)); 
   der(CON) = (((-kON*(CON-CONb))-nc_down.fluxON+nc_up.fluxON-biomassON)/q; 
   der(CAN) = (((kON*(CON-CONb)-kAN*(CAN-CANb))-nc_down.fluxAN+ 

nc_up.fluxAN)-biomassAN)/q; 
   der(CNN) = ((((psi*kAN)*(CAN-CANb)-kNN*(CNN-CNNb))-nc_down.fluxNN+ 

nc_up.fluxNN-biomassNN)/q; 
   nc_up.Con_down = CON; 
   nc_up.Can_down = CAN; 
   nc_up.Cnn_down = CNN; 
   nc_down.Con_up = CON; 
   nc_down.Can_up = CAN; 
   nc_down.Cnn_up = CNN; 
   nc_up.layer = layer; 
   cc.layer = layer; 
   cc.Con = CON; 
   cc.Can = CAN; 
   cc.Cnn = CNN; 
   assert(T < 40 and T > -40,"Parameter A below -40 or above 40."); 
   assert(CONin >= 0,"Parameter CONin negative."); 
   assert(CONb >= 0,"Parameter CONb negative."); 
   assert(CON >= 0,"Parameter CON negative."); 
   assert(CANin >= 0,"Parameter CANin negative."); 
   assert(CANb >= 0,"Parameter CANb negative."); 
   assert(CAN >= 0,"Parameter CAN negative."); 
   assert(CNNin >= 0,"Parameter CNNin negative."); 
   assert(CNNb >= 0,"Parameter CNNb negative."); 
   assert(CNN >= 0,"Parameter CNN negative."); 
   assert(Don >= 0,"Parameter Don negative."); 
   assert(Dan >= 0,"Parameter Dan negative."); 
   assert(Dnn >= 0,"Parameter Dnn negative."); 
   assert(layer >= 0,"Parameter layer negative."); 
end ProcessComponent; 

Air 
This is a model of the air layer of the wetland. The concentrations and the diffusion flux values of 
the connector of this layer are set to zero to simulate that no nitrogen is exchanged with the at-
mosphere. 
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within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model Air "Model of the layer Air" 
   extends Icons.AirIcon; 
   Interfaces.NitrogenConnector nc_Water annotation (extent=list(list(-10, 

-100),list(10,-120))); 
   annotation (Documentation(info="This is a model of the air layer of the 

wetland. The concentrations and the diffusion flux values of the con-
nector of this layer are set to zero to simulate that no nitrogen is 
exchanged with the atmosphere."));    

equation 
   nc_Water.Con_up = 0; 
   nc_Water.Can_up = 0; 
   nc_Water.Cnn_up = 0; 
   nc_Water.fluxON = 0; 
   nc_Water.fluxAN = 0; 
   nc_Water.fluxNN = 0; 
end Air; 

WaterBody 
This is a model of the water body layer of the wetland. The equations of this model concern the 
diffusion flux of nitrogen to the lower layer. This flux is calculated using the concentrations of the 
WaterBody layer and the layer below and the thickness of the water body layer and the layer be-
low (commonly a SedimentAerob layer). 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model rBody "Model of the layer WaterBody"  Wate
   extends Icons.WBIcon; 
   extends ProcessComponent 

(T=25,CONin=10,CON(start=CONin),CONb=1.5,CANin=10,CAN(start=CANin), 
CANb=0,CNNin=10,CNNb=0,CNN(start=CNNin),Don=0.0000229,Dan=0.0000585, 
Dnn=0.00014, biomassON=0,biomassAN=0,biomassNN=0,psi=0.9,layer=0.5); 

   annotation (Documentation(info="This is a model of the water body layer 
of the wetland. The equations of this model concern the diffusion flux 
of nitrogen to the lower layer. This flux is calculated using the con-
centrations of the WaterBody layer and the layer below and the thick-
ness of the water body layer and the layer below (commonly a Sedimen-
tAerob layer).")); 

equation 
   nc_down.fluxON = (Don*(CON-nc_down.Con_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxAN = (Dan*(CAN-nc_down.Can_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxNN = (Dnn*(CNN-nc_down.Cnn_down))/((layer+nc_down.layer)/2); 
end WaterBody; 

SedimentAerob 
This is a model of the aerobic sediment layer of the wetland. The equations of this model concern 
the diffusion flux of nitrogen to the lower layer. This flux is calculated using the concentrations of 
the WaterBody layer and the layer below and the thickness of the aerobic sediment layer and the 
layer below (commonly a SedimentAnaerobTop layer). 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model SedimentAerob "Model of the layer SedimentAerob" 
   extends Icons.SAIcon; 
   extends ProcessComponent 

(T=20,CONin=5,CON(start=CONin),CONb=1.5,CANin=1,CANb=0,CAN(start= 
CANin),CNNin=1,CNNb=0,CNN(start=CNNin),Don=0.0000229,Dan=0.0000585,Dnn
=0.00014, biomassON=0,biomassAN=0,biomassNN=0,psi=0.9,layer=0.2); 
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   annotation (Documentation(info="This is a model of the aerobic sediment 
layer of the wetland. The equations of this model concern the diffu-
sion flux of nitrogen to the lower layer. This flux is calculated us- 

     ing the concentrations of the WaterBody layer and the layer below and 
the thickness of the aerobic sediment layer and the layer below (com-
monly a SedimentAnaerobTop layer).")); 

equation 
   nc_down.fluxON = (Don*(CON-nc_down.Con_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxAN = (Dan*(CAN-nc_down.Can_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxNN = (Dnn*(CNN-nc_down.Cnn_down))/((layer+nc_down.layer)/2); 
end SedimentAerob; 

SedimentAnaerobTop 
This is a model of the top anaerobic sediment layer of the wetland. The equations of this model 
concern the diffusion flux of nitrogen to the lower layer. This flux is calculated using the concen-
trations of the WaterBody layer and the layer below and the thickness of the top anaerobic sedi-
ment layer and the layer below (commonly a SedimentAnaerobInter layer). 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model mentAnaerobTop "Model of the layer SedimentAnaerobTop"  Sedi
   extends Icons.SATIcon; 
   extends ProcessComponent(T=18,CONin=5,CON(start=CONin),CONb=1.5,CANin=1, 

CAN(start=CANin),CANb=0,CNNin=1,CNNb=0,CNN(start=CNNin),Don=0.0000229, 
Dan=0.0000585,Dnn=0.00014,biomassON=0,biomassAN=0,biomassNN=0,psi=0.9, 
layer=0.2); 

   annotation (Documentation(info="This is a model of the top anaerobic 
sediment layer of the wetland. The equations of this model concern the 
diffusion flux of nitrogen to the lower layer. This flux is calculated 
using the concentrations of the WaterBody layer and the layer below 
and the thickness of the top anaerobic sediment layer and the layer 
below (commonly a SedimentAnaerobInter layer)."));  

equation 
   nc_down.fluxON = (Don*(CON-nc_down.Con_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxAN = (Dan*(CAN-nc_down.Can_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxNN = (Dnn*(CNN-nc_down.Cnn_down))/((layer+nc_down.layer)/2); 
end SedimentAnaerobTop; 

SedimentAnaerobInter 
This is a model of the anaerobic intermediate sediment layer of the wetland. The equations of this 
model concern the diffusion flux of nitrogen to the lower layer. This flux is calculated using the 
concentrations of the WaterBody layer and the layer below and the thickness of the anaerobic in-
termediate sediment layer and the layer below (commonly a SedimentAnaerobBottom layer). 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model SedimentAnaerobInter "Model of the layer SedimentAnaerobInter" 
   extends Icons.SAIIcon; 
   extends ProcessComponent(T=17,CONin=5,CON(start=CONin),CONb=1.5,CANin=1, 

CAN(start=CANin),CANb=0,CNNin=1,CNNb=0,CNN(start=CNNin),Don=0.0000229, 
Dan=0.0000585,Dnn=0.00014,biomassON=0,biomassAN=0,biomassNN=0,psi=0.9, 
layer=0.2); 

   annotation (Documentation(info="This is a model of the anaerobic inter-
mediate sediment layer of the wetland. The equations of this model 
concern the diffusion flux of nitrogen to the lower layer. This flux 
is calculated using the concentrations of the WaterBody layer and the 
layer below and the thickness of the anaerobic intermediate sediment 
layer and the layer below (commonly a SedimentAnaerobBottom 
layer).")); 

equation 
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   nc_down.fluxON = (Don*(CON-nc_down.Con_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxAN = (Dan*(CAN-nc_down.Can_down))/((layer+nc_down.layer)/2); 
   nc_down.fluxNN = (Dnn*(CNN-nc_down.Cnn_down))/((layer+nc_down.layer)/2); 
end SedimentAnearobInter; 

SedimentAnearobBottom 
This is a model of the anaerobic bottom sediment layer of the wetland. The equations of this 
model concern the diffusion flux of nitrogen to the lower layer. This flux is calculated using the 
concentrations of the WaterBody layer and the layer below and the thickness of the anaerobic bot-
tom sediment layer and the layer below (commonly a Ground layer). 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model SedimentAnaerobBottom "Model of the layer SedimentAnaerobBottom" 
   extends Icons.SABIcon; 
   extends ProcessComponent(T=16,CONin=5,CON(start=CONin),CONb=1.5,CANin=1, 

CAN(start=CANin),CANb=0,CNNin=1,CNNb=0,CNN(start=CNNin),Don=0.0000229, 
Dan=0.0000585,Dnn=0.00014,biomassON=0,biomassAN=0,biomassNN=0,psi=0.9, 
layer=0.2); 

   annotation (Documentation(info="This is a model of the anaerobic bottom 
sediment layer of the wetland. The equations of this model concern the 
diffusion flux of nitrogen to the lower layer. This flux is calculated 
using the concentrations of the WaterBody layer and the layer below 
and the thickness of the anaerobic bottom sediment layer and the layer 
below (commonly a Ground layer)."));    

equation 
   nc_down.fluxON = 0; 
   nc_down.fluxAN = 0; 
   nc_down.fluxNN = 0; 
end SedimentAnearobBottom; 

Ground 
This is a model of the ground layer of the wetland. The concentrations and the layer thickness 
values of the connector of this layer are set to zero to simulate that no nitrogen is exchanged with 
the ground. 

within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model Ground "Model of the layer Ground" 
   extends Icons.GroundIcon; 
   Interfaces.NitrogenConnector nc_Bottom annotation (extent=list(list(-10, 

100),list(10,120))); 
   annotation (Documentation(info="This is a model of the ground layer of 

the wetland. The concentrations and the layer thickness values of the 
connector of this layer are set to zero to simulate that no nitrogen 
is exchanged with the ground."));  

equation 
   nc_Bottom.Con_down = 0; 
   nc_Bottom.Can_down = 0; 
   nc_Bottom.Cnn_down = 0; 
   nc_Bottom.layer = 0; 
end Ground; 

TotalWetlandConcentration 
This class calculates the total concentration of the different nitrogen compounds in the wetland by 
adding together the concentrations or the water body and sediment components of the model. It 
also calculates the total nitrogen by adding together the total of each nitrogen compound. If more 
than one component of every class were to be added to a model, this class would have to be re-
made to allow for more connections. 
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within Wetlands.Nitrogen.NitrogenWetlandComponents; 
model TotalWetlandConcentration "This class calculates the total concentra-

tion of different nitrogen compounds in the wetland" 
   extends Icons.TWRIcon; 
   NitrogenConcentration CONtot "Total organic nitrogen concentration in 

the wetland."; 
   NitrogenConcentration CANtot "Total ammonium nitrogen concentration in 

the wetland."; 
   NitrogenConcentration CNNtot "Total nitrate nitrogen concentration in 

the wetland."; 
   NitrogenConcentration Ctot "Total nitrogen concentration in the wet-

land."; 
   Interfaces.ConcentrationConnector cc_Water annotation (extent=list(list 

(43,100),list(63,120))); 
   Interfaces.ConcentrationConnector cc_Aerob annotation (extent=list(list 

(-63, 100),list(-43,120))); 
   Interfaces.ConcentrationConnector cc_AnaerobTop annotation (extent=list 

(list(-150,-10),list(-130,10))); 
   Interfaces.ConcentrationConnector cc_AnaerobInter annotation (extent= 

list(list(-63,-120),list(-43,-100))); 
   Interfaces.ConcentrationConnector cc_AnaerobBottom annotation (extent= 

list(list(43,-120),list(63,-100))); 
   annotation (Documentation(info="This class calculates the total concen-

tration of the different nitrogen compounds in the wetland by adding 
together the concentrations or the water body and sediment components 
of the model. It also calculates the total nitrogen by adding together 
the total of each nitrogen compound. If more than one component of 
every class were to be added to a model, this class would have to be 
remade to allow for more connections."));   

equation 
   CONtot = ((cc_Water.layer*cc_Water.Con)+(cc_Aerob.layer*cc_Aerob.Con)+ 

(cc_AnaerobTop.layer*cc_AnaerobTop.Con)+(cc_AnaerobInter.layer* 
cc_AnaerobInter.Con)+(cc_AnaerobBottom.layer*cc_AnaerobBottom.Con))/ 
((cc_Water.layer+cc_Aerob.layer+cc_AnaerobTop.layer+ 
cc_AnaerobInter.layer+ cc_AnaerobBottom.layer)); 

   CANtot = ((cc_Water.layer*cc_Water.Can)+(cc_Aerob.layer*cc_Aerob.Can)+ 
(cc_AnaerobTop.layer*cc_AnaerobTop.Can)+(cc_AnaerobInter.layer* 
cc_AnaerobInter.Can)+(cc_AnaerobBottom.layer*cc_AnaerobBottom.Can))/ 
((cc_Water.layer+cc_Aerob.layer+cc_AnaerobTop.layer+ 
cc_AnaerobInter.layer+ cc_AnaerobBottom.layer)); 

   CNNtot = ((cc_Water.layer*cc_Water.Cnn)+(cc_Aerob.layer*cc_Aerob.Cnn)+ 
(cc_AnaerobTop.layer*cc_AnaerobTop.Cnn)+(cc_AnaerobInter.layer* 
cc_AnaerobInter.Cnn)+(cc_AnaerobBottom.layer*cc_AnaerobBottom.Cnn))/ 
((cc_Water.layer+cc_Aerob.layer+cc_AnaerobTop.layer+ 
cc_AnaerobInter.layer+ cc_AnaerobBottom.layer)); 

   Ctot = (CONtot+CANtot)+CNNtot; 
end TotalWetlandConcentration; 

B.1.2 Package NitrogenWetlandExamples 

In this package are examples of wetlands and examples of wetland models. 

WetlandModel 
This class connects different parts of the wetland and a component for calculating the total wet-
land nitrogen concentration. Only one component of every class is present. Figure 10 shows a 
graphical view of this model. 
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within Wetlands.Nitrogen.NitrogenWetlandExamples; 
model WetlandModel"Class that connects the different parts of the wetland." 
   annotation (Documentation(info="This class connects different parts of 

the wetland and a component for calculating the total wetland nitrogen 
concentration. Only one component of every class is present.")); 

   annotation (ModelEditor=Diagram(list(VisioPageFormat(8.,8.,0.,1.,1.,0., 
0.125,-0.125,0.,0.,0.,32.,32.,0.,0.,8.,8.,0.,0.)))); 

   annotation (ModelEditor=Icon(list(VisioPageFormat(0.8,0.8,0.,1.,1.,0., 
0.125,-0.125,0.,0.,0.,32.,32.,0.,0.,8.,8.,0.,0.)))); 

   NitrogenWetlandComponents.Air air annotation (ModelEditor=list(rule (Ex-
tent,list(list(2.96,7.44),list(0.8,0.8))),rule(NamePosition,list(0.4, 
0.4)))); 

   NitrogenWetlandComponents.WaterBody WB annotation (ModelEditor=list(rule 
(Extent,list(list(2.96,6.4),list(0.8,0.8))),rule(NamePosition,list 
(0.4,-0.4)))); 

   NitrogenWetlandComponents.SedimentAerob SA annotation(ModelEditor=list 
(rule(Extent,list(list(2.96,5.28),list(0.8,0.8))),rule(NamePosition, 
list(0.4,-0.4)))); 

   NitrogenWetlandComponents.SedimentAnaerobTop SAT annotation (ModelEditor 
=list(rule(Extent,list(list(2.96,4.08),list(0.8,0.8))),rule (NamePosi-
tion,list (0.4,-0.4)))); 

   NitrogenWetlandComponents.SedimentAnaerobInter SAI annotation (ModelEdi-
tor=list(rule(Extent,list(list(2.96,2.96),list(0.8,0.8))),rule(Name-
Position,list(0.4,-0.4)))); 

   NitrogenWetlandComponents.SedimentAnaerobBottom SAB annotation (ModelE-
ditor=list(rule(Extent,list(list(2.96,1.84),list(0.8,0.8))),rule 
(NamePosition,list(0.4,-0.4)))); 

   NitrogenWetlandComponents.Ground gr annotation(ModelEditor=list(rule 
(Extent,list(list(2.96,0.72),list(0.8,0.8))),rule(NamePosition,list 
(0.4,-0.4)))); 

   NitrogenWetlandComponents.TotalWetlandConcentration TWC annotation (Mod-
elEditor=list(rule(Extent,list(list(4.56,4.08),list(0.8,0.8))),rule 
(NamePosition,list(0.4,-0.4)))); 

equation 
   connect(air.nc_Water, WB.nc_up)annotation(ModelEditor=list(CombinedShape 

(list(list(2.96,6.92),list (0.25,-0.25), list(0.125,0.0449999999999999 
3)),list(Line(list(0.125, -0.125)),Line(list(0.125,-0.125)),Line(list 
(0.125,-0.20500000000000007 ))),list(rule(VisioLineFormat,list(1, 
0.002,RGBColor(0.,0.,1.),0,0,0,0,0,0.)))))); 

   connect(WB.nc_down,SA.nc_up)annotation (ModelEditor=list(CombinedShape 
(list(list(2.96,5.84),list(0.25,-0.25),list(0.125,-0.00499999999999989 
3)),list(Line(list(0.125,-0.125)),Line(list(0.125,0.125)),Line(list 
(0.125,-0.2450000000000001))),list(rule(VisioLineFormat,list(1,0.002, 
RGBColor(0.,0.,1.),0,0,0,0,0,0.)))))); 

   connect(SA.nc_down, SAT.nc_up) annotation(ModelEditor=list(CombinedShape 
(list(list(2.96,4.68),list(0.25,-0.3199999999999994),list(0.125,0.)), 
list(Line (list(0.125,-0.1599 999999999997)),Line(list(0.125,-0.159999 
9999999997)),Line(list(0.125,-0.31999999999999895))),list(rule (Visio-
LineFormat,list(1,0.002, RGBColor(0.,0.,1.),0,0,0,0,0,0.)))))); 

   connect(SAT.nc_down, SAI.nc_up) annotation(ModelEditor=list (Combined-
Shape(list(list(2.96,3.5200000000000005),list(0.25,-0.25), list(0.125, 
0.0050000000000003375)),list(Line (list(0.125,-0.125)),Line(list 
(0.125,-0.125)),Line(list(0.125,-0.2450000000000001))),list(rule (Vi-
sioLineFormat,list(1,0.002,RGBColor(0.,0., 1.),0,0,0,0,0,0.))))); 

   connect(SAI.nc_down, SAB.nc_up) annotation(ModelEditor=list (Combined-
Shape(list(list(2.96,2.4000000000000004),list(0.25,-0.25),list(0.125, 
-0.0050000000000003375)),list(Line (list(0.125,-0.10049025)),Line 
(list(0.125,-0.10049025)),Line(list (0.125,-0.2450000000000001))), 
list(rule(VisioLineFormat,list(1,0.002,RGBColor(0.,0.,1.),0,0,0,0, 
0,0.)))))); 
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   connect(SAB.nc_down, gr.nc_Bottom) annotation(ModelEditor=list (Com-
binedShape(list(list(2.96,1.28),list (0.25,-0.25), list(0.125,-0.0 
050000000000001155)),list(Line(list(0.125,-0.10049025)),Line(list 

     (0.125,-0.10049025)),Line(list(0.125,-0.24499999999999988))),list(rule 
(VisioLineFormat,list(1,0.002,RGBColor(0.,0.,1.),0,0,0,0,0,0.)))))); 

   connect(WB.cc, TWC.cc_Water) annotation(ModelEditor=list(CombinedShape 
(list(list(4.146,5.460000000000001),list(1.2519999999999993,1.88),list
(0.,0.)),list(Line(list(0.6467894600000001,0.)),Line(list(0.6467894600
000001,-1.8800000000000003)), Line(list(1.2519999999999991,-1.88000000 
00000003))),list(rule(VisioLineFormat,list(1,0.002,RGBColor(0.,0.,1.), 
0,0,0,0,0,0.)))))); 

   connect(SA.cc, TWC.cc_Aerob) annotation(ModelEditor=list(CombinedShape 
(list(list(3.9339999999999993,4.9),list(0.827999999999999,-0.759999999 
9999998),list(0.,0.)),list(Line(list(0.41193993599999934,0.)),Line( 
list(0.41193993599999934,-0.7599999999999998)),Line(list(0.82799999999 
99992, 0.7599999999999998))),list(rule(VisioLineFormat,list(1,0.002, 
RGBColor (0.,0.,1.),0,0,0, 0,0,0.)))))); 

   connect(SAT.cc, TWC.cc_AnaerobTop) annotation(ModelEditor=list(Combined-
Shape(list(list(3.76,4.08),list(0.4799999999999991,0.25),list(0.,0.125
)),list(Line(list(0.23880575999999976,0.125)),Line(list(0.238805759999
99976,0.125)),Line(list(0.47999999999999887,0.125))),list(rule(Visio-
LineFo ,0.,1.),0,0rmat,list(1,0.002,RGBColor(0. ,0,0,0,0.)))))); 

   connect(SAI.cc, TWC.cc_AnaerobInter) annotation(ModelEditor=list (Com-
binedShape(list(list(3.9339999999999993,3.3),list(0.827999999999999, 
0.6800000000000002),list(0.,0.)),list(Line(list(0.4340326319999994, 
0.)),Line(list(0.4340326319999994,0.6800000000000003)),Line(list(0.827
9999999999992,0.6800000000000003))),list(rule(VisioLineFormat,list(1, 
0.002,RGBColor(0.,0.,1.),0,0,0,0,0,0.)))))); 

   connect(SAB.cc, TWC.cc_AnaerobBottom) annotation(ModelEditor=list (Com-
binedShape(list(list(4.146,2.74),list(1.2519999999999993,1.800000000 
0000003),list(0.,0.)),list(Line(list(0.6323238519999992,0.)),Line( 
list(0.6323238519999992,1.8000000000000007)),Line(list(1.2519999999999
99,1.8000000000000007))),list(rule(VisioLineFormat,list(1,0.002, 
RGBColor(0.,0.,1.),0,0,0,0,0,0.)))))); 

end WetlandModel; 

TotalNitrogen 
This class simulates the total nitrogen removal in a wetland using first order equations. Considera-
tion is taken to the temperature and to resuspension of sediment and litter during low average 
residence time. 

within Wetlands.Nitrogen.NitrogenWetlandExamples; 
model itrogen "Simple model of total nitrogen retention"  TotalN
   parameter Area Awet=5000 "The area of the wetland."; 
   parameter Volume Vwet=10000 "The volume of the wetland."; 
   constant NitrogenReactionConstant ka20=0.042 "Area-based removal rate 

coefficient."; 
   parameter NitrogenResuspensionCoefficient S=0.13 "Nitrogen resuspension 

coefficient."; 
   parameter WaterInflow Qin=1000 "Daily inflow."; 
   parameter CelsiusTemperature T=25 "Water temperature."; 
   parameter Real theta=1.05 "Temperature coefficient."; 
   parameter CriticalResidenceTime crit=1.3 "Critical residence time when 

nitrogen removal switches to nitrogen resuspension."; 
   NitrogenRemovalRate Jr(start=0) "Net nitrogen removal rate."; 
   NitrogenReactionConstant kaT(start=0) "Area-based and temperature de-

pendant removal rate coefficient."; 
   NitrogenConcentration C(start=10) "Nitrogen concentration."; 
   annotation (Documentation(info="This class simulates the total nitrogen 
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     removal in a wetland using first order equations. Consideration is 
taken to the temperature and to resuspension of sediment and litter 
during low average residence time.")); 

equation 
   kaT = ka20*theta^((T-20)); 
   der(C) = -(Jr*Awet)/Vwet; 
   if Vwet/Qin < crit then 
      Jr = -(S*Qin)/Vwet; 
   else 
      Jr = kaT*C; 
   end if; 
end TotalNitrogen; 

B.2 Package Icons 

This package contains classes with definitions of icons for wetland components. Classes are 
shown within boxes. 

WetlandIcon 
within Wetlands.Icons; 
partial model WetlandIcon "Basic wetland icon" 
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,100)), 

style (color=8,fillColor=7))),Icon(Text(extent=list(list(-400,50), 
list(-25,50)),string="WetlandIcon")),Diagram());    

equation 
   ; 
end WetlandIcon; 

AirIcon 
within W ds.Icons;  etlan
partial model AirIcon "Air icon" 
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=31))),Icon(Text(extent=list(list(-300,50), 
list(-25,-50)),string="Air")),Diagram()); 

equation 
   ; 
end AirIcon; 

WBIcon 
within Wetlands.Icons; 
partial model WBIcon "WaterBody icon" 
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=4))),Icon(Text(extent=list(list(-400,50), 
list(-25,-50)),string="WaterBody")),Diagram()); 

equation 
   ; 
end WBIcon; 

SAIcon 
within Wetlands.Icons; 
partial model SAIcon "SedimentAerob icon"  
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=64))),Icon(Text(extent=list(list(-450,50), 
list(-25,-50)),string="SedimentAerob")),Diagram()); 
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equation 
   ; 
end SAIcon; 

SATIcon 
within W ds.Icons;  etlan
partial model SATIcon "SedimentAnaerobTop icon" 
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=57))),Icon(Text(extent=list(list(-550,50), 
list(-25,-50)),string="SedimentAnaerobTop")),Diagram()); 

equation 
   ; 
end SATIcon; 

SAIIcon 
within W ds.Icons;  etlan
partial model SAIIcon "SedimentAnarerobInter icon" 
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=58))),Icon(Text(extent=list(list(-550,50), 
list(-25,-50)),string="SedimentAnaerobInter")),Diagram()); 

equation 
   ; 
end SAIIcon; 

SABIcon 
within Wetlands.Icons; 
partial model SABIcon "SedimentAnaerobBottom icon" 
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=50))),Icon(Text(extent=list(list(-600,50), 
list(-25,-50)),string="SedimentAnaerobBottom")),Diagram()); 

equation 
   ; 
end SABIcon; 

GroundIcon 
within Wetlands.Icons; 
partial model GroundIcon "Ground icon"  
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=46))),Icon(Text(extent=list(list(-350,50), 
list(-25,-50)),string="Ground")),Diagram()); 

equation 
   ; 
end GroundIcon; 

TWRIcon 
within Wetlands.Icons; 
partial model TWRIcon "TotalWetlandConcentration icon" 
   annotation (Icon(Rectangle(extent=list(list(-130,100),list(130,-100)), 

style(color=0,fillColor=7))),Icon(Text(extent=list(list(350,50),   
list(300,-50)),string="TotalWetlandConcentration")),Diagram()); 

equation 
   ; 
end TWRIcon; 
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B.3 Package Interfaces 

In this package are all definitions of interfaces. So far, only two components are part of this pack-
age. Classes are shown within boxes. 

NitrogenConnector 
This connector has been created to connect the different layers of the wetland to each other. It 
contains information of the nitrogen concentrations of the layer below and above, the thickness of 
the layer and the flux between the layers. 

within Wetlands.Interfaces; 
connector NitrogenConnector "This connector has been created to connect the 

different layers of the wetland to each other" 
   NitrogenConcentration Con_up "The organic nitrogen concentration of the 

layer above."; 
   NitrogenConcentration Con_down "The organic nitrogen concentration of 

the layer below."; 
   NitrogenConcentration Can_up "The ammonium nitrogen concentration of the 

layer above."; 
   NitrogenConcentration Can_down "The ammonium nitrogen concentration of 

the layer below."; 
   NitrogenConcentration Cnn_up "The nitrate nitrogen concentration of the 

layer above."; 
   NitrogenConcentration Cnn_down "The nitrate nitrogen concentration of 

the layer below."; 
   Thickness layer "The thickness of the layer."; 
   flow NitrogenFlux fluxON "The flux of organic nitrogen between the lay-

ers."; 
   flow NitrogenFlux fluxAN "The flux of ammonium nitrogen between the lay-

ers."; 
   flow NitrogenFlux fluxNN "The flux of nitrate nitrogen between the lay-

ers."; 
   annotation (Icon(Rectangle(extent=list(list(-20,20),list(20,-20)),style 

(thickness=4,color=3,fillColor=7))),Documentation(info="This connector 
has been created to connect the different layers of the wetland to 
each other. It contains information of the nitrogen concentrations of 
the layer below and above, the thickness of the layer and the flux be-
tween the layers.")); 

end NitrogenConnector; 

ConcentrationConnector 
This connector has been created to connect the water body and sediment layer of the wetland to a 
TotalWetlandConcentration component. It contains information of the nitrogen concentrations of 
a layer. 

within tlands.Interfaces;  We
connector ConcentrationConnector "This connector connects the wetland water 

body and sediment layer to a TotalWetlandConcentration component" 
   NitrogenFlux Con "The organic nitrogen concentration."; 
   NitrogenFlux Can "The ammonium nitrogen concentration."; 
   NitrogenFlux Cnn "The nitrate nitrogen concentration."; 
   Thickness layer "The thickness of the layer."; 
   annotation (Icon(Rectangle(extent=list(list(-20,20),list(20,-20)),style 

(thickness=4,color=3,fillColor=3))),Documentation(info="This connector 
has been created to connect the water body and sediment layer of the 
wetland to a TotalWetlandConcentration component. It contains informa-
tion of the nitrogen concentrations of a layer.")); 

end ConcentrationConnector; 
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B.4 Package WetlandUnits 

This package provides special convention for units and types for use with the wetland models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

within Wetlands.WetlandUnits;  
type Percipitation = Real(final quantity = "Percipiation", final unit = 

"m/d"); 
type Evapotranspiration = Real(final quantity = "Evapotranspiration",  

final unit = "m/d"); 
type Infiltration = Real(final quantity="Infiltration", final unit = 

"m/d"); 
type WaterInflow = Real(final quantity = "WaterInflow", final unit = 

"m3/d"); 
type TotalWetlandPercipitation = Real(final quantity = "TotalWetlandPer-

cipitation", final unit = "m3/d"); 
type TotalWetlandEvapotranspiration = Real(final quantity = "TotalWet-

landEvapotranspiration", final unit = "m3/d"); 
type TotalWetlandInfiltration = Real(final quantity = "TotalWetlandIn-

filtration", final unit = "m3/d"); 
type HydraulicLoadingRate = Real(final quantity = "HydraulicLoadin-

gRate", final unit = "m/d"); 
type NitrogenConcentration = Real(final quantity = "NitrogenConcentra-

tion", final unit = "mg/l"); 
type NitrogenDiffusionCoefficient = Real(final quantity = "NitrogenDif-

fusionCoefficient", final unit = "m2/d"); 
type NitrogenResuspensionCoefficient = Real(final quantity = "Nitrogen-

ResuspensionCoefficient", final unit = "g/m2"); 
type CriticalResidenceTime = Real(final quantity = "CriticalResidence-

Time", final unit = "d"); 
type NitrogenRemovalRate = Real(final quantity = "NitrogenRemovalRate", 

final unit = "g/(m2*d)"); 
type NitrogenFlux = Real(final quantity = "NitrogenFlux", final unit = 

"g/(m2*d)"); 
type NitrogenReactionConstant = Real(final quantity = "NitrogenReaction-
Constant", final unit = "m/d"); 
type BiomassExchange = Real(final quantity = "BiomassExchange", final 
unit = "g/(m2*d)"); 
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Appendix C – Project Plan for Bachelor’s Thesis 

Project Description 

The purpose of this Bachelor’s thesis is to evaluate and compare the usefulness of different ob-
ject-oriented models, implemented in the Modelica language. More specifically this will be per-
formed by modeling and simulation of different ecological and biochemical systems. 

This thesis has the following main objectivities: 
1)  Evaluate commonly used tools for ecological modeling. 
2)  Find mathematical models for ecological nitrogen systems. 
3)  Implement one of the models using Modelica. 
4)  Run simulations of the above Modelica systems.  
5)  Compare and evaluate the implemented systems. 

Time Plan 

Project start: 040705 
Project finish: 050121 

The project is divided into four phases: Area knowledge, Pre-implementation and Documentation, 
Implementation, and Report. 

1. Area Knowledge 

Start: 040705   
End: 040829 

Tasks: 
•  Write preliminary project plan. 
•  Find background information on nitrogen systems. 
•  Find potentially suitable nitrogen systems that can be implemented in Modelica, i.e. not 

too complex system models where all the biochemical reactions involved are mathemati-
cally defined. 

•  Find and use existing ecological modeling tools. Choose the most interesting tools for 
evaluation. 

•  Write the introduction and background sections in the report. 

Documents produced: 
•  Preliminary project plan 
•  Background and introduction section in the report 
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2. Pre-implementation and Documentation 

Start: 040830   
End: 041107 

Tasks: 
•  Write the final version of the project plan. 
•  Write the requirement specification. 
•  Decide which ecological systems to use. 
•  Gather all possible information on the chosen system models. 
•  Evaluate which classes from the BioChem library can be used. 
•  Design the new classes that need to be added to the package. 
•  Start designing the GUI.  
•  Write evaluation of existing ecological modeling tools and compare them with MathMod-

elica Model Editor. 
•  Make a power-point presentation about the library WasteWater. 
•  Write an abstract and begin creating a poster about this project.  

Documents produced: 
•  Final project plan 
•  Requirement specification 
•  GUI-design documentation 
•  Test documentation 
•  Class and package diagrams (UML) 
•  WasteWater power-point presentation 
•  Project abstract 

3. Implementation 

Start: 041108  
End: 041212 

Tasks: 
•  Implement models in Modelica using existing classes from the BioChem library.  
•  Implement models in Modelica by creating new classes using partial code from the Bio-

Chem library.  
•  Create a GUI class using MathModelica. 
•  Write class documentation. 
•  Test the implementations. 
•  Finish the poster about this project 
•  Write report of the evaluation of ecological modeling tools 

Documents produced: 
•  Class documentation 
•  Test documentation 
•  Project poster 
•  Report of evaluation of ecological modeling tools 

4. Report 

Start: 041213  
End: 050121 
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Tasks: 
•  Finish all remaining implementation and testing. 
•  Document the results of the project. 
•  Document how to use the Modelica packages produced. 
•  Finish the report. 

Documents produced: 
•  Test documentation 
•  Report 
•  Installation and user’s manual 
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Appendix D - Requirement Specification for 
Bachelor’s Thesis 

1. Thesis Description 

1.1 Purpose 

The purpose of this Bachelor’s thesis is to evaluate and compare the usefulness of different ob-
ject-oriented models, implemented in the Modelica language. More specifically this will be per-
formed by modeling and simulation of ecological and biochemical systems.  

1.2 General Description 

Two mathematical models will be implemented and simulated using Modelica and visualized us-
ing MathModelica or Mathematica; a model for predicting the total nitrogen retention in a wet-
land, and a model for predicting nitrification and denitrification in a constructed wetland. The lat-
ter simulation will show each reaction involved in nitrification and denitrification and the compo-
nents of that reaction.  

1.3 Users 

The models are primarily developed for researchers and developers of wetlands and wastewater 
treatment modeling. 

1.4 Environment Requirements 

The models are developed as a Modelica library. Modelica 2.1, MathModelica 2.1.4, Mathematica 
5.0, Dymola 5.2 and Visio 2000 need to be installed on the computer in order for the models to 
function. The operating system should be Microsoft Windows 2000 or later.  

2. Use Cases 

2.1 Use Case Diagram 

The figure below shows the use cases involved when using the models. The use cases visualize 
the functionality of the models. It is assumed that the simulation environment for MathModelica 
is fully started. For use case 2.2 the graphical interface Model Editor should be started. It is fur-
ther assumed that the user is familiar with the Model Editor in use case 2.2 and Modelica note-
books in use case 2.3. 
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2.2 Use Case Description Using Model Editor 

Choose
model

Change
model

parameters

Plot
parameters

Run model
simulation

Choose
parameters to

plot

1)

2)

3)
4)

5)

 
Figure D.1. Use case for Model Editor. The numbers represent the order of operations. 
Step 2 is optional. 

2.2.1 Choose Model 
The user chooses and opens either the model for total retention or the model for nitrification 
and denitrification. A graphical representation of the model is shown in Model Editor. The 
user can now choose either to simulate one of the models or to change the model parameters. 

2.2.2 Change Parameters 
The user chooses to change the parameters involved in the chosen model before simulating the 
model. 

2.2.3 Run Model Simulation  
The user runs the simulation of the chosen model. Total retention or the amount of nitrogen trans-
formed in the nitrification and denitrification processes in the wetland is predicted depending on 
which model the user has chosen. In either case, the simulation generates parameter data. 

2.2.4 Choose Parameters 
After simulation, the user chooses which parameters to plot. 
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2.2.5 Plot Parameters 
After choosing the parameters, the user chooses to plot the generated parameter data over time. 
The result of the simulation is shown in a plot diagram. The user can change the chosen parame-
ters and plot them again without restarting the simulation. 

2.3 Use Case Description Using Notebooks 

Choose
model

Change
model

parameters

Plot
parameters

Evaluate
notebook

Choose
parameters to

plot

1)

2)

3)
4)

5)

 
Figure D.2. Use case for notebooks. The numbers represent the order of operations. 
Step 2 is optional. 

2.3.1 Choose Model 
The user chooses and opens either the notebook with the model for total retention or the model for 
nitrification and denitrification.  

2.2.2 Change Parameters 
The user chooses to change the parameters involved in the chosen model before evaluating the 
notebook. 

2.3.2 Evaluate Notebook 
The user evaluates the notebook with the chosen model. Total retention or the amount of nitrogen 
transformed in the nitrification and denitrification processes in the wetland is predicted depending 
on which notebook the user has chosen. In either case, the simulation generates parameter data. 
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2.3.3 Choose Parameters 
After evaluating the notebook, the user chooses which parameters to plot. 

2.3.4 Plot Parameters 
After choosing the parameters, the user chooses to plot the generated parameter data over time. 
The result of the simulation is shown in a plot diagram. The user can change the chosen parame-
ters and plot them again without restarting the simulation. 

3. Requirements 

3.1 Functional Requirements 

FR-1.1 Prediction of Total Wetland Retention 
The simulation of total wetland retention shall predict and show the amount of nitrogen removed 
from the water discharged into the wetland. This model will only be simulated in the MathMode-
lica notebooks. 

Priority: High 
Motivation: Main function for the usefulness of the model. 
Influences: NR-2.7 

FR-1.2 Predictions of Nitrification and Denitrification Processes in a Wetland 
The amount of nitrogen transformed in each of the processes involved in nitrification and denitri-
fication shall be predicted and shown. 

Priority: High 
Motivation: Main function for the usefulness of the model. 
Influences: NR-2.8 

FR-1.3 Choose Parameters in MathModelica Graphical Editor 
It shall be possible to choose the parameters of the simulations in the graphical editor for the 
model predicting nitrification and denitrification processes. 

Priority: High 
Motivation: To be able to choose which parameters to graphically show the results of the 
simulations. 
Influences: FR-1.7 

FR-1.4 Choose Parameters in MathModelica Notebooks  
It shall be possible to choose the parameters of the simulations in MathModelica for the model 
predicting nitrification and denitrification processes. 

Priority: High 
Motivation: To be able to choose which parameters to graphically show the results of the 
simulations. 
Influences: FR-1.8 

FR-1.5 Plot Parameters in MathModelica Graphical Editor 
MathModelica shall be able to show plot diagrams of the parameter data generated in the simula-
tion. 

Priority: High 
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Motivation: To graphically show the results of the simulations. 
Influences: - 

FR-1.6 Plot Parameters in MathModelica Notebooks 
MathModelica shall be able to show plot diagrams of the parameter data generated in the simula-
tion for the model predicting nitrification and denitrification processes. 

Priority: High 
Motivation: To graphically show the results of the simulations. 
Influences: - 

FR-1.7 Change Parameters in MathModelica Graphical Editor 
It shall be possible to change the parameters of the simulations in MathModelica. 

Priority: Medium 
Motivation: To make the simulations situation-adapted. 
Influences: - 

FR-1.8 Change Parameters in MathModelica Notebooks 
It shall be possible to change the parameters of the simulations in MathModelica notebooks. 

Priority: Medium 
Motivation: To make the simulations situation-adapted. 
Influences: - 

3.2 Non-functional Requirements 

NR-2.1 Code Standard 
The programming code shall be written using the Modelica code standard (Fritzson, 2004). All 
programming code and documentation shall be written in English. 

Priority: High 
Motivation: To make the models useful in Modelica modeling environments and follow an 
accepted standard. 
Influences: - 

NR-2.2 Compatibility and Language 
All programming code shall be written in Modelica and be compatible with all systems and pro-
grams compatible with MathModelica 2.1.  

Priority: High 
Motivation: To make the models useful in all MathModelica environments and follow an 
accepted standard. 
Influences: - 

NR-2.3 Reuse 
The simulations shall make use of the Modelica BioChem library for biochemical reactions when 
possible.  

Priority: High 
Motivation: To save time and space by taking advantage of reusing existing libraries. 
Influences: FR-1.1, FR-1.2, FR-1.7, FR-1.8 
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NR-2.4 Icons 
Icons for the MathModelica Model Editor shall be developed for the model predicting nitrification 
and denitrification processes. The appearance of the icons shall be similar to the icons commonly 
used in ecological modeling and simulation tools. The icons represent the different chemical reac-
tions and components in the model. 

Priority: High 
Motivation: To make the models more useful for ecologists/biologists with little program-
ming experience, partly by using a graphical tool and partly by using recognizable sym-
bols/icons.  
Influences: - 

NR-2.5 Installation Manual 
An installation manual shall be written. 

Priority: High 
Motivation: To make it easier for the user to install the model library. 
Influences: - 

NR-2.6 User’s Manual 
A user’s manual shall be written  

Priority: High 
Motivation: To make it easier for the user to understand and use the models and simulations. 
Influences: - 

NR-2.7 Example Wetlands for Total Nitrogen Retention 
The model for total nitrogen retention shall be specified with an implemented example, including 
example scripts generating example data for parameters.  

Priority: Medium 
Motivation: To make it easy for the user to see the possibilities of the models and simula-
tions. 
Influences: - 

NR-2.8 Example Wetlands for Nitrification/denitrification 
The model for denitrification/nitrification shall be specified with an implemented example, in-
cluding example scripts generating example data for parameters.  

Priority: Medium 
Motivation: To make it easy for the user to see the possibilities of the models and simula-
tions. 
Influences: - 

NR-2.9 Extensibility 
All model libraries shall be implemented to promote further development of the models and simu-
lations unless otherwise stated, particularly with regards to adding more mathematical formulas 
for biochemical reactions.   

Priority: Medium 
Motivation: To promote further development and make it possible to model all chemical and 
ecological processes in a wetland not included in this study. 
Influences: FR-1.1, FR-1.2 
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NR-2.10 Comments 
All programming code shall be well commented. 

Priority: Medium 
Motivation: To promote further development and administration of the models. 
Influences: - 

NR-2.11 Performance 
The performance of the model simulations shall not differ more than 20% from other Modelica 
model simulations. 

Priority: Medium 
Motivation: To ensure that the model has as high performance as other Modelica models. 
Influences: - 
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Appendix E – Poster 
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