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ABSTRACT

Digital competency is now core to chemical engineering practice, yet the extent and coherence of
digitalisation skills provision across undergraduate curricula remain uneven. This study maps qual-
itatively and qualitatively digital learning outcomes across undergraduate chemical engineering
programmes at the University of Sheffield, against a digital skills framework (data analysis, pro-
cess simulation, process automation & control, reproducible workflows, programming, data gov-
ernance). In recent years, digital skills education within chemical engineering education has ad-
vanced considerably, driven by the broader industrial shift toward Industry 4.0 and reinforced by
the global challenges. Academic institutions have begun to integrate digitalisation-related content
more deliberately within syllabus, in alignment with degree programme accreditation requirements
and industry needs. Beyond introductory spreadsheet manipulation and basic programming, many
courses are now embedding more advanced digital capabilities, including data engineering, sci-
entific programming, process analytics, and optimisation techniques. Results of this study reveal
a scaffolded digital pathway, where students are exposed gradually through core taught content
and applied knowledge activities to a variety of digital tools across their years of study in a by-
design approach at earlier years that becomes organic later on. From limited exposure and credit
correlation in Year 1, students complete Year 4 having at least quadrupled their exposure to digital
tools, with higher credits awarded to “digital” in the case of particular elective modules or research
projects. This study offers a methodology and a worked example for chemical engineering pro-
grammes seeking measurable uplift in Industry 4.0 readiness and impact on chemical engineering
graduate outcomes.
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INTRODUCTION

The practice of chemical engineering is being fun-
damentally altered by Industry 4.0 and the rise of digital-
isation. The industry relies more and more on automation,
digital twins, advanced modelling, and data-centric deci-
sion-making strategies [1]; innovations that not only rev-
olutionise how processes are designed and optimised,
but are also redefining the core competencies expected
of new graduates. Traditionally, undergraduate curricu-
lums of chemical engineering programmes have included
foundational tools like excel-based tools, drawing tools
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and use of industry-approved process simulation soft-
ware [2], operating under the assumption that advanced
digital proficiency would be acquired during employment.
However, employer feedback and recent studies suggest
this model is now inadequate, as companies increasingly
identify gaps in digital skills competence of graduate re-
cruits and have started requiring proof of digital compe-
tency during the recruitment phase [3].

In reaction to these demands, universities have in-
tegrated statistics, coding, process simulation, process
systems engineering and optimisation into chemical en-
gineering programmes [4], working alongside profes-
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sional accreditation bodies and industry partners. De-
spite this, there is still significant ambiguity regarding the
definition, progression, and consistent implementation of
“Digital Chemical Engineering” (DCE) across different in-
stitutions, as digital skills is an emerging area not as well
defined as others, especially given that digitalisation is
under continuous development.

At the University of Sheffield, the undergraduate
curriculum of chemical engineering underwent a major
transformation in 2017 [5], introducing three curriculum
pillars, Core Knowledge, Practical & Design, Enabling Sci-
ence, each covered by revamped or newly-introduced
modules. Alongside and intertwined with these pillars,
employability skills were also envisioned as a key com-
ponent, to ensure that graduates would have a strong
technical and transferable skillset to add value to the
workforce. Since then, substantial work has been done to
ensure that employability is fully embedded into the cur-
riculum [6, 7], without however discussing explicitly the
emerging importance of digital skills or attempting a
mapping of what and how much of is included in the cur-
riculum in terms of digital skills.

In the UK, the accreditation guidelines of the Insti-
tute of Chemical Engineers (IChemE) and the Engineering
Council with their Accreditation for Higher Education Pro-
grammes (AHEP4) guidelines set standards and expec-
tations when it comes to programme-wide learning out-
comes while allowing for flexible curriculum design. While
both accreditation bodies mention digital tools and refer
to particular digital skills, there is no clarity on the ex-
pected coverage of such skills in the curriculum.

This study delivers a qualitative and quantitative
mapping of DCE content within IChemE-accredited
chemical engineering programmes offered at the Univer-
sity of Sheffield, establishing a baseline for digital readi-
ness and a mapping tool that can be used from other in-
stitutions.

METHODOLOGY

Data Collection and Curriculum Mapping

Following from output of a survey deployed to both
industry and academic stakeholders in the chemical en-
gineering sector to identify digital skills of importance
and the level of graduate readiness across these skills
[2], and using informed judgement and discussions
across contributors who are all heavily involved with cur-
riculum design in their respective institutions, DCE provi-
sion was classified across eight domains:

1. programming & computation: ability to
understand, write, and execute code.

2. data literacy & statistics: understanding of
statistical principles, use of data visualisation
for effective data communication.
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3. process modelling & simulation: use of
specialised software to develop models and
simulate unit operations.

4. optimisation & process systems engineering:
use of systems engineering principles and
algorithms to identify best possible variables.

5. control, automation & instrumentation: design
and implementation of control systems to
monitor and maintain process variables towards
safe and stable plant operation.

6. Al/ML & digital twins: use of tools and software
to identify patterns, development of virtual,
real-time depiction of a process or plant that
can be updated using process data, predict
performance and diagnose issues in a simulated
environment.

7. software engineering practices (version control,
testing, reproducibility): tracking and managing
changes to code over time, reverting to
previous versions, ensuring reliable
reproducibility.

8. data governance, ethics & cybersecurity:
understand the importance of data storage,
quality, security and access, address moral
implications around the use of digital tools.

Using analysis of available information in module
descriptors, learning outcomes, and assessment briefs
where possible, supplemented by additional information
based on knowledge of teaching specific courses or from
communications with other module leaders, a mapping of
the DCE curriculum provision for chemical engineering
courses offered at the University of Sheffield was done
against each domain, per year of study (years 1-3 for
BEng courses and 1-4 for MEng courses). Mapping was
done in a qualitative manner, indicating a “yes/no”, with
the option to provide representative examples or com-
ments of how each domain content is covered where rel-
evant. With the understanding of content being covered
formally in the curriculum, i.e. core/taught and forma-
tively assessed as a learning outcome, and informally, as
by-product/applied, i.e. taught but not assessed, or im-
plicitly expected in later years of study, mapping was de-
signed to recognise both dimensions. Furthermore, a
quantitative mapping approach was attempted, using
module credits and/or hours of engagement, and the
available information of the type and weight of assess-
ment. Where such information was not readily available,
an educated assumption was made. For example, fora 15
credit module that comprises of an assignment worth of
30% of the final mark, which has a clearly stated task of
using a modelling software (ASPEN) worth of 20% of this
assignment mark, the calculation of the credit resulted in
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0.9 credits towards “process modelling & simulation”
(D3). Given the rough correspondence of one credit to
ten hours of learning activities, this would imply that at
least nine hours of student learning would be devoted to
D3 on this occasion.

Given the nature of the project, it is important to
note that there might have been details on specific learn-
ing activities or assessments that were overlooked or un-
derestimated resulting in mapping not being completely
definitive, but nevertheless sufficient to highlight areas
of more or less DCE coverage across the examined cur-
ricula.

Data Analysis and Visualisation

Once mapping was completed, data was processed
and analysed using Python (version 3.12.12) with mat-
plotlib (version 3.10.0) and numpy (version 2.0.2) for vis-
ualisation and trend identification per domain and per
year. Considering the qualitative nature of the mapping,
an “instructional intensity” metric was developed to dis-
tinguish between the presence of a tool and the formal
pedagogical delivery of a skill.

For the construction of the Hidden Curriculum
Graph, a scale range was defined from O to 3, starting
with absence of evidence (0), moving to evidenced pres-
ence of domain activities as curriculum byproducts with
no formal assessment (1), as optional modules including
assessed learning outcomes (2), and ending with evi-
denced domain activities in core modules with formally
assessed learning outcomes (3). This range was used to
quantify domain presence across the curriculum, with
one entry per year. For example, for Domain X, if there
was at least one module per year that contained formally
assessed components relevant to that domain, the value
on the graph would be 3 times 4, resulting in 12. Similarly,
again for Domain X, if there was a module that required
existing knowledge to be utilised but there was not for-
mal assessment for that knowledge, the associated value
would be 2. If there were two such modules in the same
year, the associated value would still remain as 2.

RESULTS AND DISCUSSION

Analysis of the curriculum mapping across domain
and year of study (Figure 1) shows that all domains ex-
cept Software Engineering Practices (D7) are covered
through the chemical engineering curriculum of pro-
grammes offered at Sheffield. It is important to point out
that this figure evidences the presence of a domain dur-
ing a year group in at least one module, rather than the
coverage of the domain, i.e. how well it is covered. Do-
main coverage will be discussed later on. For domains
D2-5 and D8 there is coverage across multiple years,
whereas D1 and D6 are covered only within a particular
year through associated modules.
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Especially for domains focusing on data literacy and
statistics (D2), process modelling and simulation (D3)
and data governance, ethics and cybersecurity (D8),
presence in multiple year groups is expected, as
knowledge contained within these domains (understand-
ing of statistical principles, development of models and
unit operation simulations, and an ethical approach to
data management) forms the basics of chemical engi-
neering education.

Looking into the areas of the curriculum where DCE
was present in core taught content with formal assess-
ment, analysis of the corresponding credit (Figure 2) in-
dicated that DCE is worth credits in Years 1 and 2 with
limited domain diversity (D2, D3 and at a very small frac-
tion D5 are covered), but when reaching Years 3 and 4
the domain diversity and credit is higher (D1-D5 are cov-
ered). Data literacy and statistics (D2) accounts for the
highest number of DCE credits across the curriculum,
closely followed by process modelling and simulation
(D3). It is worth pointing out that there is a very small
credit value (0.027) accounted for D8 in Year 3, as a small
part of one assessment component during the Design
Project that discusses cybersecurity. Credit calculation
took place through assessment briefs where available.
According to the Quality Assurance Agency for Higher
Education, 1 credit is roughly equal to 10 hours of notional
learning. Figure 2 showcases the hours students are ex-
pected to engage with DCE within formally assessed el-
ements of the curriculum, for example submission of pro-
cess simulations using Aspen or other software as part of
design projects, or assignments based on coding tools,
or engagement with Excel as part of formulating a lab re-
port. As a validation case study, looking at the “Process
and Product Design” module students undertake in Year
2 and where they are introduced to the use of commercial
simulators like Aspen for the first time, the calculated
credit relevant to D3 for that module is 2.3, which corre-
sponds to 23 hours. During this module, there are 14
hours of planned, guided tutorials on the use of Aspen,
which implies that the rest 9 hours are based on self-
study. This number might be a bit higher, given that there
is an assignment and a Design Project Week students
need to complete during this module, where the produc-
tion of an Aspen model for a given process is a formal
part of the assessment for both activities.

When looking at credit calculation across all do-
mains per year (Figure 3, top left graph), it is evident that
credit attributed to DCE raises per year of study, with a
jump from Year 1to Year 2 and another jump from Year 3
to Year 4.

This is expected, as the way the curriculum is cur-
rently structured at Sheffield is to focus on the funda-
mentals during earlier years of study and introduce more
complex concepts and application of concepts later on. It
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Presence of DCE in Sheffield UG Curriculum

D1 D2 D3 D4 D5 D6 D7 D8

M Year4

Year3 M Year2 M Year1

Figure 1. Coverage of DCE domains D1-8 in the Sheffield UG curriculum. D1: programming and computation, D2:
data, literacy and statistics, D3: process modelling and simulation, D4: optimisation and PSE, D5: control
automation and instrumentation, D6: artificial intelligence, machine learning and digital twins, D7: software
engineering practices, D8: data governance, ethics and cybersecurity.

Credit calculation per DCE domain per year of study
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Figure 2. Credit calculation per DCE domain per year.

is interesting to note the slightly reduced credit at-
tributed to digital skills between Year 2 and Year 3. This
can be explained by the fact that during Year 3 students
undertake the year-long Process Design Project, where
they are called to apply their understanding and skills, so
the curriculum is deliberately allowing them space to do
so rather than overload them with more new skills.

The scaffolded approach towards development of
digital skills through the curriculum is even more evident
if we look at the credit attributed to DCE cumulatively per
year (Figure 3, top right). There is an almost equal step
between Years 1, 2 and 3, with a much bigger step to-
wards Year 4. This is mainly attributed to two DCE-heavy
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core modules available at MEng level of study, “Ad-
vanced Process Modelling” and “Simulation and Optimi-
sation”. When looking at the cumulative credit attributed
per domain (Figure 3 bottom), Data Literacy and Statis-
tics (D2) and Process Modelling and Simulation (D3) are
the domains with the highest presence. It is important to
mention that the step change between Year 3 and Year
4 is attributed to the Final Year Research project as well,
as a big component of its assessment is on data analysis,
statistics, and data visualisation which relate to D2. The
caveat here is that depending on the specific research
area and projects students choose, the exposure to DCE
might be even bigger. To illustrate the point better, we
conducted a quick analysis of proposed research project
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Figure 3. Top left graph: Credits accounted to DCE per Year of study. Top right graph: Cumulative credits
accounted to DCE after each Year of study. Bottom graph: Cummulative credits accounted to DCE per domain

where credits are atributed, per year of study.

topics over the last couple of years. We assessed the
topics in terms of being fully computational (i.e. research
and data collection based on simulations) and whether
there was explicit mention of elements relating to any of
the DCE domains (i.e. need to learn a new analysis soft-
ware, partially computational research etc). Over 50% of
projects offered over two consecutive years were fully
computational, and around 70% across offered projects
had relevance to DCE, additionally to the expected data
analysis and statistics component. This shows that for
majority of students, the DCE offering in Year 4 would be
even higher compared to what was calculated previously
as a baseline. It is very tricky to quantify in terms of cred-
its the additional DCE exposure a student would get dur-
ing their final year research project, aside of the already
accounted component relevant to D2. The only other
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component where we could see and evaluate DCE cov-
erage during a research project would be the methodol-
ogy section of the final report students are asked to sub-
mit. In this section students describe the methods they
used, adapted, or developed towards collecting the data
necessary to conduct their project. In the case of com-
putational projects, in the methodology section, students
would discuss what software they used, how they devel-
oped their models or code, how they decided on their pa-
rameters and range of importance, potential optimisation
they went through, if/how they ensured reproducibility.
Depending on the project topic, there could be particular
relevance to particular domains, however, overall, DCE
exposure would certainly be higher compared to non-
computational-heavy projects, and could result up to

2700



Coreftaught vs applied/expected knowledge
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Figure 4. Hidden curriculum of digital chemical engineering: a comparison between content formally taught and
assessed (blue) and content expected to be applied outside of formal assessment (red). Domain coverage was

calculated as discussed in Methodology section.

10.8 more credits, according to the weight of the meth-
odology section component to the overall mark for this
module. This would bring the credit attributed to DCE
during Year 4 to over 40 credits in certain cases. As a
reminder, a typical year during an undergraduate degree
in the UK has 120 credits, so an over-40 credit attributed
to DCE illustrates a third of the year being devoted to dig-
ital competency development.

If we now look at content that is taught in core mod-
ules and assessed with credit-bearing assignments,
compared to content or knowledge that is expected to be
understood and applied outside of formal assessment,
we can see an interesting trend showing (Figure 4). This
figure reveals a “hidden curriculum”, where we can see
presence, elaborate or not, of all domains of digital chem-
ical engineering. Compared to assessed content under
credit-bearing activities, the applied or expected
knowledge has a small presence in Al/ML and Digital
Twins (D6) and Software Engineering Practices (D7). For
example, students in Year 2, during the Experimental In-
vestigation module, are introduced to the Diamond Pilot
Plant facility, where they get to see unit operations of a
tablet manufacturing process, including a digital twin ver-
sion of the physical plant. There are assessed laboratory
activities built around the operation of the pilot plant,
however these do not include the operation of the digital
twin.

Another example is in Year 4, during the Computa-
tional Modelling module, where students are expected to
understand and use practices such as version control,
although this activity is not formally assessed and does
not form a learning outcome of this or other modules. It is
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interesting to note that the domains with highest level of
applied or expected knowledge align, with the exception
of D5, with domains where knowledge is delivered as
core content and assessed accordingly (D2, D3, D8 in
Figure 4). Another interesting point specific to the Engi-
neering Curricula at Sheffield is the coverage of Data
Governance, Ethics and Cybersecurity (D8). Students on
chemical engineering programmes discuss about ethics,
with brief coverage of digital ethics, during a Year 1 mod-
ule, Principles of Chemical Engineering. Then, they revisit
ethics and discuss cybersecurity during Year 3, in the
Process Design project, where a small part of the assess-
ment is on the cybersecurity provisions for their hypo-
thetical process design. While these are the only exam-
ples of D8 coverage in the chemical engineering curricu-
lum, there are another two spaces where ethics and cy-
bersecurity are discussed. All Year 1 and Year 2 students
registered on any engineering programme at the Univer-
sity of Sheffield participate in the compulsory yet non-
credit-bearing Project Weeks that take place just before
the beginning of the Spring semester. During these
weeks, students are grouped together in teams with mul-
tidisciplinary membership and are given open-ended
briefs around real-life engineering challenges. They are
then asked to produce an engineering solution to solve
the given challenge, using their skills and knowledge up
to this point in their programme and working collabora-
tively. One aspect they need to discuss while developing
their solution is cybersecurity, which relates directly to
D8.
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REFLECTIONS, CONCLUSION AND
FUTURE WORK

This work shows the Digital Chemical Engineering
coverage at the chemical engineering programmes of-
fered at Sheffield. Results show that all the eight identi-
fied domains are present in the curriculum, although not
all of them are covered at the same extend or with equal
links to formal assessment and learning outcomes. The
review of the curriculum with a focus on digital skills
showed that in the first and second years of study stu-
dents are all introduced to the same curricular digital ex-
posure by design, attending core modules with specific
learning objectives and activities around digital compe-
tencies. As the course progresses students have the op-
portunity to engage more with the development of their
digital competencies through elective modules, the de-
sign project, and ultimately, the choice of their final year
research project. The question of whether the curriculum
transformation at the University of Sheffield has been
successful in addressing the demand for Industry 4.0 is
now rephrased to “how can the chemical engineering
curriculum at Sheffield ensure that graduates are
equipped at a high level across the DCE domains to con-
tribute to Industry 4.0".

Process simulation and modelling, integral parts of
modern chemical engineering practice, require and gen-
erate data to design, simulate, and optimise chemical
processes. These are fundamentally linked to data anal-
ysis, statistics, and management. These data-driven pro-
cesses connect tightly to Digital Twins, integrating real-
time data with virtual models for predictive maintenance
and operational efficiency. Machine Learning, tradition-
ally the domain of Data and Computer Science, remains
underrepresented in the curriculum. Version control is
also highly relevant to data management and coursework
reporting. Across programming languages with wide use
across engineering programmes, python is likely the best
programming language for Domain 1, as it is currently the
most popular programming language reflected by its ex-
tensive applications in Al and ML. In addition, Cybersecu-
rity is a growing requirement for understanding the digital
risks to physical infrastructure, such as protecting Indus-
trial Control Systems from cyber threats.

Traditionally, the Chemical Engineering degree has
covered a wide breadth of industries and sectors. We
now need to ensure that it covers digitalisation in suffi-
cient depth so that chemical engineering graduates are
well equipped with digital skills necessary to communi-
cate effectively with computer scientists and software
engineers, working together within the Industry 4.0
framework.

Future work would need to focus on a thorough cur-
riculum review, with the intention of perhaps enriching
the digital coverage offering in earlier years of study to
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incorporate exposure to mode digital domains with a
more embedded and formally assessed approach. Stu-
dents then would progress to subsequent years with a
better understanding around artificial intelligence and
machine learning principles, digital twins, programming,
and cybersecurity. One way of ensuring that the taught -
and applied- content is current and relevant, would be to
continue engagement with employers, alumni, and indus-
try advisory boards, and develop work-related learning
activities targeting exposure in specific domains of digital
interest.
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