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Executive Summary 
 
Objectives: 
This deliverable describes the second version of the virtual laboratory developed in WP5 of 
AQUAEXCEL2020. The document describes the technical framework used to integrate the 
different submodels that are part of the virtual laboratory, short descriptions of these 
submodels, and demonstrations of the integration through simple simulation experiments.  
 
Rationale: One of the main research activities in AQUAEXCEL2020 WP5 is to develop a virtual 
laboratory system that enables virtual experiments in aquaculture research facilities. This 
system will feature a framework that allows the integration of mathematical models of different 
subsystems in common simulations, replicating the system operation of research laboratories.  
 
Main Results: 
The second version of the virtual laboratory is now complete. We have demonstrated that it is 
possible to run virtual experiments by using the submodels developed in WP5 in integrated 
simulations. A web-interface for setting up and executing virtual experiments has been 
completed and is available for the public at https://ae2020virtuallab.sintef.no/. The interface is 
linked with the technical framework integrating the models such that users can execute virtual 
experiments without needing deep insight into how the framework and submodel integration is 
implemented. For the current version we have made constraints in the web-interface so the 
user is restricted to co-simulate models that have been pre-selected, however advanced users 
with direct access to the underlying framework have no restrictions on how they want to 
combine the submodels. 
 
Authors/Teams involved: 
SINTEF: Finn Olav Bjørnson (lead author), Eleni Kelasidi 
HCMR team has contributed with the growth model 
NTNU/JU team has contributed with the hydrodynamic model 
WR/WU team has contributed with the watertreatment model 
 
 

https://ae2020virtuallab.sintef.no/


AQUAEXCEL2020 Deliverable D5.9 

 

Page 3 of 32 

 

Table of contents 
 

Executive Summary ................................................................................ 2 

Table of contents..................................................................................... 3 

1. BACKGROUND ................................................................................... 4 

2. FRAMEWORK AND SYSTEM ARCHITECTURE .......................................... 5 

3. INTEGRATED MODELS ......................................................................... 6 

4. VIRTUAL LABORATORY VERSION 2 .................................................... 12 

5. DEMONSTRATION ............................................................................ 18 

6. CONCLUSION .................................................................................. 28 

Glossary ................................................................................................ 29 

Definitions ............................................................................................. 30 

Document information ........................................................................... 31 
 





AQUAEXCEL2020 Deliverable D5.9 

 

Page 5 of 32 

 

report are a subchapter on integration of the models in chapter 3, a subchapter on different 
FMU configurations in chapter 4, and a complete overhaul of chapter 5 to demonstrate the 
virtual laboratory. 
 
The rest of this report is structured as follows: First, the general framework and system 
architecture used to integrate the different submodels is presented. This is followed by short 
descriptions of each submodel, covering their function and outputs, and some information on 
how they were implemented into the common framework as well as how they work together. 
We then present the implementation of the Virtual Laboratory Version 2, first from a technical 
viewpoint, then through a use case where a user conducts a new experiment. We then sum 
up the implementation of the virtual lab in the conclusion. 

2. FRAMEWORK AND SYSTEM ARCHITECTURE 
This section briefly presents the results reported in Bjørnson et al. (2016) describing the system 
architecture/technical framework that was chosen for developing virtual laboratory solution for 
the aquaculture domain.  
 
The standard called Functional Mock-up Interface (FMI) defines how different simulation 
models realized in different simulation environments may be integrated in common 
simulations. Based on the extensive use of this standard in other industry segments (e.g. 
automotive and maritime industries), and the ability to handle models implemented in different 
systems/tools (see https://www.fmi-standard.org/downloads for a list of eligible tools), FMI was 
chosen as a basic framework for model integration in the AQUAEXCEL2020 virtual laboratories.  
 
FMI defines an interface to be implemented by executables called Functional Mock-up Units 
(FMU) which contain the submodels. The FMI functions can then be used by a simulation 
environment to create one or more instances of an FMU and simulate them, typically together 
with other models. An FMU may contain its own solver, in which case it is possible to use FMI 
for Co-Simulation, where the submodels communicate by exchanging output values at each 
communication time step. Alternatively, if the FMU does not contain a solver, it is 
recommended to use FMI for Model Exchange, where the simulation environment connects 
two or more submodels to a common solver. Figure 2 illustrates the co-simulation model. 
 

 
Figure 2 FMI for Co-Simulation  (From Blochwitz 2014) 

Irrespective of whether FMI for Co-Simulation or Model-Exchange is used, the integration 
between and execution of FMUs is governed by an FMI-master application. This application is 
responsible for synchronising the submodels at regular communication time steps, and for 
collecting all outputs and assigning all inputs of all FMUs in the system. The information flow 
between submodels that are to be interconnected through their respective inputs and outputs 
is thus maintained by the FMI-master algorithm rather than being realized as direct information 
exchange between the FMUs containing them. 
 
As shown by Bjørnson et al. (2016), the overall initiation of models can be handled with the 
architecture described in Figure 3. The Master algorithm receives the experiment setup from 
the user interface and then asks FMU providers for the necessary FMUs (Stage 1). The FMU 

https://www.fmi-standard.org/downloads


https://viproma.no/
https://www.fmi-standard.org/downloads
https://sintef.sharepoint.com/teams/work-2713/Delte%20dokumenter/WP5%20Virtual%20laboratory/Deliverables/code.sintef.no
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These models have been realized as FMUs using the principle of Co-Simulation. 
 
Detailed outlines, validation and discussions on the models delivered in tasks 5.1, 5.2 and 5.3 
can be found in Lika, K. et al. (2020), Abbink, W. et al. (2020) and Alver, M. O. (2020), 
respectively. In this section, we give a short summary of these deliverables for completeness 
of this report. We also describe how they are integrated in the Virtual Laboratory. 

Fish model 
The AquaFishDEB model presented in Lika, K. et al. (2020) is designed to predict growth, feed 
consumption and waste production for Atlantic salmon, seabream and trout. Specifically, the 
model predicts 1) fish growth for different feeds (quantity and composition) and water 
temperature, and 2) oxygen consumption and waste production (nitrogen, CO2, solids) at 
different fish sizes, temperatures, feed rations and diet compositions for individual fish or 
groups.  
 
The model is based on the Dynamic Energy Budget (DEB) theory for metabolic organization, 
which provides a conceptual and quantitative framework to study the whole life cycle of 
individual animals while making explicit use of energy and mass balances (Lika, K. et al., 
2020). The model covers all life stages of a fish (including larvae, juveniles and market size 
fish) and is explicitly tied with feed and temperature. It accommodates different feeding 
strategies (e.g. ad libitum or restricted, feeding frequency, adaptive feeding) and feed 
compositions. The output of the model includes fish growth characteristics (number of fish, 
mean body-size, total biomass, feed intake, specific growth rate and feed conversion 
efficiency), waste production (faecal dry matter and nitrogen-loss, as well as non faecal 
nitrogen loss) and gaseous exchange (O2 consumption and CO2 production). 
 
As presented in Lika, K. et al. (2020), predictions made by the AquaFishDEB model are the 
end products of a two-step modeling procedure (Figure 4). The first step involves the 
parameterization of the DEB model for each species. In the second step, the DEB parameters 
are used in the prototype AquaFishDEB model that then simulates the dynamics for a group 
of fish exposed to user input regarding fish and feed characteristics, and the specified 
experimental conditions. The developed prototype model is thus able to predict growth, feed 
consumption and waste production for the fish. 
 
The first step of the modeling procedure has been accomplished for three chosen species: 
rainbow trout, seabream and atlantic salmon. 
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Figure 4 Schematic representation of the two-step procedure for the development of the AquaFishDEB 
model. (From Lika, K. et al. (2020)) 

The AquaFishDEB model was first implemented as a stand-alone model in Matlab, and all 
model tuning, verification and validation was done using this version of the model. After this, 
the Matlab code was converted into C++ using Matlab Coder, thus enabling simulations of the 
model in C++. This code was then linked into an FMU-interface implemented in C++, that was 
compiled, resulting in an FMU containing the AquaFishDEB-model. The functionality of this 
version of the model was finally verified by comparing model outputs from the FMU with those 
obtained with the original Matlab implementation. 
 

Water treatment model  
Abbink, W. et al. (2020) presents a model that predicts the water quality and water treatment 
effects in research infrastructures such as tanks. The model was designed as a generic tool 
that users of research facilities could use prior to the start of an experiment to predict the 
expected water quality during the experiment. In addition, the model could be a tool for (re-) 
designing systems so that they result in the desired water quality for the experiment 
envisioned. This makes the model a potential tool for teaching TNA users, research 
infrastructure technicians and others involved the principles of water quality control in fish 
culture units. The model uses input on waste production from task 5.1 as a starting point. 
 
The sub-model computes water quality based on input parameters that describe the production 
plan and the experimental design. These inputs may either come from the growth model in 
task 5.1 or be provided as direct inputs to the model if they are known in advance. The model 
outputs describe water quality using the most crucial parameters related to ammonia and 
nitrate in the system (tanks and filters). For each communication time step, the model 
calculates values such as ammonia production by the fish, nitrification rate, nitrification 


















































