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ABSTRACT

The Imperial College Integrated Design Project reframes the chemical engineering capstone as a
structured educational journey that develops professional competence rather than simply deliver-
ing a final technical report. The programme is grounded in four pedagogical pillars—authenticity,
integration, impact, and reflection—which align with the graduate attributes required by the Insti-
tution of Chemical Engineers. Authenticity is achieved through open-ended problems drawn from
industrial partners and emerging research needs; integration connects knowledge from across the
curriculum into a coherent systems perspective; impact emphasises user-centred, sustainable so-
lutions; and reflection cultivates metacognitive awareness of decision making and learning from
failure. A mentored-autonomy model supports student teams through weekly checkpoints, skills
workshops, and access to disciplinary experts. Assessment deliberately balances artefact quality
with evidence of process, rewarding reasoning under uncertainty, ethical judgement, and commu-
nication alongside technical performance. Ethics, safety, and sustainability are embedded through
lifecycle analysis and HAZOP requirements rather than treated as add-ons. The four-phase struc-
ture—scoping, feasibility, detailed design, and deployment—scaffolds increasing complexity while
maintaining measurable progress and accountability. A 2024 project on renewable-powered green
ammonia illustrates how students integrate decision-making methods, simulation tools, and stake-
holder negotiation within a realistic professional context. Educational outcomes include strength-
ened systems thinking, collaboration, project leadership, and the ability to justify design choices
in social and environmental terms. Institutional benefits include deeper industry engagement and
improved graduate readiness. The paper argues that capstones should be judged by the quality
of learning processes as much as by final designs, and that this model produces reflective engi-
neers equipped for interdisciplinary practice and responsible innovation.
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INTRODUCTION

As stated by Lewin et al [1]: “The capstone design
course in chemical process design, together with its as-
sociated design project is the acid test to gauge the mas-
tery of trainee chemical engineers. There is no other
component in the chemical engineering curriculum that
performs this function to this degree.” The design project
lies at the heart of chemical engineering education be-
cause it invites students to think creatively, critically, and
boldly beyond the limits of what they have learned in in-
dividual courses [2, 3, 4]. It challenges them to work as
genuine engineering teams, where ideas must be de-
bated, refined, and transformed into practical solutions.
By bringing together topics that are usually taught
https://doi.org/10.69997/sct.182063
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separately, the project reveals how interconnected the
discipline really is and helps students see chemical engi-
neering as a living, integrated profession rather than a
collection of isolated subjects [5]. Through this experi-
ence, students gain the confidence and imagination
needed to shape future technologies. They learn to con-
front real and emerging challenges: working with alterna-
tive raw materials and renewable energy sources, de-
signing processes that can adapt to changing markets,
and ensuring that innovation is guided by strong commit-
ments to ethics, health and safety, and sustainability. The
design project therefore becomes more than an aca-
demic exercise—it is a first step into professional life,
where technical knowledge meets responsibility, creativ-
ity meets constraint, and engineering meets the needs of
2631
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society [6].

This paper presents a flagship, scaffolded final-year
design experience that transforms the capstone process
design project from a single deliverable into a holistic, in-
dustry-engaged, research-informed, and student-cen-
tered incubator of professional competence. The project
is intentionally ambitious: it integrates multidisciplinary
teams, real-world stakeholders, ethical and sustainability
considerations, and measurable learning outcomes to
prepare graduates who can design, implement, and com-
municate complex engineered systems with societal im-
pact. The design balances creative freedom with robust
assessment and mentorship so every student leaves not
only with a detailed design project but with the practical
judgment and adaptive skills expected of 21st-century
engineers.

PEDAGOGICAL PRINCIPLES

Atits core, the project is built on four pillars: authen-
ticity, integration, impact, and reflection. Authenticity re-
quires problems drawn from real industrial, environmen-
tal, or public-sector partners and from open research
questions; integration demands teams that learn from
professional practice; impact-prioritises user-centered,
sustainable solutions with clear pathways to deployment;
and reflection embeds continual metacognitive practice,
so students articulate decisions and learn from failure.
These pillars map directly to graduate attributes and the
requirements of the Institution of Chemical Engineers:
technical competence, systems thinking, communication,
ethics, and lifelong learning.

Pedagogically, the programme uses mentored au-
tonomy. Weekly checkpoints (rapid written updates and
short presentations to facilitators) promote accountabil-
ity and peer learning. Workshops teach professional skills
— negotiation, risk management, regulatory pathways,
intellectual property basics, and science communication.
Assessment mixes artifact quality (technical reports, val-
idated simulations), process evidence (design logs, deci-
sion rationales), and communication (technical presenta-
tions). Weighting emphasizes process and evidence of
learning as much as the final product, rewarding reason-
ing under uncertainty.

Ethics, sustainability, and safety are integrated ra-
ther than appended. Each project includes a basic lifecy-
cle analysis estimating CO2 emissions, embodied energy,
and end-of-life impacts, which are mitigated as far as
possible. Safety engineering reviews are required, in the
form of a HAZOP and other hazard assessments. Assess-
ment design balances rigor and creativity. Rubrics clarify
expectations across technical depth, innovation, integra-
tion, and communication. External examiners from indus-
try and academia review a sample of projects to ensure
standards align with professional expectations.
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PROJECT PERSONEL

The final year design (FYD) project is a task under-
taken by each 4" year cohort of students at the Chemical
engineering Department at Imperial College, who are di-
vided into twelve design teams of approximately 12 stu-
dents each. The teams are explicitly balanced in terms of
overall grade, male / female ratio and home / overseas
fee status via an optimisation algorithm implemented in
GAMS. Each team has a faculty facilitator, who is respon-
sible for two teams, each of which is assigned a project
brief set by the facilitator. The student teams meet once
a week with their facilitator and can in addition set meet-
ings with the six faculty experts in the key areas of pro-
cess analysis, economics, reactor design, separation
systems design, control system design, and safety and
environment. They also have access to graduate teach-
ing assistants (GTAs), some of whom provide technical
clinics. Others who are returning to Imperial to conduct a
PhD and have done the project previously, act as student
coaches who can also assist with general timelines as
well as providing support.

PROJECT TIMETABLE

The Integrated Design Project follows a structured
timeline designed to scaffold student progress while
maintaining sustained engagement with industrial stake-
holders. Prior to the commencement of the project there
is an externally hosted away day involving teambuilding
activities, where students are encouraged to reflect upon
their individual strengths, weaknesses, and what they
could get out of the project. Project briefs are released
via Blackboard on at the beginning of week one, followed
by an initial meeting with facilitators during the first week.
Lectures by each of the specialist experts follow within
the first two weeks to align expectations and methods.
The opening two weeks focus on problem scoping and
negotiations with “investors”, for which the students are
expected to have produced a preliminary budget and at
which they will also agree pricing for key feedstocks, util-
ities, and a carbon price. These meetings continue
throughout the project. A key early milestone is the sub-
mission of the intermediate report at the end of the third
week. February includes a scheduled interruption for the
Frank Morton sport event, during which no project meet-
ings are allowed to be arranged, permitting students time
to attend, and for recovery. For readers unfamiliar with
the UK context, the event is named after Frank Morton, a
well-known Professor of Chemical Engineering who
taught at Birmingham University until 1956 before moving
to UMIST (now the University of Manchester). A keen
sports enthusiast with close links to both universities, he
went on to organise the first of these sports days in 1961.
The 2024 event was hosted by the University of
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Figure 1: Block Flow Diagram of Group 4’'s Ammonia Production Process

Swansea. The project culminates in the submission of the
final report on around ten weeks in, with final presenta-
tions held early in the next week. Informal social activities
follow later in March, reinforcing cohort cohesion, while a
formal feedback session in May provides reflective clo-
sure and supports continuous improvement of the pro-
gramme.

PROJECT STRUCTURE

Project structure is phased to support increasing
complexity while maintaining measurable progress. Table
1 presents the six projects addressed by the Class of
2024.

Table 1: Project Subjects Addressed in 2024.

Assigned Groups
Groups 1 and 2

Project

Sustainable metal organic
frameworks (MOF)

Ammonia from Air and Water
Fuel production from atmos-
pheric CO2

Animal-free microbial dairy
cheese production
VLP-Based Antigen Display for
Cancer Vaccine Bioproduction
Levothyroxine production

Groups 3 and 4
Groups 5 and 6

Groups 7 and 8

Groups 9 and 10

Groups 11 and 12

Phase 1 (Scoping and Stakeholder Alignment)
equips teams to define a clear problem statement, suc-
cess metrics, and stakeholder map, together with the lo-
cation of their plant, based on key business metrics
(working under uncertainty). Phase 2 (Concept and Fea-
sibility) focuses on concept generation, risk analysis, and
a basic feasibility study, developed in ASPEN, but without
full implementation at this stage. Phase 3 (Detailed
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Design and Validation) delivers robust engineering arti-
facts (simulation, safety and environmental analysis data,
control philosophy, etc.). Phase 4 (Deployment Strategy
and Handover) culminates in a deployment plan, a sus-
tainability statement, and a handover package suitable
for the sponsoring partner. Each phase has significant in-
teractions with both “experts” and “facilitators”.

For example, consider the highlights of one of the
design projects set in 2024, which required the design of
a 2, 000 MTD of Green Ammonia using only air and water
as feedstocks and relying on renewable energy, and
more specifically, the activities and design decisions of
one of the two student teams, Group 4, engaged in that
project, per phase:

Phase 1: Scoping and Stakeholder Alignment

In this phase, the teams define a clear problem
statement, success metrics, and stakeholder map, to-
gether with the location of their plant, based on key busi-
ness metrics.

The economic basis for the project relies on negoti-
ation of prices of raw materials and energy between the
design teams and the staff member responsible for eco-
nomics mentoring, serving as the “representative” of so-
called “Hawkes Industries.” The principal methodology
utilized in this step is Multi-criteria Decision-making
(MCDM), combining Analytical Hierarchy Process (AHP)
and Technique for Order of Preference by similarity to
Idea Solution (TOPSIS) to select the best alternative for
each required decision.

For example, using these techniques, Group 4 chose
to plan their process to be constructed in Corpus Christi,
Texas, primarily because of the state’s bountiful renewa-
ble energy resources. Furthermore, based on MCDM,
they opted to rely on Alkaline Electrolysis (AEL) for hy-
drogen production, and cryogenic distillation for nitrogen
production, and a heat-integrated, ammonia synthesis
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Figure 2: Optimised energy hourly system operation developed by Group 4

loop relying on the Haber-Bosch process, operating at a
relatively low-pressure, to be set by economic consider-
ations. It is noted that many of these decisions are often
predefined in most design projects as set to students.

Phase 2: Concept and Feasibility Analysis

Focuses on concept generation, risk analysis, and a
basic feasibility study, developed in ASPEN, but without
fullimplementation at this stage. By the end of this phase,
the student groups should have developed a simplified
flowsheet, with many of the operating units being repre-
sented by approximate models and have developed a ru-
dimentary economic analysis.

Phase 3: Detailed Design and Validation

By the end of this phase, a complete process simu-
lation will have been completed. This typically involves a
detailed ASPEN flowsheet, now combining rigorous unit
models, especially in what concerns separation units, and
occasionally more approximate specific units, for exam-
ple the depiction of the AEL system. Typically, the reactor
is modelled and optimized in a separate MATLAB model,
as was the case for Group 4. The crucially important se-
lection of the reactor pressure was made considering the
overall economics of the synthesis loop. Figure 1 shows
an overview of the process designed by Group 4, includ-
ing all its main components, distinguishing between con-
tinuous and semi-continuous operation of its compo-
nents. In this regard, as shown in Figure 2, note Group 4’s
typical daily scheduling of the various sources of renew-
able energy and their coordination to ensure the fixed
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plantwide energy requirements are satisfied by optimiz-
ing a balance of power purchase agreements (PPAs),
battery energy storage systems, and oversizing the AEL
to capture excess power production and mitigate deficits
from inherently intermittent green energy systems (wind
and solar generation).

Phase 4: Deployment Strategy & Handover

The culmination of the Integrated Design Project is
the production of a comprehensive Final Year Design Re-
port, which serves as the principal vehicle for deploy-
ment, handover, and professional evaluation. The report
is structured around a set of core design domains that
collectively demonstrate end-to-end process develop-
ment: process synthesis; detailed design of key reactor
and separation units; plant operation and control; safety,
layout, and environmental impact; and economic assess-
ment and business planning. Each domain is presented
as a distinct section, developed logically and coherently,
with explicit justification of design decisions, assump-
tions, and the strength of conclusions. Where decisions
are informed by computer-based calculations or simula-
tions, relevant results are extracted and presented in
clear tabular or graphical form to support transparent en-
gineering judgement.

Although assessed separately, the design sections
are tightly integrated through systematic cross-referenc-
ing, reflecting the interconnected nature of real chemical
plant design. Safety-critical issues arising during start-up
or operation are addressed in the Safety section with ex-
plicit reference to operating strategies developed in the
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Control section, while mechanical or sizing considera-
tions are linked back to the relevant Reactor or Separa-
tion Design sections. Scheduling considerations influenc-
ing equipment sizing and layout are treated within pro-
cess synthesis, whereas operational scheduling is ad-
dressed within plant-wide control. Each section refers
where appropriate to the Process Flow Diagram (PFD),
stream tables, and design data sheets contained in the
Supporting Documentation, and includes its own refer-
ences to ensure technical traceability and completeness.
The Supporting Documentation forms a structured hand-
over package that enables both rapid appraisal and de-
tailed technical scrutiny by external examiners, industrial
stakeholders, and future departmental users. This docu-
mentation includes the negotiated design brief, a concise
process description, PFDs and stream tables, a plant-
wide control survey, detailed process design data sheets
for key equipment, site layout drawings, HAZOP records,
and a comprehensive economic evaluation including all
contracts with “investors”. Together with appended
meeting minutes, these materials ensure that the report
provides a coherent narrative of the design, sufficient
depth for expert assessment of individual subsystems,
and a durable record of the project suitable for profes-
sional and institutional use. The final stage of the project
is the production of the report. Group 4’s final report was
one of the best submitted in 2024 and was selected as
Imperial College’s entry to the IChemE’s annual MacNab-
Lacey Prize for Student Design Projects in 2025 and was
awarded the prize.

OUTCOMES

Expected outcomes are multi-layered. For students:
mastery of end-to-end design thinking, sharpened col-
laboration and project management skills, and a demon-
strable, deployable final report. Polling of the Class of
2026 has been conducted to assess the degree to which
these outcomes are perceived by the students. For fac-
ulty: stronger industry ties, richer research opportunities
grounded in practice, and improved graduate employa-
bility metrics. For partners: tested solutions, early access
to talent, and case studies. For the institution: a flagship
capstone that attracts top applicants, strengthens alumni
engagement, and elevates Imperial’s role in socially rele-
vant engineering.

Implementation risks include unequal team contri-
bution, scope creep (the tendency of some students to
make things more complicated than they really need to
be). Mitigation strategies include setting clear roles and
expectations, discussion throughout all years at Imperial
of the importance of both contributing to the team, and
of bringing to the attention of the leadership team any
lack of performance so that this can be corrected as soon
as possible, mandatory scope reviews, and a conflict
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mediation process run by experienced academics, at a
range of levels of escalation. This is a rare problem, but it
needs to be handled properly.

Finally, the programme embeds continuous im-
provement. End-of-year stakeholder debriefs, and a re-
pository of project outcomes create a feedback loop that
evolves problem briefs, rubrics, and support structures.

STUDENT PERCEPTIONS

A pre-FYD survey was carried out between 10" No-
vember and 12t December 2025, before students began
working on the 2026 FYD project, with a second post-
FYD survey carried out between 12" and 16" March
2026, just before the termination of the project. Due to
space limitations, we summarize the responses of the
students to two key questions in the survey Question 1:
Self-assessed abilities, and Question 4: Anticipated Chal-
lenges. Only five of the 135 students did not consent to
having their responses used for research purposes and
were not included in this reporting. A CID (“College/Stu-
dent ID”) field was present and populated in both da-
tasets, enabling respondent pairing. Duplicate CIDs (re-
peat submissions) occurred in both pre-FYD and post-
FYD survey responses; duplicates were resolved by re-
taining the most recent response per CID (of the latest
recorded timestamp). After deduplication, there were 127
usable responses from the pre-FYD responses, and 110
in the post-FYD survey. When limited to the responses
which returned matched CID in the two surveys, 100-101
paired responses were retained for Question 1, and 98
retained for Question 4.

Question 1: Self-Assessed Abilities
(Confidence Ratings)

In Question 1, students rated their confidence in
seven skill areas on a Likert scale from 1 (low) to 5 (high):

1. Tackling complex, open-ended engineering
problems

Collaborating effectively as part of a project team
Leading a design discussion

Writing a clear and well-structured technical report

aor e

Integrating multiple factors in solving a design
problem

6. Planning and managing project tasks to meet
deadlines

7. Awareness of professional and ethical
responsibilities

Table 2 summarizes the responses received for
Question 1 in the two surveys. The means and standard
deviations returned in the two surveys are presented, as

2635



well the Z-test results comparing the responses in the
two surveys, as well as 95% confidence limits in the dif-
ferences in the paired responses. Overall, the class re-
ported fairly high confidence across most areas in both
surveys, with average ratings generally above 4.0.

Table 2: Comparing Survey Responses for Question 1

n Pre-FYD Post-FYD 7 95% CL
(nto) (nto)

[0.00,

11101 | 3.94+0.93 | 4.10+0.87 | 1.26 0.32]
21101 | 4.32+0.80 | 4.38+0.76 | 0.56 [-0.05,
0.17]

[0.30,

31100 | 3.58+0.93 | 4.09+1.00 | 3.73 0.72]
[-0.04,

4| 100 | 4.03+0.83 | 4.19+0.84 | 1.35 0.36]
[0.06,

51101 | 3.93+0.90 | 4.19+0.77 | 2.21 0.45]
6 | 101 | 4.08+0.87 | 4.15+0.78 | 0.60 [-0.04,
0.18]

[-0.13,

7 1101 | 4.27+0.96 | 4.29+1.00 | 0.14 0.17]

The highest self-assessed competencies were
teamwork (Skill 2) and ethical responsibility (Skill 7),
whereas leading design discussions (Skill 3) received the
lowest confidence rating on average. Students generally
feel most confident in teamwork and ethics. About half
the class (62 out of 127 in the pre-FYD survey) gave a
rating of 5 (highest confidence) for working effectively in
a team, and even more (66 students) did so for being
aware of their ethical responsibilities. In contrast, far
fewer students (only 19, around 15%) felt fully confident
(rating 5) in their ability to lead a design discussion. This
indicates that leadership in design discussions is a key
area where many students see room for growth, whereas
teamwork and ethical awareness are perceived as per-
sonal strengths for most. It is clearly noted that only two
issues showed a statistically significant improvement in
skills resulting from the project experience: most notably,
in the perceived ability to lead design discussions (Z =
3.73), and to a lesser degree in the perceived ability to
integrate multiple factors when solving design problems
(z =2.21).

Question 4: Anticipated Challenges (Ranked
Competencies)

Students rank-ordered six competency areas by
how challenging they expected each to be in the 4th Year
Design Project (1 = most challenging, 6 = least challeng-
ing). The aggregated results (lower average rank = more
challenging) for the pre-FYD survey are summarized be-
low from most to least challenging:

Fennell et al. / LAPSE:2026.0533
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1. Project Management — This emerged as one of the
top challenges, with an average rank of 3.03. A
significant number of students (28) selected
project management as their most challenging
area, indicating concerns about planning,
organizing tasks, and meeting deadlines. This is
consistent with the students’ perception of their
weakest ability, being leadership of team
discussions.

2. Systems Thinking — Also highly challenging, with
an average rank of 3.09. In fact, 32 students (the
highest count for any category) ranked systems
thinking as the most challenging aspect. This
suggests many expect difficulty in considering the
broad, interconnected aspects of the design
problem (i.e. thinking about the “big picture” and
how different components influence each other).

3. Communication — Average rank 3.19. About 20
students ranked communication as their top
challenge. While not the number one concern for
the majority, a fair portion of the class is
apprehensive about effectively communicating
ideas, whether in writing or orally, during the
project.

4. Problem-Solving — Average rank 3.21. This is very
close to communication in perceived difficulty. 25
students chose problem-solving as the most
challenging. It appears that applying engineering
science to open-ended problems and finding
creative solutions is a significant hurdle for many.

5. Teamwork — Average rank 3.44. Fewer students
see teamwork as their greatest challenge (15
ranked it #1), and its average difficulty rating is on
the higher side (meaning lower concern). This
aligns with the confidence findings in Q1 - most
students feel quite capable working in teams, so
they are less worried about teamwork issues going
into the project.

6. Ethics — Average rank 5.05, clearly the least
challenging area in students’ eyes. Only 6 students
ranked ethical considerations as the top challenge,
whereas an overwhelming majority (81 students)
put it last (ranked #6). This indicates that most
students do not expect ethical decision-making to
pose much difficulty during the project, likely
because they already feel comfortable handling
ethical responsibilities or see it as less immediately
problematic than the technical and teamwork
aspects.

The responses for Question 4 received in the post-
FYD survey where similar, with statistically insignificant
differences compared to the pre-FYD survey
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CONCLUSIONS

In conclusion, the fourth-year design project re-
frames the final-year project as a public, professional ac-
tivity. It insists that capstones be judged not just by final
reports and presentations but by the quality of reasoning,
ethical awareness, and readiness for complex profes-
sional practice. When implemented with careful resourc-
ing, transparent governance, and a relentless focus on
learning, this model produces graduates who are not only
technically excellent but also prepared to lead interdisci-
plinary projects that matter.

An increase in the level of collaboration with indus-
try is the next main aim for the project, with independent
industry experts now acting as facilitators within a num-
ber of projects.

Mild to medium increases in self-reported compe-
tencies in a number of fields were observed across the
board. The greatest (and only statistically significant) in-
creases were in the specific areas relating to design,
which is somewhat unsurprising.

There were no strong changes in the rankings of the
different challenges within the design project pre and
post project. This is likely since the students at Imperial
conduct many different team projects in their time at the
University, and (though more challenging than other pro-
jects) they are aware of the likely potential problems
which they might encounter
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