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Abstract

An educational model is currently under implementation in the School of Chemical Engineering (ETSEQ) at the University Rovira i Virgili (Tarragona, Spain) to enable Biotechnology students to integrate technical knowledge encompassing social skills (teamwork, cooperation, planning, decision making, problem-solving abilities, communication skills…). This model is based on the deployment of a project-based cooperative learning approach across the Biotechnology curriculum (1st, 2nd and 3rd courses). The approach in Biotechnology has to balance the different (and, in some cases, opposite) interests of the Schools/Faculties/Departments involved in teaching, and the application is limited to those subjects where the responsible do follow this new teaching methodologies. In all courses classical teaching, experimental and virtual laboratories and CAPE tools had to be coordinated to solve an open-ended project (i. e. with many valid approaches and different proper solutions). As the project slogan says, ‘Good judgment comes from experience. Experience comes from bad judgment’. A similar model has been successfully implemented for more than a decade in the Chemical Engineering curriculum.
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1. Introduction

The biotechnological industry is pioneering some new challenges (e. g. their industry pioneered the change from process-oriented engineering to product-based engineering). This innovative area requires that future professionals address a broader body of knowledge and collaborate with other specialists, and the industry expects to hire graduates capable to applying their understanding without further training, to find creative solutions and of communicating the outcomes. Thus, technical competence is no longer sufficient if it is not combined with non-technical abilities such as problem-solving, management, leadership, teamwork, decision making, planning or ethical responsibility. All those aspects had been recognized by the Accreditation Board for Engineering and Technology [1] and by the Bologna Declaration [2]. Consequently, teaching methodologies must switch the emphasis from an instructor-based teaching to a student-centred learning, aiming to increase student retention and teaching effectiveness. To achieve these objectives, the use of innovative teaching methodologies, new learning materials and the application of modern technologies are the most used tools.

2. Project-based Learning and Teaching Methodology

All research on people show that we learn (better and faster) by doing. Therefore, the development of design projects help to achieve a deep understanding and to secure the concepts (briefly) introduced in theoretical classes. The projects are based on open-ended problems (i. e. ill-defined and ill-posed problems), and the process reproduces the systematic troubleshooting encountered in life and career, where problems have to be solved (i. e. the students face situations where the objective is known, but there is no accurate step-by-step guidelines). The development of open-ended problems is a suitable context in which non-technical skills (teamwork, leadership, cooperation, entrepreneurship and innovation, planning, systemic thinking, decision making, problem-solving abilities, self- and mutual confidence, responsibility, accountability, communication skills…) can be experienced and developed to a larger extent. The non-technical skills will be invaluable in whatever professional career the students choose.

2.1. Our Educational Vision

As a consequence of the Bologna Declaration [2], the European Union is establishing a common high education space that should provide a greater compatibility and comparability between the national systems. The inclusion of personal abilities and social capabilities in the core of the curriculum is considered as a critical factor. The School of Chemical Engineering (ETSEQ) at the University Rovira i Virgili (URV), in Tarragona (Spain) pioneered a decade ago the incorporation of non-technical skills to the Chemical Engineering curricula [3-6]. In this way, project-based learning is developed across the 4 years of Chemical Engineering and the 3 years of Technical Chemical Engineering. Typically, the project involves around ten different subjects that dedicate between 25-50% of their time (and learning objectives) to the project. This extensive deployment of projects is supported by experts in change management, through a partnership between the ETSEQ and Dow Chemical Ibérica. A set of short training courses was designed to support the development of competencies (Figure 1). Fourth-year chemical engineering students play a key role, as they act as leaders, satisfying their clients (i. e. first and second-year project teams). 
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Figure 1. Development of students’ teamwork abilities.

3. Projects Structure

The Biotechnology degree at URV takes four years to complete. Each course is divided into two fifteen-week semesters. The courses use a credit system, in which one credit is equivalent to ten hours of lectures. The complete degree requires 300 credits.

Table 1. Lists of subjects involved in the project.

	
	Course
	Credits
	Dedication to the project

	Statistics 
	1st
	6
	10 %

	Introduction to chemical engineering
	1st
	6
	25 %

	Kinetics and thermodynamics
	2nd
	6
	25 %

	Unit operations
	2nd
	6
	50 %

	Reaction engineering
	3rd
	6
	50 %

	Processes and products in biotechnology-II
	3rd
	6
	100 %


The projects are performed in teams ((14 groups of (3 students) and developed in each course (1st, 2nd and 3rd), where six different subjects are involved (Table 1). The Biotechnology completed their preliminary formal training with very high grades.

4. Project Descriptions

The beginning of the course is an intensive time. When projects are assigned, students that are not familiar with problem-solving schemes often fall into a dead-end situation, and continuous assessment is required. Hence, instructors act more as counsellors, re-directing students efforts, than as formal teachers of structured knowledge. Students must break the misconception that a unique solution and approach exists for each problem, that they have to ponder different criteria and they must realize that teachers are the authority for gaining knowledge.

Six different project assignments were carefully selected in order to cover the key areas of Biotechnology (e. g. type of bioreactor/catalyst/product). 

1. Waste water treatment using enzymes (Lacasa).

2. Production of secondary metabolites (Penicillin).

3. Aerobic fermentation (including benzene as recalcitrant component).

4. Anaerobic fermentation (production of ethanol).

5. Enzymatic production of biodiesel (palmitic, stearic, oleic, and linoleic acids).

6. Production of monoclonal antibodies.

7. Production of enzymes (fenol oxydase).
4.1. Syllabus

The course syllabuses had to reallocate the efforts, as some of the learning objectives are transferred to the project and are re-used all over the project:

1st course:

· To solve the mass and energy balances of the project.

· To fit experimental data to a model, obtaining the parameters and the confidence intervals (e. g. kinetics).

2nd course:

· To preliminary design unit operations (separation and reaction) considering thermodynamics, transport phenomena and chemical reaction.

· To understand the principles of unit operations (i. e. how each input variable influences the unit operation performance).

· To manage possible upsets and solve operational troubles of the experimental set-up.

· To design procedures for start-up, steady state (identify key variables) and shutdown. 

3rd course:

· To formulate hypotheses and simplifications to model biotechnological reactors (batch, fed batch, PFR, CSTR, fluidised, hollow fibre…) using different type of catalysts (e. g. metabolite or protein produced by a microorganism).

· To optimise the operating conditions of unit operations according to model predictions. 

· To develop decision-making criteria depending on product specifications, environmental constraints, legal regulations, safety and economical reasons.

· To model rigorously biotechnological processes, including batch operation (recipes).

Transversal competences:

· To search, consult and interpret (technical) literature. 

· To present efficiently oral and written results and conclusions.

· To develop non-technical capabilities (decision-making, systematic thinking…).

· Rationally design the execution of tasks in a limited period, thus experiencing the power (and pitfalls) of collaborative work.
4.2. Laboratory Procedure

Students operate the experimental laboratories [7] to obtain the parameters required to model the systems (e. g. kinetic, separation factors…). A minimum guide is provided to standardize the activity and to reduce the time spent on side issues (e. g. familiarization with the experimental set-up). The methodology aims to imitate a professional environment in which decisions have to be taken, responsibilities assumed, mutual confidence experienced and tasks programmed and distributed.

4.3. Project Evaluation

The evaluation is based on the writing report and the oral defence. A self-evaluation procedure is done per group, to decide their individual performance on the project; it is also used to collect course dynamics information and feedback. In addition, all subjects follow a stop-and-go procedure, due to the mid-term report (or meeting). A system of red flags, pointing to errors that must be corrected is implemented. Hence, the examination procedure permits that students learn from their mistakes.

5. CAPE tools: why, when, what, who, which ones and where?

One of the first decisions related with the project-based cooperative learning approach in Biotechnology was to vertebrate it using CAPE tools. The options were: select one tool that approximately match all needs, or that each subject selects their specific CAPE tool (e. g. POLYMATH for reactors). Our objective was to minimize the time devoted to familiarize with the use of software, and therefore, a majority preferred to use a versatile software. Then, our needs were to find a unique tool able to solve simultaneously problems following the black-box approach with simplifications (e. g. solve simplified mass and energy balance) and to model the unit operations for separation and purification (e. g. crystallization, microfiltration…), and to predict the batch process (i. e. recipes, planning and scheduling). 

According to the project objectives, students had to develop models of increasing complexity using different CAPE tools (onion approach):

· Excel(: to fit the data (obtained at the experimental laboratories or from the literature) to the models (kinetics, separation factors or distribution of species in the different phases…). 

· SPSS(: to perform statistical analysis of the results (confidence intervals, hypothesis testing, ANOVA) and basic multivariate statistical analysis.

· Commercial process simulator: the worldwide process simulators (Aspen Plus®, Hysys.Plant®, Pro-II®…) offer good capabilities to model chemical or petrochemical processes, but their advantages to model biotechnological processes is minimal, as the databases (components available, thermodynamic data…) and specific build-in models are very limited. In addition, their objective is to model rigorously, and the flexibility in the opposite direction is not satisfactory. SuperPro® [8] was selected as their target processes are pharmaceutical, biotechnological, specialty chemical, food, consumer product, mineral processing, and related companies. SuperPro® also handles other associated processes, as water purification, wastewater treatment, and air pollution control processes.

The introductory modules developed in SuperPro® solve the mass and energy balances had to include simplifications in order that first year students understand the influence of the input variables in the process performance (e. g. influence of the recycle/purge in the global flowrate of the unit operations inside the loop, influence of the reactor conversion in the overall process performance…). 

The cases developed for the 2nd year students are increasingly difficult, and, for example, they include the dependence of the reaction rate with the ratio of the reactants, temperature, pressure, etc… For the design of unit operations, it is important to note that the separations in biotechnological processes are not classical, and typically include crystallization, ultrafiltration, high-pressure-liquid-chromatography and so on. The behavior of this units is not straightforward and therefore the insights of the unit operations is improved using build-in models. 

In addition, some modules had to be developed as virtual laboratory in the 2nd and 3rd courses (45 hours in total). This issue has a high strategic importance, due to the cost an time reduction associated. For example, to perform most experiments with biotechnological reactors may take, in most cases, weeks, and therefore it is unpractical. Therefore, students use the model as a virtual experimental set-up, in order to optimize the production process (operational recipe, cleaning procedure, batch size, units in parallel, scheduling, economic evaluation…).

In the last course, the students dedicate 60 hours to model the overall process. For example, one of the problems detected is that students do not take into account the high number of intermediate vessels required and the significant percentage of time devoted to cleaning and maintenance time in each batch-cycle. When students are able to connect sparse pieces as a whole (i. e. information obtained in different subjects across their curriculum), project-solving skills are developed exponentially. 
6. Future Developments

Additionally, an assessment team (SOS-Biotech) is helping to analyze the advantages and pitfalls of the project-based learning methodology applied. SOS-Biotech has detected some malfunctions and they propose (and implement) actions to facilitate the success, as for example the preparation of the project overview statement, an inquiry to the students, meeting with the instructor team, periodic meetings with the project coordinator, development of protocols... In this way, hands-on teamwork training is under implementation through specific seminars consisting of modules (3 hours each). These modules deal with different teamwork-related issues as, leadership, team capabilities, common purpose, team norms, communication, conflicts, team operating procedures, member integration or team evaluation. These activities are distributed across the curricula, considering a long-term deployment. The activities are organised with optional attendance; nevertheless our experience is that 80% of students follow these modules, which may be used as official credits. In each session, two instructors are available, and they play different roles (one leads the session while the other acts as facilitator). 

7. Conclusions

The training in non-technical capabilities helps our students to set the pattern to become successful life-long learners. Student's main objections to the project-based cooperative learning approach were the excessive time devoted to the project and they demand more effort in supervising. We realize that, as students are not used to this kind of teaching, at the beginning of the project more continuous help and guidance is needed than in traditional teaching methodologies. However, the lack of information forces students to use their own initiative to solve the open-ended problems (i. e. there are many valid approaches and solutions). Obviously, we do not expect students magically develop their entire individual potential within this three-years project, but we expect (and see) some progress. The inclusion of CAPE tools help students to acquire the insights of the unit operations, since mathematical models are not useful for a qualitative interpretation of how design variables influences the unit operation performance.

Preliminary results in chemical engineering students show that student attendance has increased and that drop out has decreased. Undergraduate students are involved, enhance understanding, improve retention, become proficient in problem solving, self-directed learning, build decision criteria and team participation (cooperate rather than compete). 

The academic staff also need to improve our performance as a teamwork model role for students. To sum-up, our opinion is that the benefits of the course largely make up for the tremendous effort required.
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