
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 19, 2023

A framework for the development of Pedagogical Process Simulators (P2Si) using
explanatory models and gamification

Caño de Las Heras, Simoneta; L. Gargalo, Carina; Weitze, Charlotte Lærke; Mansouri, Seyed Soheil;
Gernaey, Krist V.; Krühne, Ulrich

Published in:
Computers and Chemical Engineering

Link to article, DOI:
10.1016/j.compchemeng.2021.107350

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Caño de Las Heras, S., L. Gargalo, C., Weitze, C. L., Mansouri, S. S., Gernaey, K. V., & Krühne, U. (2021). A
framework for the development of Pedagogical Process Simulators (P2Si) using explanatory models and
gamification. Computers and Chemical Engineering, 151, [107350].
https://doi.org/10.1016/j.compchemeng.2021.107350

https://doi.org/10.1016/j.compchemeng.2021.107350
https://orbit.dtu.dk/en/publications/ddf3a858-d4bf-4f7d-a38c-3ca98db36850
https://doi.org/10.1016/j.compchemeng.2021.107350


Computers and Chemical Engineering 151 (2021) 107350 

Contents lists available at ScienceDirect 

Computers and Chemical Engineering 

journal homepage: www.elsevier.com/locate/compchemeng 

A framework for the development of Pedagogical Process Simulators 

(P2Si) using explanatory models and gamification 

Simoneta Caño de las Heras a , ∗, Carina L. Gargalo 

a , Charlotte Lærke Weitze 

b , 
Seyed Soheil Mansouri a , Krist V. Gernaey 

a , Ulrich Krühne 

a 

a Process and Systems Engineering Center (PROSYS), Department of Chemical and Biochemical Engineering, Technical University of Denmark, Søltofts Plads, 

Building 229, 2800 Kgs. Lyngby, Denmark 
b Digital and Creative Learning Lab, Ulstrupparken 11, Helsingør 30 0 0, Denmark 

a r t i c l e i n f o 

Article history: 

Received 5 January 2021 

Revised 13 April 2021 

Accepted 24 April 2021 

Available online 29 April 2021 

2010 MSC: 

00-01 

99-00 

Keywords: 

Computer-aided framework 

Education 

Process systems engineering 

Digitalization 

a b s t r a c t 

Process simulators are powerful supporting tools employed at all educational levels of engineering edu- 

cation. Meanwhile, digitalization is obliging the educational systems to adapt. In this new era marked by 

the Industry 4.0 movement, the formulation and implementation of models are fundamental for process 

digitalization; therefore, students and new trainees must be familiar with process models, simulators 

and programming. In this work, a computer-aided framework for the development of process simula- 

tors is proposed (P2Si). This framework integrates the following aspects: (i) the use, reuse, and expla- 

nation of process models; (ii) a tailored learning design; (iii) game elements; and, (iv) the use of stu- 

dents as co-designers through participatory design to improve the human-computer interaction. Through 

the application of a series of hierarchical steps, the framework’s workflow aims to arrive at a promising 

candidate to facilitate the teaching of processes. Furthermore, a proof of concept is developed for the 

teaching and training of undergraduate students, where the case of an aerobic microbial conversion pro- 

cess at industrial scale is explored. By applying this framework, we obtained the conceptual design of 

a pedagogical process simulator, which was then implemented as a prototype software platform, BioVL 

( www.biovl.com ), for further development and testing. The main output of this work is the conceptual 

design of pedagogical process simulators integrating gamification and the use of process models as edu- 

cational tools. In conclusion, the proposed framework has shown its merit when designing a computer- 

aided tool suited to support the transition towards the increased industrial digitalization as well as to 

address current educational challenges. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Industrial chemical and biochemical engineering, as well as the 

raining and education of engineers, is under continuous evolu- 

ion. These fields are going through exciting times in adapting 

ustainable practices and taking an active part in the transfor- 

ation towards digitalization paving the way to Industry 4.0. In- 

ustry 4.0 (or smart manufacturing) is the ongoing transforma- 

ion of traditional manufacturing using modern smart technologies. 

herefore, digitalization and automation are key players to achieve 

mart manufacturing. At the same time this can result in more 

ustainable processes by, for example, increasing process efficiency 
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 Narayanan et al., 2020; Clomburg et al., 2017; Gargalo et al., 2020 ).

eanwhile, higher education, including in the field of process sys- 

ems engineering, is facing challenges such as: (i) the accommo- 

ation of an increasing number of students; (ii) the need to teach 

ractical aspects of complicated processes; (iii) the need for a more 

exible educational system; and, (iv) the students’ preparation to 

ctively take part in the transition to Industry 4.0. The first two 

oints have been widely mentioned among the needs and chal- 

enges of engineering education ( Baroutian and Kensington-Miller, 

016; Hofstein and Lunetta, 2004; Koretsky et al., 2011; Feisel and 

osa, 2005 ). On the other hand, flexible learning reflects the cur- 

ent need of adapting to evolving requirements, time and loca- 

ion of study, as well as teaching methods, assessment, and cer- 

ification ( ANTA, 2003 ). This is especially important due to recent 

vents, such as the Covid-19 pandemic, where, according to UN- 

SCO ( The United Nations Educational and Organization, 2020 ), by 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.compchemeng.2021.107350
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2021.107350&domain=pdf
https://www.biovl.com
http://creativecommons.org/licenses/by/4.0/
mailto:simoca@kt.dtu.dk
https://doi.org/10.1016/j.compchemeng.2021.107350
http://creativecommons.org/licenses/by/4.0/


S. Caño de las Heras, C.L. Gargalo, C.L. Weitze et al. Computers and Chemical Engineering 151 (2021) 107350 

M

e

a

e

2

p

t

s

t

o

d

s

e

a

s

w

a

c

r

i

t

(  

e

b

i

u

e

t

p

t

a

t

c

u

c

t

W

i

t

t

t

e

2

p

c

(

P

r

c

c

d

d

m

a

b

s

A

C

T

t

s

g

a

e

e

c

T

o

s

t

b

a

e

t

t

B

(

a

i

l  

M

e

o

a

b

l

b

(

c

(

s

i

w

a

r

H

s

s

Fig. 1. Schematic representation of the needs for the next generation of pedagogical 

simulators. 
arch 3th 2020, 87.6% of students worldwide were out of their 

ducational institutions. Therefore, a new paradigm in education 

rose, in which the demand for more tailored online platforms, 

ven if this was not new, has become urgent ( Jeffery and Bauer, 

020; Dietrich et al., 2020 ). In addition, the development of such 

latforms supports the UN Sustainable Development Goals, in par- 

icular Goal 4 -Quality Education. By 2030, the UN aims to ”en- 

ure equal access for all women and men to affordable and quality 

echnical, vocational and tertiary education” ( United Nation Devel- 

pment Program, 2014 ). Digital platforms could facilitate and stan- 

ardize knowledge sharing and training. 

Moreover, in the age of digitalization and the transition to 

mart manufacturing, process models have gained even more rel- 

vance. Process models can be an unambiguous way of reporting 

nd exchanging knowledge as they combine mathematical expres- 

ions with process information ( Narayanan et al., 2020 ). Therefore, 

hen the aim is to teach a certain process, the educational system 

nd its methods should adapt in order to echo the new trends and 

hallenges faced by the industry today. To achieve this, the cur- 

iculum should be updated so that topics involved in the digital- 

zation of the industry, such as model generation, validation, main- 

enance, and model-based decision-making, have a greater weight 

 Cameron et al., 2019; Kiss and Grievink, 2020 ). In this way, future

ngineers will be better prepared to face the challenges and em- 

race the opportunities brought by ongoing developments in the 

ndustry. 

Hence, there is a clear demand for flexible and adaptable ed- 

cational digital platforms that tackle the current challenges and 

mbrace opportunities created by the unfolding developments in 

he chemical and biochemical industry. Nevertheless, those digital 

latforms should not forget their educational aim and must be able 

o motivate and attract the students. 

In chemical and biochemical engineering classrooms, computer- 

ided tools have been the most common digital platforms used 

o teach processes. These tools, also referred here as simulators, 

an reproduce phenomena (e.g., kinetic reactions, filtration, etc.) 

nder different conditions and, when used in education, they 

an help the students to gain theoretical knowledge and concep- 

ual understanding ( Feisel and Rosa, 2005; Balamuralithara and 

oods, 2009 ). Moreover, simulators are able to engage students 

n intuitive learning, based on action and the possibility to con- 

rol and explore the embedded process ( Shen et al., 1999 ). On 

hese grounds, simulators have been used as learning tools since 

he 1970s in many fields within science and engineering ( Forbus 

t al., 1999; Tjärnberg et al., 2017; Kerala, 2007; FunctionBay, 

007; Ferrero et al., 2002; Guimarães et al., 2003 ). Specific exam- 

les of simulators commonly used as part of bachelor and master 

urriculums of chemical and biochemical engineering are: PRO/II 

 Software, 2015 ), Aspen Plus, Hysys ( AsperTech, 2017 ) and Super- 

ro ( Inc., 2017 ). These simulators have been designed to allow for 

igorous design and analysis at the early stage of the process’ con- 

eptual development. As a result, they can accurately represent 

omplex process systems, which brings great benefits to the stu- 

ents. However, these tools require a high level of process un- 

erstanding, and thus it is difficult to use them to teach funda- 

ental concepts. They lack an integrated learning design as well 

s motivational elements. In recent years, specific simulators have 

een created as learning tools for undergraduate engineering and 

cience students such as BerryMaker BACH-BERRY (2017) , Labster 

pS. (2018) , Genomics Digital Lab Spongelab Interactive (2018) , 

hemlab Modelscience (2019) , and CHEMOTION Al-Khalifa (2017) . 

hese software tools mainly target theoretical knowledge, and aim 

o engage the students in learning by using different techniques 

uch as gamification, virtual/augmented reality, or hand and fin- 

er motion systems. These simulators have been generally used 

s a replacement or as a complementary tool to the laboratory 
2 
xperiments ( Dyrberg et al., 2017; Makransky et al., 2016; Bonde 

t al., 2014 ). They are regularly characterized by closed ”point- 

lick-observe” type of activities ( Caño de las Heras et al., 2021 ). 

his type of ”point-click-observe” flow is linked to a combination 

f teaching the academic content (or theory) followed by an as- 

essment of the learning ( Abdulwahed and Nagy, 2009 ). Hence, 

he use of these tools coupled with laboratory experience, can 

e beneficial for the students to acquire the intended theoretical 

nd practical knowledge. However, these simulators are not ad- 

quate when students aspire not only to understand and apply 

heir knowledge, but also to evaluate and create such information 

hrough active experimentation ( Abdulwahed and Nagy, 2009 ). 

esides, while using both types of simulators in the classroom 

educational-focused, such as LABSTER, or for rigorous design, such 

s ASPEN HYSYS), students have found several areas for potential 

mprovements, such as the lack of collaborative and customized 

earning ( Dyrberg et al., 2017; Caño de las Heras et al., 2021 ).

oreover, the students have also pointed out that process mod- 

ls are neither introduced nor adequately explained in either type 

f simulators. This is in clear conflict with the urgency to educate 

nd prepare students for a digitalized industry. 

Therefore, the next generation of simulators should com- 

ine the best features of each type of simulator while tack- 

ing the identified areas of improvement, as well as being flexi- 

le, rewarding, adaptable, and scalable to the users’ future needs 

 Fig. 1 ). 

To achieve this, some questions must be answered: (i) How 

an digital platforms facilitate the teaching of processes? and 

ii) what should the design considerations be for such process 

imulators? 

An educational simulator must have a learning design. A learn- 

ng design is composed by the learning goals, the settings in 

hich learning will take place, the content, the learning theory 

nd methods used, the conditions of the evaluations, and the pre- 

equisites of learning (such as previous knowledge) ( Hiim and 

ippe, 1997 ). If the simulator lacks a proper learning design, the 

tudent might feel disengaged, and the pedagogical value of the 

imulators will decrease. To be able to keep the student engaged 
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uring a continued period, the simulator should provide open ex- 

loration while, ultimately, allowing for the creation of its content. 

n this way, the learning goals of a successful simulator should fol- 

ow the Bloom’s Taxonomy, in which a new topic is 1) memorized, 

) understood, 3) applied, 4) analyzed, 5) evaluated, and 6) cre- 

ted ( Krathwohl, 2002 ) to achieve the metacognitive domain. In 

ddition, the level of motivation is another important contribut- 

ng factor for student engagement. The affecting aspects that arise 

rom actively learning and participating have inspired the devel- 

pment of different strategies to boost students’ motivation. Gam- 

fication is one of these strategies, where game elements are ap- 

lied in non-game contexts ( Deterding, 2012 ). Although it has been 

uccessfully implemented in several areas (e.g., business, market- 

ng, corporate management, etc.), the implementation of gamifi- 

ation in engineering education is still not yet well established 

 Dicheva et al., 2015; 2018 ). Several examples of educational soft- 

are tools that integrate gamification used in civil engineering 

 Ebner and Holzinger, 2007 ) or computer science ( Jayasinghe and 

harmaratne, 2013 ), have shown an increase in incidental learn- 

ng and student engagement. However, a reproducible pathway for 

he integration of game elements into a process simulator is still 

issing. 

Moreover, there is a need to develop a user-friendly approach 

o introduce and teach process models to the today’s students. 

rocess models describe the phenomena that control a system’s 

ehaviour, and therefore, they have a sometimes unexploited ed- 

cational value for engineering students. Furthermore, as previ- 

usly mentioned, the transition to Industry 4.0 requires engineer- 

ng graduates and trainees with knowledge and skill in the cre- 

tion, validation, maintenance of process models, and model-based 

ecision-making. 

Lastly, an educational simulator could benefit from not only be 

esigned for students but also by the students. In this way, the 

unctionality and usability tests would be performed as an itera- 

ive process during all simulator design stages. Through this col- 

aboration with students as future users, a better human-computer 

nteraction is ensured by providing the platform with more effec- 

ive communication. Among other benefits, this approach achieves 

n easier and less confusing user instructions ( Gong, 2009 ). 

All these factors should be considered in the conceptual de- 

ign of a process simulator. However, to the best of our knowl- 

dge, no other studies have integrated these principles in a repro- 

ucible way for the design and first-stage implementation of a pro- 

ess simulator. Therefore, this study proposes a framework for the 

ystematic development and conceptual design of educational pro- 

ess simulators (P2Si). P2Si aims to establish a holistic process that 

ncludes: 

i. a learning perspective through educational design; 

ii. a motivational strategy by using gamification; 

ii. the use and implementation of process models as an educa- 

tional resource; 

iv. the design of the software as a tool for open exploration; 

v. the inclusion of the future users (the students) as pro-active 

agents in the process simulator’s development and design by 

applying functionality and usability user experiences as well as 

engaging them in the evaluation of their learning satisfaction. 

We believe that the application of this framework will lead to 

he design of novel process simulators whose sole purpose is to 

ducate future engineers and prepare them for a digitalized indus- 

ry. 

The remainder of this article is organized as follows. In 

ection 2 , the framework is presented and described in detail in 

 step-wise manner, along with the methods and information re- 

uired. Section 3 explores the application of P2Si to showcase its 

sefulness, leading to the development of a digital platform proto- 
3 
ype, as a proof of concept. This digital platform prototype is called 

ioV irtual L ab ( BioVL ), and is available at www.biovl.com . Finally,

onclusions and future perspectives are presented in Section 4 . 

. A systematic computer-aided framework for the design of 

edagogical Process Simulators (P2Si) 

The proposed framework, P2Si, targets to create a reproducible 

trategy to construct process simulators with a pedagogical value. 

he main goal is to achieve the conceptual design of a promising 

andidate for the teaching of processes while considering the re- 

uirements previously described. P2Si is composed of five hierar- 

hical steps ( Fig. 2 ), where three of the steps are designed for con-

truction and solution, while the last two are for application and 

alidation. Noteworthy is that the proposed framework is generic, 

nd consequently, each step can be applied independently based 

n the availability of information. 

.1. Step 1: Problem identification 

This step defines the learning goal and educational purpose to 

e achieved through the application of P2Si. The learning goal’s 

efinition is then supported by quantitative or/and qualitative data 

athered from interviewing the students and instructors, and/or 

rom a literature survey. Afterwards, educators must define the 

earning requirements for the students. For example, if the goal 

as for the students to learn about enzymatic reactions, the learn- 

ng goals could be to develop: (1) knowledge on different types of 

nzymatic reaction mechanisms; (2) skills in the calculation of the 

inetic parameters; and (3) competences in performing laboratory 

xperiments of an enzymatic reaction with the objective of collect- 

ng data for estimating its kinetic parameters. 

.2. Step 2A: Pedagogical description 

This step aims to establish the learning design of the pro- 

ess simulator. In order to do so, the six elements defined in 

able 1 must be specified. Table 1 follows a didactic frame pro- 

osed by Hiim and Hippe (1997) , further used and expanded by 

ærke Weitze and Ørngreen (2012) . 

This strategy is based on a series of “if...,then...” rules, derived 

rom: (i) theories, (ii) examples, or (iii) patterns ( Berggren et al., 

005 ). The pedagogical description embedded inside the simula- 

or may be redefined during step 4, where the students are co- 

articipants in the design of the process simulator, or in step 

, during the pedagogical verification (information feedback loop 

ighlighted in Fig. 2 ). 

.3. Step 2B: Mathematical characterization, implementation, and 

olution 

The mathematical development of a process model requires: (i) 

n overall understanding of the system and the involved phenom- 

na; (ii) the identification of a set of mathematical equations to de- 

cribe the system; (iii) parameter estimation (if experimental data 

s available) or use, if possible, of parameters obtained by previous 

tudies; (iv) the implementation of the model and its solution in 

 computational tool; and finally, (v) the validation of the model 

hrough literature or experimental data. 

In this work, the simulator’s educational value is the foremost 

oal; thus, step 2.B focused on providing a clear and structured 

athematical description of the process models. Hence, the math- 

matical development involves two sub-sequential tasks: (1) model 

haracterization and (2) implementation and solution. Firstly, the 

odel is characterized so the students understand the phenom- 

na behind the process, as well as the structure of the equation(s) 

https://www.biovl.com
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Fig. 2. The workflow of P2Si. 

Table 1 

Pedagogical description. 

Element Definition 

Pre-requisite of learning Involves the consideration of previous knowledge of the future users, as well as motivation to complete the task, 

etc. 

Settings Frame in which the learning is taking place. For example, a blackboard, a computer, etc. 

Learning goals Objectives for the students with various levels of complexity Weitze (2016) . Although broadly defined in Step 1, it 

should be subdivided and specified through the use of the Bloom’s taxonomy Krathwohl (2002) , for example. 

Content The information presented to the students. This has to be engaging so that the students are motivated to learn. 

Learning process Learning theories, methods and activities used. Collaborative learning Laurillard (2009) , the Kolb’s experiential 

cycle Abdulwahed and Nagy (2009) or problem-based learning Wood (2003) are some of the strategies commonly 

applied to design the learning process. 

Assessment After the experience, the instructor must assess if the students have reached the intended learning goals. 

Fig. 3. Model characterization work-flow. 
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hat describes it. By taking such an approach, we expect that stu- 

ents will gain expertise to evaluate and create their own models. 

econdly, the process model is implemented and solved inside the 

omputer-aided tool. These two sub-steps are described in detail 

ellow. 

Step 2B.1 Model characterization 

The process model is described through a series of hierarchical 

teps as represented in Fig. 3 . 

This sub-step greatly relies on the collection of trustworthy and 

nderstandable information. Hence, literature, databases, model li- 

raries, expert knowledge, experience, and experimental data are 

equired in order to have a complete picture of the available in- 
4 
ormation. In some cases, this can be a highly time-consuming ac- 

ivity as information tends to be unorganized and with significant 

aps. 

Step 2B.2: Model implementation, solution, and validation 

This sub-step is focused on the implementation and solution 

f the process models. The model implementation is a fundamen- 

al aspect of practical modelling aspects, and it supports creative 

nd open learning. It is recommended that the model implemen- 

ation follows a template-based approach ( Fedorova et al., 2014 ). In 

he available templates, models are decomposed into three divisi- 

le classes ( Cameron and Gani, 2011 ): a) balance equations (such 

s mass or energy balance), b) constitutive equations (such as a 
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hemical reaction), and c) connection and conditional equations (to 

escribe the surroundings and system connections). As each class 

an be treated like a block that can be combined to create a new

odel; students can explore and learn about the construction of 

athematical models ( de Las Heras et al., 2019 ) in a structured 

ay. 

This sub-step is also susceptible to redefinition based on feed- 

ack information from steps 4 and 5, as the process model equa- 

ions and implementation will be used as an educational resource 

or the students. 

.4. Step 3: A motivational strategy – Gamification design 

The overall aim of step 3 is to incorporate motivational strate- 

ies to engage students in learning. Among other strategies, gam- 

fication is one of the possible methods to encourage and support 

otivation, as well as a strategy that provides an enjoyable experi- 

nce to the students ( Weitze, 2016; Kiili, 2005 ). Other strategies 

hat can be used for the same purpose are, for example a spe- 

ialized learning design such as game-based learning, and/or new 

echnologies such as virtual reality (VR), or augmented reality (AR). 

t is important to highlight that both AR and VR can be used in

ombination with or even to replace gamification as the motiva- 

ion strategy used in step 3. In this work, the proposed framework 

nly incorporates gamification based on the benefits related to the 

asiness of its implementation compared to the previously men- 

ioned new technologies. 

Gamification, when used to develop a gamified scenario, has 

hown positive results in transferring knowledge, competences, 

nd skills that allow students to adapt to new situations ( Blumberg 

nd Fisch, 2013; Hodent, 2017 ). The use of gamification brings the 

ossibility to provide the students with immediate feedback in an 

ngaging scenario, which cannot be obtained in real life. For ex- 

mple, a newly graduated engineer can confront an accident that 

ill change the temperature of the process and immediately see 

he effect on the fermentation process simulator in contrast with 

eality, where accidents must not happen and sometimes the effect 

f such change would only be observed after several hours. In ad- 

ition, in a gamified scenario, the effect should involve memorable 

eedback (e.g., a representation of dying microorganisms). 

In this work, the Smiley model ( Lærke Weitze and Ørn- 

reen, 2012 ), as presented in Fig. 5 , has been proposed to integrate

he learning design and gamification. As the learning design has 

een defined in step 2.A, the current step focuses on creating a 

layful environment inside the process simulator through the use 

f different game elements ( Fig. 4 ). It is important to highlight that

he Smiley model is not the only available framework for gamifica- 

ion, and the number of game elements that belong to gamification 

s still a controversial topic ( Dicheva et al., 2015; Albertarelli et al., 

018 ). 

Moreover, curiosity, competences, and social relationships are 

riving forces for the success of learning and engagement in gam- 

fication. Hence, those elements should be considered at an early 

tage of the design of the process simulator. 

The design of a successful gamification strategy commonly re- 

ults from an iterative process with the participation of future 

sers (students and/or trainees). This is due to the fact that the 

ain goal is to create a memorable and meaningful experience, 

ith a challenging, clear and engaging design, as well as a con- 

istent rewards system ( Hodent, 2017 ). Hence, P2Si proposes to in- 

olve future users as co-designers through a co-participatory ex- 

erience. This allows for the evaluation of their motivation to use 

he process simulator, which includes the application of a series of 

terative steps of participatory design and pedagogical verification 

as presented in Fig. 2 ). 
5 
.5. Step 4: Participatory design of the process simulator 

”Frighten? Why should anyone be frightened by a hat?” (The Lit- 

le Prince, Antoine de Saint-Exupéry). This quote demonstrates the 

mportance of the alignment between the mental model of the stu- 

ents and the process simulator, and hence the use of participa- 

ory design. In the participatory design step, the students become 

ctively involved in the design process, and their preferences are 

eflected in the design of a technology they use. Hence, misun- 

erstandings, confusions, and false impressions can be minimized, 

hile the students can develop a sense of ownership and empow- 

rment ( Pontual Falcão et al., 2018; Y., 2012 ). 

Some of the participatory design methods are, to name a few, 

orkshops, cooperative prototyping, mock-ups, card sorting, and 

ser design ( Y., 2012 ). Unlike the previous steps, step 4 relies on 

 social design, and therefore, the outcome highly depends on the 

roup of students who participate in this step. A more detailed ex- 

mple of a participatory design strategy is explained and demon- 

trated in the proof of concept ( Section 3.5 ). 

.6. Step 5: Pedagogical verification 

This is the final step of the P2Si framework. It seeks for confir- 

ation of the process simulator’ value as an educational tool. Con- 

equently, P2Si proposes to evaluate the (i) learning, (ii) memory, 

nd (iii) perception that the students have while using the process 

imulator. These are key pillars of the student’s cognition ( Hodent, 

017; Carroll, 1997 ). 

This framework focuses on evaluating the functionality and us- 

bility of the process simulator, as well as its pedagogical value 

rom the students’ perspective ( Fig. 5 ). In order to do so, several

ethods have been previously designed and used to collect data 

n these aspects such as questionnaires, interviews, external ob- 

ervers, etc. 

To evaluate usability and functionality, due to its importance 

n human-computer interactions, there are several standardized 

ethods, such as the System Usability Scale (SUS) ( Tullis and Al- 

ert, 2013 ) or the Questionnaire for User Interface Satisfaction 

QUIS) ( Chin et al., 1988 ), among many others. Meanwhile, it is 

lso important to collect combined data through, for example, the 

ntroduction of an external viewer inside the pedagogical verifica- 

ion. Through observations, the external viewer will have a more 

ealistic idea of the students’ interaction with the software. 

To conclude, based on the sequence of the construction and val- 

dation steps, the user of the framework should arrive at a concep- 

ual design of an educational process simulator using explanatory 

rocess models and gamification. 

. Proof of concept 

To showcase the applicability and usefulness of the proposed 

ramework (P2Si), a proof of concept is developed in the form of a 

igital platform prototype ( BioVL ). BioVL is a conceptual design of a 

ioprocess simulator to meet the demand for a more efficient and 

igher quality bio-manufacturing education for the students and 

rainees, as the requirements for flexibility and creativity increase 

 Noorman and Heijnen, 2017 ). In this work, we envision BioVL to 

e included in the chemical and biochemical engineering under- 

raduate curriculum. 

.1. Step 1: Problem identification 

A typical setup in universities’ (bio)laboratories is to teach to 

ndergraduate students the aerobic growth of Saccharomyces cere- 

isiae on glucose and ethanol ( Ostergaard et al., 20 0 0 ). This pro-

ess usually spikes the students’ interest since it is a process with 
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Fig. 4. (a) needed elements for the integration of gamification elements into the learning design, based on the Smiley model from Weitze (2016) ; (b) schematic description 

of the different game elements in the Smiley model. 

Fig. 5. Schematic representation of the elements that compose the student’s cogni- 

tion ( Hodent, 2017 ), as well as the evaluation types and methods considered in this 

framework. 
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pplications in many bio-manufacturing industries, such as food, 

iofuels and pharma productions. However, later restrictions have 

omplicated its teaching in the physical laboratory. 

Meanwhile, this system provides the perfect frame to introduce 

athematical modelling practices to undergraduate students. The 

athematical modelling behind the selected system is well es- 
6 
ablished ( Lencastre Fernandes et al., 2012; Sonnleitner and Käp- 

eli, 1986 ), and as it describes an overflow metabolism, it can 

lso be used for other microorganisms, such as Escherichia coli 

 Vazquez, 2018 ). Hence, this system provides the perfect frame to 

ntroduce mathematical modelling practices to undergraduate stu- 

ents. 

Therefore, this bioprocess has been selected as the show case 

sed in the development of BioVL . 

.2. Step 2A: Pedagogical development 

The learning design is defined by following the previously men- 

ioned learning elements (see sub- Section 2.2 ), and they are de- 

ailed in Table 2 . 

As reported in Table 2 , the learning process uses a combination 

f the Kolb’s experiential cycle and collaborative learning. Kolb’s 

xperiential cycle involves the students in (1) a concrete experi- 

nce, (2) a reflective observation, (3) an abstract conceptualiza- 

ion, and (4) an active experimentation of their knowledge, and 

hus, it provides an excellent frame to cultivate logical thinking 

nd problem-solving. The Kolb’s experiential cycle is implemented 

n the process simulator’s design as a loop of information-action 

nside the simulator. In addition, collaborative learning allows the 

tudents to learn from each other, by sharing and discussing a 

opic. In the case of e-learning, the other ’student’ (learner) can be 

eplaced by chats or chatbots ( Monahan et al., 2008; Kane, 2016 ). 

n this work, a chatbot with artificial intelligence has been de- 

igned for the developed process simulator. This aims at improv- 

ng the human-computer interactions and facilitate learning inside 

he software. In addition, a novel system built upon two databases 

as been developed ( de Las Heras et al., 2020 ). These databases are
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Table 2 

Learning design for the case study. 

Element Definition 

Pre-requisite of learning Preferable elementary knowledge about fermentation and microorganisms. 

Setting A software/computer-aided tool. 

Learning goals • To understand the basis of bioprocess and process modelling; 

• To analyse the principles behind the aerobic growth of S.cerevisiae on glucose and ethanol, and its mathematical 

model; 

• To design and implement modifications in the model. 

Content It covers: (i) the general theory of bioprocesses and modelling, (ii) implementation, and (iii) a more detailed 

description of the mechanisms behind S.cerevisiae growth. 

Learning process Use of Kolb’s experiential cycle, and a collaborative learning setup between students and a chatbot. 

Assessment Use of variable feedback and self-evaluation as the students test their hypothesis and develop as well as test 

abstract conceptualization. 

Fig. 6. Sketch of a Saccharomyces cerevisiae cell and the phenomena included in the 

model. The oxidation of glucose to biomass is presented in green. The reduction of 

glucose to form biomass and ethanol is depicted in brown. Finally, the oxidation of 

ethanol to form biomass is shown in blue. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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ermed as the good twin and the evil twin . They contain the same

nformation, but the evil twin has small errors with the aim for the 

earner to cope with false or misleading information as part of the 

earning process. Using this double-database chatbot, we hope to 

rovide a more accurate representation of a learner’s peer and to 

rigger critical thinking. 

.3. Step 2B: Mathematical development 

The mathematical model of the aerobic growth of Saccha- 

omyces cerevisiae on glucose and ethanol has an appropriate 

evel of complexity for undergraduate students. Furthermore, it 

as well-established kinetic constants and biological parameters 

 Lencastre Fernandes et al., 2012; Sonnleitner and Käppeli, 1986 ). 

Step 2B.1: Model characterization 

The model explained to the students includes the mass bal- 

nces and the kinetic reactions. The momentum balance (e.g., the 

avier-Stokes equations) is omitted as the understanding of basic 

oncepts is prioritized. However, this translates into the inability 

f the model to accurately describe a full-scale industrial process 

 Nadal-Rey et al., 2020 ). 

As presented in Fig. 6 , during its growth, Saccharomyces cere- 

isiae performs three reactions: (i) the oxidation of glucose to 

iomass; (ii) the reduction of glucose to form biomass and ethanol; 

nd (iii) the oxidation of ethanol to form biomass. In addition, the 

ate of oxygen dissolution in the medium is also included in the 

rocess model. 

The metabolic reactions are mostly represented through Monod 

ype equations, the most frequently used equations for bioprocess 
7 
inetics, with modifications for the regulatory and inhibitory ef- 

ects ( Table A1 Appendix A ). The hypothesis is that the combina- 

ion of the Monod equation with small modifications that repre- 

ent common behaviours in bioprocesses (e.g., inhibition phenom- 

na) could provide a good educational frame. Hence, each compo- 

ent of the model has to be explained. Once the model is properly 

haracterized, it needs to be implemented, solved, and validated. 

Step 2B.2: Model implementation 

Implementation is, by definition, the realization or execution of 

n idea. Through model implementation, it is possible to encour- 

ge creative and practical learning by supporting a feeling of own- 

rship and exploration. This has shown to be very beneficial in 

he act of applying high metacognitive levels of the Bloom’s tax- 

nomy’s learning objectives. 

In order to provide the educational frame for model imple- 

entation, the models are made available and explained to the 

tudents by providing: (i) Jupiter Notebooks; (ii) a Github model 

epository ( https://github.com/simonetacannodelas/BioVL-Library ); 

nd, (iii) multimedia content. Additionally, an in-browser python 

ode editor is currently being built into the software in order to 

nhance the implementation and the development of program- 

ing skills. 

As previously mentioned, step 2 can be re-defined and adapted 

ased on the inputs given by future users (refer to Fig. 2 ). 

.4. Step 3: Gamification design 

The gamification strategy’s initial design is to place the students 

n a world where baking yeast is missing. Therefore, the gamifica- 

ion goal is to identify how to make baking yeast and how to op- 

imize this process. This objective is then subdivided into a set of 

maller goals, as presented in the skill tree developed for BioVL in 

ig. 7 . 

In summary, the gamification strategy includes the elements of 

torytelling (for the action space), the introduction of goals, chal- 

enges, quizzes, positive and negative feedback, the possibility to 

hoose different tasks, competition and cooperation. 

It is important to highlight that the gamification design chosen 

s a user-centered design approach. This aims to ensure that the 

tudent’s needs are met and that the process simulator is under- 

tandable and usable ( Norman, 2013 ). Thus, several user evaluation 

xperiences must be performed and assessed for the successful de- 

elopment of the software. 

.5. Step 4: Participatory design of the process simulator 

This step focuses on discovering the real issues related to what 

he students have experienced and what needs have not been 

et, not about finding solutions. However, the students’ ”desired 

xperience” highly depends on the group of undergraduate stu- 

ents; thus, several iterations may be necessary before converg- 

https://github.com/simonetacannodelas/BioVL-Library
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Fig. 7. A hierarchical visual representation of customizations a student can make when using BioVL , the bioprocess simulator prototype developed in this work. 

Fig. 8. Paper prototype for participatory design ( de las Heras, 2018 ). 
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ng to the most satisfactory learning experience. Therefore, in this 

ork, we present three iterations of the co-design process with 

arious groups of students during different stages in the develop- 

ent of our process simulator. The objective of every new itera- 

ion is to gather ideas and suggestions on how to further improve 

ioVL since its design evolves and the number of features increases 

ith each iteration. The first participatory design was performed 

uring the conceptual design of the case study using a paper pro- 

otype ( Fig. 8 ). Ten undergraduate students in the second year of 

heir bachelor’s degree in sustainable biotechnology at the Univer- 

ity of Aalborg (Denmark) participated and quantitative and quali- 

ative information was collected in a guided process supported by 

 questionnaire (refer to Appendix B ). 
8 
The quantitative data is represented in Fig. 9 . This figure shows 

hat approximately 60% of the participants asked for more infor- 

ation and clarification about the game objectives before play- 

ng. Therefore, the next iteration of the software required the re- 

ormulation of the set of rules in the gamification and in the 

earning design steps (see Fig. 11 b for the next prototype itera- 

ion). Furthermore, the game storyline was changed, from a job in- 

erview to a particular scenario in which a microorganism needs 

o be cultivated and its growth is to be optimized. By using 

his new scenario, it is expected that the learning objectives are 

ore limited and clearer. On the other hand, only 47% of the 

articipants prioritized a more attractive interface over increasing 

he number of tasks inside the simulator (66%). Hence, the stu- 
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Fig. 9. Quantitative data presenting the students’ priorities in the first co-participatory experience with a paper prototype. 
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ents/participants value the learning value of the simulator the 

ost. 

The qualitative information from this first experience focused 

n the initial stage of the process simulator’s design. The students 

ngaged in an active conversation about the prototype and elabo- 

ated on how they would like to use it or how they would design

t. For example, some of the student’s comments were ”it might 

elp on an exam or maybe for an oral presentation”, or ”people like 

ompetitive games; maybe you could also make it more competitive 

or example adding multiplayer”. Based on the participants’ obser- 

ations and positive feedback, BioVL was re-designed. One of the 

odifications done based on the inputs of the students is the deci- 

ion to build BioVL as a web-based process simulator. This decision 

rovides the users with a more accessible and multi-platform com- 

atible system, and for example, it will later enable the designers 

o integrate online multiplayer features. This new version of the 

ioVL was then subjected to a second co-participatory experience 

ith a new set of students. 

The second participatory experience involved a session using a 

ock up inline software prototype ( Fig. 10 ). Eight students from 

he undergraduate degree in biotechnology engineering at the Uni- 

ersity of Auckland, New Zealand, participated in the experience. 

 new strategy for the collection of data was used in this second 

o-participatory experience. This approach involved open conver- 

ations and discussion among the students and the developer. This 

trategy aimed to efficiently engage the students/participants to be 

ore active and creative. Moreover, our intention with the new 

pproach was to decrease the possible limitations of the question- 

aire and reduce its biases. 

After having tried the prototype, the participants criticized the 

ack of coding in their curriculum, and therefore, they highlighted 

hat they would prefer to have more content about programming 

nd model development in BioVL . The students also pointed out 

he presence of too much text ( Fig. 11 b) and bugs in the prototype.

ence, they gave suggestions on how to make the process simula- 

or work smoother as well as suggestions on how to increase the 

ontent about model implementation (i.e, an integrated IDE with 

xercises). 

Finally, a third co-participatory design experience has been per- 

ormed using an online prototype of BioVL ( Fig. 11 ), and sugges- 

ions for improvements were also collected by open conversation. 

his experience was done with only two students, due to the 

OVID-19 pandemic restrictions. These students were participating 

n the bioprocess technology course at the undergraduate degree 

rom the Technical University of Denmark, Denmark. 

In this case, the students asked for more explicit graphs and 

nstructions on how to use the simulator, as well as more theoret- 

cal support on how to choose microorganisms. Besides, the stu- 
9 
ents highlighted that the presence of pop-up windows was con- 

using and mostly unwanted. Based on these inputs, more informa- 

ion was included in the model library and the unnecessary pop- 

p windows were removed. 

Currently, the updated version of the software will provide 

oding activities for agile learning by using a web-based IDE for 

ython. 

.6. Step 5: Pedagogical verification 

Finally, this last step aims to assess the suitability of the de- 

igned process simulator. To do so, three questionnaires have 

een developed to evaluate the perceived learning satisfaction 

nd the usability and functionality of the graphical user inter- 

ace. The perceived learning satisfaction questionnaire was de- 

eloped using a reduced version of the methodology proposed 

n Nokelainen (2006) . They have developed an empirical as- 

essment of pedagogical usability criteria for digital learning 

aterial. Furthermore, the usability and functionality question- 

aires also correspond to a selected part of previously devel- 

ped surveys by Koretsky et al. (2011) and Harper and Nor- 

an (1993) , respectively. Regarding learning satisfaction, we eval- 

ate the applicability of the learning, the learner activity, and per- 

eived usefulness of the students, and motivation. This assess- 

ent is based on the questionnaire developed for the assessment 

f pedagogical usability in digital learning ( Nokelainen, 2006 ). 

urthermore, the usability and functionality questionnaires fo- 

us on evaluating the weaknesses and strengths of the human- 

omputer interactions. The questionnaires can be found in 

able C1 ( Appendix C ), Table D1 ( Appendix D ), and Table E1

 Appendix E ). 

BioVL is still in its infancy, hence in the development stage. 

onsequently, the pedagogical validation has yet not been per- 

ormed. In the future, the pedagogical verification can be done 

nitially with small groups to identify the platform’s main issues, 

uch as bugs, black screens or unsatisfactory content. Previous 

tudies have found that 85% of usability and functionality prob- 

ems that affect one in three users will be identified by using a 

roup of five students ( Nokelainen, 2006 ). However, for the eval- 

ation of the learning satisfaction, a larger student group is here 

ecommended. 

.7. Outcome: BioVL, an online educational bioprocess simulator 

The outcome of applying the P2Si framework is the conceptual 

esign of a process simulator prototype for the teaching of biopro- 

esses to undergraduate students ( BioVL ). The prototype of BioVL is 

vailable in www .bioVL.com. 
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Fig. 10. Inline mock-up software. 

Fig. 11. Online software prototype. 

10 
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Kinetic expressions involved in the aerobic growth of Saccharomyces cerevisiae 

( Lencastre Fernandes et al., 2012; Sonnleitner and Käppeli, 1986 ). 

Process Equation 

Oxidative capacity of 

the cells (r O ) 

−r O = q O · C O 2 
C O 2 + K O · C x (A.1) 

Glucose uptake rate 

(r G ) 

−r G = q G · C G 
C G + K G · C x (A.2) 

Product formation rate 

(r P ) 

−r P = q P · C P 
C P + K P · C x (A.3) 

The oxidation rate of 

glucose ( μOxid 
G ) 

μOxid 
G = Y Oxid 

XG · 1 
Y OG 

· (min (q O · C O 2 
C O 2 + K O , Y OG · q G ·

C G 
C G + K G ) · C x (A.4) 

The reduction rate of 

glucose ( μRed 
G ) 

μRed 
G = Y Red 

XG · (q G · C G 
C G + K G −

1 
Y OG 

·
(min (q O · C O 2 

C O 2 + K O , Y OG · q G · C G 
C G + K G )) · C x 

(A.5) 

The oxidation rate of 

ethanol ( μOxid 
G ) 

μE = Y XE · (min (q O · C O 2 
C O 2 + K o ) −

min (q O · C O 2 
C O 2 + K O , Y OG · q G · C G 

C G + K G ) , 
Y OE · q E · C E 

C E + K E ·
K i 

C G + K i ) · C x 

(A.6) 

Biomass growth rate μ = μOxid 
G + μRed 

G + μE (A.7) 

Oxygen supply k L · a · (C ∗O 2 − C O 2 ) (A.8) 
It has been built as an open-source web-based simulator 

hat includes the following features: (i) a library of bioprocess 

athematical models in Python (also as a Github repository - 

ttps://github.com/simonetacannodelas/BioVL-Library); (ii) multi- 

edia resources for the explanation of the development of mod- 

ls and programming; (iii) introduction of disturbances inside the 

imulations to present more realistic scenarios; (iv) a chatbot for 

ollaborative learning; (v) quizzes; (vi) the possibility to create 

what if” scenarios by modifying the different parameters inside 

he model; and, (vii) the chance of troubleshooting the simulated 

ioprocess. 

Currently, we are performing iterations in the validation steps 

f the framework, so that the participation of the students in the 

esign of the BioVL platform is fruitful and successful. 

. Conclusions 

Education in engineering sciences faces challenges in contin- 

ing to provide high-quality, flexible, and updated learning in 

n ever-changing industrial world. Educational process simulators 

ave shown to be an important tool to aid the instructors in 

he classroom and thus, help the students to acquire the knowl- 

dge and skills needed to complete the curriculum. This is espe- 

ially valid in today’s reality where on-line courses form an es- 

ential part of many curricula. Therefore, the proposed framework 

as designed to facilitate the development of such platforms. In 

ssence, the P2Si framework provides a structured approach along 

ith guidelines to explore the potential of modelling in the pro- 

ess systems education. Thus, P2Si leads the user to: (i) identify 

he necessary learning goal; (ii) construct the pedagogical descrip- 

ion, and the mathematical development of process models fol- 

owing a hierarchical system; (iii) include a motivational strategy 

 in this case gamification; (iii); and actively involve the students 

s co-designers in a participatory experience. To demonstrate the 

pplicability of P2Si, in this work we have developed a proof-of- 

oncept in the form of a web-based educational bioprocess simu- 

ator ( BioVL ). BioVL is designed to be included in the Chemical and

iochemical Engineering undergraduate’s curriculum. 

To conclude, we believe that designing targeted process simula- 

ors will help to prepare the students to have an active role in the 

ransition to a more sustainable and digitalized reality, and thus 

ecome a pushing part of the Industry 4.0 movement. 
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ppendix C. Learning verification 

able C1 

edagogical verification questionnaires. 

Statement in the questionnaire Pedagogical domain 

I’m interested in the topic of this 

learning material. 

Meaningful encoding 

This learning material presents new 

material in ”portions” suitable for me. 

Meaning encoding in learning 

applicability 

When I work in this learning material, 

I have to find out my solutions 

without the instructor’s or the 

program’s model solutions. 

Problem-based learning 

This learning material provides 

learning problems without a 

pre-defined model for solutions. 

Problem-based learning 

I feel that I will be able to use the 

skills and knowledge this software has 

taught me in the future. 

Perceived usefulness 

The learning material is strictly 

limited. 

Learning control over their 

learning 

ppendix D. Usability 

able D1 

sability questionnaires. 

Statement in the questionnaire 

1 What do you think the instructors intended you to learn by using 

the software? 

2 How would you explain the software to a first-year student? 

3 When you close your eyes and picture the software, what do you 

see? (e.g. when I close my eyes and imagine Skype business, I see a 

black screen with a lot of squares. I can send some emojis and I like 

to be able to have a chat. However, I don’t see a lot of differences 

with Zoom or Team. 

ppendix E. Functionality 

able E1 

unctionality questionnaires. 

Statement in the questionnaire 

1 Rate the use of the software from terrible (0) to wonderful (10) 

2 Rate the use of the software from difficult (0) to easy (10) 

3 Rate the use of the software from frustrating (0) to satisfying (10) 

4 Rate the use of the software from dull (0) to stimulating (10 

5 Rate the use of the software from rigid (0) to flexible (10) 
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