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Abstract

Educating engineering students for sustainable development and environmental stewardship is an
important preparatory foundation for addressing global complex problems. However, the
necessary knowledge and learning for sustainability in engineering eduratyonot be sufficient

to meet these challenges. The research in this dissertation is investigating how engineers are being
equipped to be sustainably responsible in their personal lives and professional practice. This
research isnulti-disciplinary incling engineering, environmental, and education concepts. The
undergraduate engineering students aadiclum at the University of Toronto (UofT) are
featured as case studi&fT is appropriate as the institution trains one of the largest cohorts of
engineers in Canada, offering opportunities for engineering students to contribute positively to

sustainability as future engineers in Canada.

The three substantive studies represent the personal, professional and blended &spects o
sustainability for undergraduate engineering students. In StudyHe Complex Relationship
between Carbon Literacy and REnvironmental Actions among Engineering Studénts
investigated twident® pro-environmental knowledge and actions pertaining to emissions and the
relationship between them. | developed a survey and life egslessmeriasednethodology to

estimate carbon footprinThe results indicatedn overall weak relationship,but believing an
i



action has high impact was associated with lower carbon footpimtStudy 27 Crafting a
Definition of Sustainability for Engineering Education and using it to Assess Curridulum
developed a framework to describe sustainability in engineering and methodology to assess
curriculum, thenevaluatedcontentin the undergraduate engineering curriculum at Ub§T
performing a qualitative analysis and surveying instrucidre results indicated that sustainability
pillars tend to be taught in isolation rathlean integrated. In Studyi3Changes in Engineering
Student sb Sust aandBEnbagdmenhrgughPReftectiee [Statenteitssanalyzed
students6é personal st at e me n.{The refuttsondicated asmoet a i
balanced view of sustainability at the end of the course and development of broader societal
thinking. Together these studies form a body of work that can be used to assess sustaindbility

be used to inform or recommend future planandergraduate engineering education programs.

In addition, the instruments and generalizable methods can be extended to other institutions.
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Chapter lintroduction

Chapter1:l nt r oducti on

1.1 Research Overview
A sustainable future is necessary for the environmental, sociscmbmical longevity of
the earthand the engineering field can influence and lead sustainability efférigineers have
disciplinary knowledge about how things work and perhaps rather sophisticated knowledge that
contribute to deepening their understanding and awareness of sustainaigilitgling climate
change which encompasseglobal warming.Addressingsustainabilityand climate change
requirestechnological innovation, policy that supports sustainable targets and collective individual
measuregl], [2]. As architects of our physical world, engineers can play a role in these aspects.
Given the importance of the engineer's rolesustainability including climate change
mitigation and adagtioni perhaps the most urgent isste$ackle to achieve a sustainable future
on earthi it is important to understarttie type of sustainability knowledgagineering students
are exposed to in the curriculum and hitws disciplinary knowledge interacts with their general
literacy and preenvironmental actions tgotentially advance sustainability This PhD is
attempting to understand these tapieithin undergraduateengineering atthe University of
Toronto (UofT) in CanadaTlhe doctoral researchegins with a focu®n how undergraduate
engineering students understand anttomitigateclimate changérom apersonaperspective
However, ecognizing, thatsustainabilityis a complexand multifaceted topic, much of the
dissertation themadopts a broader standecusng onthe more general topic slstainabilityin
engineering education BlofT. Thus, the researchooksat how engineéng students atofT are
shaped to beompleteengineers by beingustainably responsibia their personal livesindin
their professimal practice.This multi-disciplinary project includes engineering, environmental,
education and psychology componetusfT is a relevantnstitution to conduct this workecause
it hasthe highest ranked engineering program in Cap@jddrains one of the largest engineering
cohortq4], and Toronto is the most populous city in Carfalgproviding numerous opportunities
for bothsustainable engineering applicati@migreenhouse ga&HG) emissions reductionas
Canadaeed to significantly reduce emissions due to the relatively high per capita emissions
My research \asconducted in three (3) studi@he connecting thread for all three studies is
the attainment of sustainability knowledge and then the subsequent application of that knowledge,
either personally or professionallgtudy 1 focused on the persomi@maini specifically with
respect to climatehangeand coveredthe aspects oknowledgeand actionsas well as the

relationshipetweerthem.Study 2focusedon the professional trainimdpmainand covered the
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knowledgeaspect only via curriculum analysis, while investigatinglationshipamong different
sustainability concept$tudy 3 blendedStudies 1 and 2overing both personal and professional
domains across both aspects: knowledge and actions while again expl@togrnnections across
these topicg¢Figurel.1).

s B ~
Personal Professional Personal Professional
Study 1 Study 2 Study 3
= ae
— U e
sl 8
ANAA
Engineering Students Pro- Engineering Curriculum Engineering Students Personal
Environmental Attitudes Sustainability framework and Sustainability Statements analysis
& Carbon Literacy relationship hierarchical content analysis (MIE315 preliminary, final)
Knowledge Knowledge Knowledge
Actions Actions

* Relationship

Figure 1.1: Studies in this Ph@lepictingthe domains (personal, professioraaill aspects
(knowledge, actiong)overed by eacktudy. For each study, a relationship is explored. In study
1 the relationship betwegmo-environmentaknowledge and actions, Btudy?2 the relationship
of the knowledge associated with thestainabilityconceptsand inStudy3 the relationship
among the domains and aspects.

In Study 1, linvestigated studentshvironmental knowledggarbon literacyCL) and pre
environmental action@EA) pertaining to GHG emissionkcollected data in spring 2021 using
a survey that was guided by high, medium and low impact actions individuals cabatsée on
metaanaly®s focused on developed countrigd, [7] (Sectiors 2.4.], 3.3.2 to reduce carbon
footprint This study explored whether the knowledge of thepact oreffectiveness of pro
environmental actions are related to a greater propensity fon§8}. Since greater knowledge
has been associated with more -prvironmental actiongSection 3.3.3 and given that
engineering students are more exposed to science than the general.putiiie general public
literacy is likely different from engineers around climate change understanitisgstudy
measurd theircarbon literacycorresponding prenvironmental actions, the relationship between
them, and compadethe results to the general publithis study is relevant given that thexee
known misconceptions aboudhe impact personal actions have in reducing greenhouse gas

emissions anthe results may help illuminate possible pathways forgoraronmental action.
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In Study 2, Ideveloped a framework wescribe sustainability in engineering and used this
frameworktoas sess t he studentsd tr aiqualitatige analysisoiu st a
the undergraduatengineeringcurriculum coupled with an instructasurvey to determine the
sustainallity contern. The analysis determidgo what extensustainabilityis beingaddressed
within the engineeringcurriculum by sustainability pillarenvironment, social, economic,
professional responsibilityandtheir associated suthemesThis study als@xplored whethethe
sustainability pillars are connected to provide a more holistic approach to sustainability in
engineering education. Seminal studies related to engineedincationsuggest that technical
knowledge, application of that knowledg®ntinuousnetworkingof that knowledge throughout
the curriculurmwith increasing depthwhile preparing engineers to face challenges in praafies
their formal trainingare key pedagogical approachestfansformingengineering educatio9],

[10]. These concepts relate directly to preparimgrent engineeing studentsto face the
sustainabilityobstaclesahead.This study is relevant because challenges exist in defining and
operationalizing sustainabilityfor engineering and assessing sustainability integoat in
engineering educatiofSectiors 2.4.2 4.2.2. Also, choosing the curriculum analysend
connections among the pillareeans thahis study isonsideringystem level thinking by looking

at the disciplinatself, extending into the professiorddmain, but with potential congeences for
how this translates into personal knowlethgdinking back toStudy 1

In Study 3,l analyseds t u d e n t ssGstainabititys stateraeints determine if there were
changes in sustainability perspectiadter experiencing austainability related coursk these
statements, the students were asked to define Sustainable Development and Environmental
Stewardslp and relate these terms to their personal and professiespbnsibilities and
engagemenihe students were encouraged to use reflection in their stateasehése is evidence
that this practicean enhancéheir thinking and learnind11]i [13] (Sectiors 2.4.3 5.2.3. The
gualitativeanalysis includeddeductiveandinductivecodingt o assess studentsao
engagemenat the beginning and the end of the course by both type of ccamentype of
reflection Assessing byype ofcontent includedhe sustainabilitytopics they mentiorAssessing
by type ofreflectionincludedperspective on event(s)or activitiesto broader consideration like
society, culture, politicsThe deductive analysis was completed using the frameworks developed
in Studies land?2 of thisdissertationalong witha reflection framework(Section5.3.4.3. The
inductive codingcomplemergdthe deductive codingy uncoveringemerging themed his study

is relevantbecausdew studies have been completedking at engineering, sustainabilignd
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reflective practice fronpre-postqualitativeapproacheand explored the nature of change in the
types of reflectiondy students

Potential benefits from this PhD include informing the path of sustainability education from
the professional and personal side. Examples couldsbey the developed frameworks and
methods for assessing sustainability at instituti@ml potentially advising pedagogical
approaches to enhaneergineering education in an effort to advance sustainability personally and
professionally In addition to academic benefitsgnticipate thastakeholders outside of academia
who are focused on sustainability mightt imterestedo betterunderstand how sudiopics are

covered when training enginegesd what knowledg® expect from graduates theprogram

1.2 Dissertation Outline

This dissertation comprises sig)(chapters andolr (4) appendicesThis first chapter
provides a overview of the research and thgisticsof the dissertation. Chapter 2 delves deeper
into themotivationand literaturefor the research. Chapters 3, 4 and 5 destildies that have
either been published, have been submitted for publicati@medyeing preparedo submit for
publication.Chaptel6 provides ssummary of the dissertatipfuture work recommendatiorsnd
concluding remarksThe appendice contain supplementary informatiddpecific details for the

three(3) main studies in this dissertation (Chapters 3, 4 and 5) are prasdetiows:

1.2.1 Study 1 (Chapter 3)

Study 1lis entitled:The complex relationship between carbon literacy andgmaronmental
actions among engineering studerithis studyfocusel on the personaispects of sustainability
A surveyinstrumentwvas administered to the undergraduate engineering students at the University
of Toronto and used teollect dataon ther knowledge ¢arbon literacy aboutenvironmentally
impactful actions andtheir correspondingpersonal performancef those pro-environmental
actions Thesewo constructs were then compared to determine whether there was a relationship

between carbon litera@nd preenvironmental actions. The research questions answered were

S1RQ1I Are students knowledgeable about the level of impact consumption choices have in
reducingGHG emissions?

S1RQ2Z What are the preenvironmental actions of tleurveyparticipants?

S1RQ3 Howis knowledge about consumption choices rellaig ar t i cpiopant s 6
environmental actions in reducifgHG emissions?
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The contributions made by this studiere the creation of an instrumentith appropriate
variables toestimatea p e rcarbon tostprinta methodto calculate that person's carbon
footprint by utilizing a life cycle assessment approacid a measum® scorea per sonds ¢
literacy. The study also contributed to the body of existing knowledge amanhdn literacy, pro
environmental behavioucorrespondingnisconceptions and the relationship between them within
the engineering community. The sunadanalyticmethodgo estimate carbon footpriandfind
the relationship between knowledge and actiambe used at UofT foextended oftongitudinal
studiesor by other institutions

ThePublication citation (IEEEfor this studyis:

S. A. Ram, H. L. MaclLean, D. Tihanyi, L. Ha
between carbon literacy and pgpon vi r on ment al actions Helyonng er
vol. 9, no. 11, p. e20632023, doi:https://doi.org/10.1016/j.heliyon.2023.e20634

1.2.2 Study 2 (Chapter 4)

Study 2 is entitledCrafting a Definition of Sustainability for EngineeringEducationand
usng it to AssessCurriculum. This study focused on thegdessioml training of engineering
students irsustainability The challenge oflefining sustainabilityor engineeringvas tackled by
amalgamatingrevalent themes in the literaturdo a frameworkThis frameworkwas usedo
assess curriculum usingnawly developedmethodin the study The new methodenhancednd
combinedstandalone methogseviously used in the literatyrenabled thenalyss of more than

one data sour¢and triangulagdamong themThe research questions answered were:

S2RQ1 How can sustainability be defined fooursebasedengineeringorogramsin

academia?

S2RQ2 What can we learn from the different curriculum materials in assessing sustainability
contentWhat ae thesimilarities anddifferences in sustainability content from course
descriptiongCDs), syllabi(SYL) and instructor survey (13)

S2RQ3 Whatrelationshifs) exists among the key sustainability pillarghin the courses

offered in the undergraduate engineering program at the University of Toronto?

The contributions made by this studgrethe development of a sustainability in engineering
framework toassess engineering curriculuenmethodhat incorporateslifferent aspects of the
curriculum including course descriptions, syllabi and faculty percepioascertain sustainability
in the curriculum both by category and by depth, andassessment of the sustainability in the

engineering curriculum at UofTThe framework and assessment method are both generalizable

SherryAnn Ram 5 2024


https://doi.org/10.1016/j.heliyon.2023.e20634

Chapter lintroduction

andare potential tools for institutions wantingassess their curriculufor sustainability. This in
turn may aid irrefreshing curriculum and pedagogical approaches.

This paperwas submitted toSustainability Science and Technolpgyart of the I0P
Publishing Companyn April 2024.

1.2.3 Study 3 (Chapter 5)

Study 3 is entitedChanges i n Engineering Stuahé¢ntso
Engagementhrough Reflective Statement$his study focused onhree (3)areas that araeot
widely connectedn the literatureengineering, sustainabilitgnd reflective practic&he purpose
was to determine whethsustainability perceptiortsy 3@ year mechanical engineeristudents
changed from the beginning to the endac$ustainability relatedourseand the nature of that

changeThe research questions answered were:

S3RQL Howdo¥year mechanical pEeraptiosd sustdinabiity changed e n t
on an aggregate level from the beginning to the end of a core sustainedidityd course?

S3RQ2: What was the nature of the change among the studiéaisy)in content and reflection

type? Was there an evolution of sustainability thinkimgperceptions and engagemdytthe
studentdrom the beginning to the endtbke ®urse?

The contributions made by this studkere building on thecurrentbody of literatureby
providingananalysisoBt udent s6 refl ecti ons ateasofengmdering q u.
and sustainabilityTheapproach of analysing the statements from the beginning to the end of the
course allowedneto glean thenature of changef studenté sustainability perceptionsoth on
content andeflectiondevelopmenandon a personal and professional leviégle outcomes ohie
analyses in this study may showcase riflevance of both a sustainability related course and
reflective practicen alteringengineeringstudesbperceptions and engagemansustainability
This studyis currentlyin preparation fosubmssion to a peereviewed journal

1.2.4 Supplementary Results

In addition to the three studies and their respective chapters outlined in this PhD dissertation,
there are supplementary results. These supplementary results did not form parStofdihi
published peereviewed article. FaBtudyl, | compiled resulteelatedtcs t udent sd gener
change knowledgandhow carbon literacy ang@ro-environmental action are relatedsindents’
demographicsvalues, beliefs and confidenicetheir literacy(AppendcesB.3.5 B.3.6).
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1.2.5 Author and Additional Contributions

This researchwas supported bycontribution from several authorgTable 1.1). The
contributions follow theCrediT format from Elseviefl4] and cefinitions are provided in
Appendix A.1. The full names of authorare SherryAnn Ram, |. Daniel Posen, Heather L.
MacLean, Deborah Timgyi. Abbreviations S1, S2 and S3 represBuidies 1, 2 and 3 respectively.
In addition to the authors mentionedthe table Liam Hannah alscontributed toStudy1 by
advisingcertain statisticanethods andalidating the resultsThere was also support thaasnot
credited through authorship in tdevelopmenof qualitativecodebook andcoding validation for
Studiesl and 2 and expert advice from sustainability experts in finalizing the sustainability in

engineering frameworin Study?2.

Table 1.1: Author contribution by type and study.

Author A Ram Posen MacLean Tihanyi

ContributionsC Studya | S1 | S2 | S3 | S1 | S2 | S3 | S1 | S2 | S3 | S1 | S2 | Ss3
Conceptualization Vv V V V V V V \% \%
Methodology Vv V V V V V V V \% \%
Investigation \Y \% \%

Data Curation \Y \% \%

Formal analysis V V \%

Validation \% \% \%

Visualization \% \% \%

Project administration \'% \% \%

Writing - Original Draft Vv V Vv

Writing - Review & Editing | V V V V V V V V V \%
Supervision V V V V V \% \%
Funding acquisition V V V V \% V

1.3 Research Ethics

All three of the studies in this dissertation included the participation of human participants.
The studies were reviewed and approved by the Research Ethics Board (REB) &tuaifs 1
and 3 involved undergraduate engineering students at UofT and is approvedPurtdepl
Number 40378. Study 2 involved surveying undergraduate engineering instructors and was
approved under Protocol Number 446BBeparticipants provided informed consent to participate
in the study and publication of their anonymizethda

All survey data was collected completely onlingia REDCap (Research Electronic Data
Capture, therewereno hard copies of the sun&yheREDCapsurveys and data storage system
requires multifactor authentication for access, which is an added level of security. Thessurvey
werehosted on REDCap web server and the survey respaesestored on the REDCap data

server behind a firewalvhich provided independencm thatshould the web server faihe survey
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data collectedvould remainintact. The datavasbackedup daily. Data analysiwas performed

and stored on a separate serverUab f TD&martment of Civil and Mineral Engineering.
Permission was not provided to publicly sharedh&collected for thesstudes. All the data
collection and storage were on a Canadian server, hence there were no issues for participants to
participate from countries that had U.S. Embargo status. This is relevant as data collection for
Study 1 was during COVIBL9 and many students were attendsetool remotely and/or from
another country.

My research advisors Daniel Posen, Deborah Tihanyi, Heather MacLean, and | have a
relationship with the University of Toronto Faculty of Applied Science & Enginegdriolyding
employment and funding grantshere the surveys for the studies were administérdaaniel
Posen, Heather MacLean, Deborah Tihanyi are professors and I,-8herfgam, am a PhD
student at the University of Toronto within the Faculty of Applied Science and Engineering.

1.4 Statement of Positionality

| was born and grew up on the Caribbean Island of Trinidad. After postsecondary school, |
pursued an undergraduate degrekl@chanical Engineeand beforegyraduationvas recruited by
Schlumberger Oilfield Servicesvherel worked for overl3 years This employment provided
opportunities to experience a remarkable personal and professionaPidiessionally,l
progressed through quite a few job functions globally, stagsng field engineer arehding in
managementPersonally, | got the chance to immee myself in new cultures and languages.
Schl umberger also provided a scholarship to
Schlumberger focused heavily on safety and training. It is through this educagcmyhized the
dangers the oil and gas industry posed for the environrmeatldition, the company cultuveas
fastpacedandresultsoriented where nofits, promotion and capitalismvere important. As my
career in Schlumberger progressedegan to carefully ponder my future in that industry given
that my values were aligned with the environment and did not align with the company culture.

Eventually, working in the oil industry and the culture weighed heavily on my mind and |
could no longer beomplicit. Due to a convergence of several personal events, including the arrival
of my children, | made thefundamental shiftto exit the industry by parting ways with
Schlumberger and diverting my efforts towards my children, investing time in their nurturing,
environmental awareness aaducationMy life totally transfornedinto one that wouldupport
theearth, hoping my children woultppreciateny worldview and adop#fter my children started
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school, | slowly transitioned to working again, staying true to my personal and environmental
values.As | built a new network o€olleaguesacquaintances, friendk noticeda lack of pre
environmental choicgsersonally and professionally. | also had unanswered questions about what
was good for the environment and my contribution to the wéndanted to dive deeper into
peopl ebs moti vat i odrsingtheirbehavibrer mi ne what was
As | pondered the three topics that | am most passionate about: Sustainability, Engineering,
and Education, écoming a scholar served as a logical bricymergsing my engineeringand
education backgroundsith sustainability | recogniz the influence the engineering field has
the world,and thesignificant leadership rolengineering an play in sustainabilityThis led to one
of the few carefully contemplatedanddd i ber at e deci s i,topssudyrdéduate ma d
researchn engineering education focusing on sustainabilitystudy1, | wanted tocontribute to
reducingclimate changand thougheducatiormight be a pathhopingto see atrongcorrelation
between sustainability knowledge andpro-environmental action. In Study 2, | expected
sustainabilityto be centralvithin the curriculum and cours¢sughtbut also looked for potential
gaps to recommend ways tenhancethe approaches within curriculurim Study 3, similar to
Study1, I was optimistic thaeducation couldhelpand expected a changestudentperceptions
andmore intent teengage with sustainability aftexperiencinghe sustainability relatedourse.
Theresults of thesstudies were enlightening and brought some renewed fbogestainability
in engineering.
We all have alistinct perspective carry insights about margultures anda broad skillset
through employment, inside and outside the hohaelitionally, my paths in industry, education
and the environment have been unconventional, and | feel very fortunate to have this extraordinary
purview.l understand my positiois rare and thiaffords me a special place, through my story, to
empowerhumansin the objective of seeking more sustaiiléfp for future generationsThese
special lenses | possess vidipefullyallow me toguidea route that is authentic and origimath

thisresearctand future endeavours

1.5 Statement of Bias

My passion for sustainability may bring biases in the research design, recruiting participants,
data collection/analysis and publication selectihB], [16]. | am bringing my values about
sustainabilityto this research asféel sustainability is central and should be a major focus of
engineerdoth in their professional practice and in their personal liVesse biases need to be
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addressed during the research. Strategies that have been used to minimize the biases include usin
the existing literature as the foundation to build on and strengthen the research, being transparent
about the process and any results of the research ghexprert researchers provide guidance and
input, testing and reviewing instruments with impartial participants, utilizing independent coders

for analyses and relying aasearch adviso@nd committee members to provide feedback.

1.6 Declaration on use of Generative Atrtificial Intelligence (Al)
No generative artificial intelligend@l) was usedor writing assistancer creating graphics

and tablesn this dissertation
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Chapter2: Res ealtictherandr Pesi gn

2.1 Sustainability in Education, Engineering and Canada

Sustainability is commonhheld to encompass three pillars: Environmental, Social and
EconomicsIn order to fulfil the different facets of these three pillatse United Nations have
defined 17 Sustainable Development Goals (SO{Bggd in AppendixA.2) [17] as a potential
pathfor operationalizinghe commonly used definition glustainabiltyi me et i ng t he
the present without compromising the ability of future generations to meet their own heébilis
the SDGs alone will not ensure a sustainable future for our gl8jethey do provide a guide for
actions going forward for sustainable development and environmental stewardship.

Thinking about the SDGs arstistainabilityfrom ahigher education perspectivbgte have
been projects at universities to implement applicable SDGs. At the University of Toronto, one of
the Institutional Strategic Initiatives (ISI) is Sustainability and two committees have been formed
to encourage trans/interdisciplinary researclgagement and curriculum enhancements that are
centred around the SDGs. These include the SDG Steering Committee and SDG Student Advisory
Committee Thee committees usually @lude faculty, staff and students from various disciplines
including engineering and environmental studies.

Thinking about the SDGs and sustainability from an engineering perspeciveeering in
Canada has begun to rally around the SDGs and have started projects to include more SDGs within
the profession. One such project is the Canadian Engineering Grand Chall€jgBegarding
engineering practice in Canaaaany of the requirements to become a professional engineer fall
under the concept of sustainability as outlined by the S&fdshe three pillars of sustainability
(environment, social, economidh addition tahe three pillarsan important area afustainability
in engineering practice in Canaathroughprofessional responsibilitylo practice engineering
in Canada, one mubecome a professional enginé@roughlicensure. Thelicensing process
strictly regulated, requiringan engineering degreeecognized by the Canadian Engineering
Accreditation Board (CEAB)20], typically additionallaw and ethicgraining and engineering
experience under a licenced engineer for a number of jZgrVith the practice of engineering
being so highly scrutinizearound professional responsibilignd engineers possibly having tools
and abilityto advancesustainability effortssustainabilityin engineering could includeur pillars:

environmental, social, economj@ndprofessional responsibility.
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The studies in this dissertation focus on thés# pillars of sustainabilitythrough the
undergraduate engineeringiéeasengineering education the preparatorgtage for engineering

practice.

220verview of GHG Emissions, Gl obal

While all pillars of sustainabilitandthe SDGs aremportant,the urgencyof global warming
and greenhouse gas emissioreductioncurrently attracts substantial attention policy and
professional practic& hus, this section provides addiial context for Canadamajor sources of
GHG emissiondy location and sectarsspecially abackground for Study 1 (Chapter, But also
applicable foprofessional practicdomainin Study 2 (Chapter 4) an8tudy3 (Chapter 5)

Canada has relatively high productigerritorial) GHG emissions per capifaaformationon
emissions nomenclatuie included inAppendixA.3.1). Figure 2.1 reveals that North America
(which inclucesCentral Americapnd Oceanideads in emissions per capita at abdu6iCOze.

Of the countries in North America, Canada and the USA ar&C&%é per capita whichs more
thantriple that of Mexico (~4tCee), and double that of Europe, thé%highest contributor of
emissions by regiof22]. USA, Mexico and Canada are mentioned specifically for North America
because these countries have the largest populati@35, 129 and 39 milliorespectivelyThis

per capita of ~1COe for Canadds well beyond a per capita target suggested by Ivanova et.al.
of ~2.8tCQeq by 203(23]. Note that aiming for this per capita target can be via both professional
practice and personal actions.

per capita (tCO,eq) - 2022

USA 14.9
Canada 14.2
Mexico 4.0
North America 10.5
Oceania 10.5
Europe 6.9
Asia 4.6
South America 25 ~2.8 tC0O,eq
Africa o Global target by 2030

Figure 2.1: GHG Emissions per Capita 2022 by region (tCQe)[22]. The red line indicates
the per capita target according to Ivanova ¢2.3).
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Within Canada, th@roductionof GHG emissions vary widely by province/territory with
Alberta and Ontario leading in total emissions and Alberta and Saskatchewan leading in per capita
emissionsKigure2.2, Figure2.3) [24]i [26]. These statistics demonstrate that Canada has room to
reduce GHG emissions across all provinces and especially in Alberta, Saskatchewan and Ontario.

Data Tables are available in Appendix3.2.
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Figure 2.2: Greenhouse gas emissions (total) by province and territory, Canada)tCO
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Figure 2.3: Greenhouse gas emissions (per capita) by province and territory, Canagk (tCO

Figure 2.4 showsa sideby-side comparison of production GHG emissions at an aggregate
level for the world(2016 left) and Canadé&2018§ right) [27], [28] (data &bles AppendipA.3.3).
For both the world and Canada, more than 70% of emissions come from energy related activities.
Globally, about-18% of emissions are derived from agriculture while in Canada, 4% of emissions
are from agriculture. In contradipr Canada~26% are due to industrial processes including
extraction of natural resources while globally, industrial processes accot®4asf emissions.
Also notable for Canada is the portion of emissions attributed to traasport~29%) and
buildings(~24%) compared to the global percentael?%and~18% respectively)Statcan[29]
reported that irOntario and Quebedirect GHG emissions from residential homes, including
gasoline use in cars and energy for heating, accounted for the highest source of emissions at 32%
and 33% respectively. Therefore, GHG emissions can be reduced by maeagrgy
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requirements, througinansportationbuildingsandindustry,possiblebothon a professional level

through engineering practiesd ona personal level

3% waste 4% agriculture
agriculture industrial
5% industrial processes processes
15% energy other 10% energy in industry

11% buildings commerical

24% energy in industry
73% 70%
energy energy 7% transport other

13% buildings residential

7% buildings commercial
11% buildings residential
4% transport other 29% transport road

12% transport road

Figure 2.4: GHG emissions percentage by sector andsador: Global in 220 (left), Canada
in 2020 (right) [27], [28]
2.3 Pathways to Sustainability in Engineering Education

The following sections will explore the role of sustainability knowledge in engineering
educationandbriefly discussow they relate to associated fovironmental actions considering
psychology socialand cul t ur al factors to inform a p
knowledge and affinity to prenvironmental behaviouiThese topics are positioned within the
studies they support in this dissertatiStakeholders and decision makers seeking to understand
human behaviour would need to explore what shapes motivatiatetermine a path, if any, to
encouragepre nvi r onment al acti on, livesiortplofessional praceca.g i n
An extended discussion of pemvironmental knowledge and acticersd a potential conceptual

modelis presented in AppendiX.4.

2.3.1 Role of Engineering Education

Theinformation deficit mode]30] asserts that lack ofunderstandingnd informationi.e. a
deficit in knowledgemay lead tgublic skepticism or resistance toward science and technology.
The model suggestsetter informed humans may haattitudes and behaviorsorealignedwith
scientific consensu3here are mixed messages regarding the information deficit nTdaek are

studies claiminghat the information deficit modeét not useful in alterindgpehaviour{30]i [32].
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Conversely there arestudiesthat indicateeffectiveness othe information deficit modeif
integrated using contemporary meth@gi3], [34].

Expanding and going beyond the notion of sustainability knowledge deficit or attainment, is
the concept of the structure of knowled@. The Knowledge Structure Model comprises
declarativeknowledge which igelated to factsand proceduralknowledge which igelated to
competencies that caeshapdactual knowledge into action®eclarative knowledge has three
components: system action and effectivenessknowledge. System knowledgeis general
sustainabilityknowledge whileaction and effectiveness knowledae related to actions and their
relatedimpact Thedeclarativeknowledge concept maintains that an individual mayraatpro
environmental mannebased on the level of impact of activity, that is the action and
effectiveness knowledge components of declarative knowledge. This means that persons may have
a propensity for pr@nvironmental actions if they believe the action has a high impact
effectivenessFurther procedural knowledge can complement declarative knowledge in that if
someone is aware of the impact of an action and have the skills to fulfill that action, then that can
further encourage prenvironmental actionin Study 1, | leanedon declarative knowledge
specifically action and effectivenesby gathemg information on the knowledge base (carbon
literacy) students possess around personaépuironmental actionis the climate change space,
andrelated their knowledge toow they act based on the effectiventesof pro-environmental
actiors. There may also be a link to procedural knowledg&timdies2 and3 to explorehow
sustainability knowledge attainedvia curriculum can be transformed into action in their
professional practice and personal lives.

Both knowledge and skiliapplication of knowledgegre beneficialo advane sustainability
in engineering education according to the literati$de [10], [35]i [37], along with holistic
approaches to teachifi8g], [39]. Further, he seminal work by Sheppard et[aD] highlights the
need to transform engineering education by conneatnagnetworking thisechnical knowledge
towards application of that knowledge and building of professional identity. This transformation
in engineering educatiqgredagogy could be applied to sustainability and its pilisageral studies
indicate that finding a different pedagogical approach to sustainability education is impidfiant
[44] and will likely entail veering away from the traditional pedagogical methods, such as the
banking model of educatidd5], where the classroom is teactoeintred, and students passively
receive informationi.e., the teacher deposits information for the student like a bank. Approaches

like active learning and universal design for learning (U[24), [46]i [48] might be effective in
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aiding in that transformation of engineerieducatiorfor sustainability In Study2, | exploredhe

prevalence of the sustainability pillars in the curriculum andréfetionshipsamong then. By

understanding the amouand contentf sustainabilityknowledge students are exposed to and

how that knowledgeis being networkear woventhroughout the curriculum can hedplucators

determine strategies to further advance sustainability training for engineering students.
Anotherimportant aspect of sustainability is translating the knowledge (educatidrgkills

into actions, then learf@ain further knowledge) from those actions by assessing or evaluating the

outcomesthen critically thinkng about the next action. One way to destis through reflective

practice. Thusin addition to considering the structure of the knowlesllyeh covers actions and

effectivenessand introducing pedagogical approachést networkthe knowledgeao advance

sustainability in engineering education, includingflective practice may offer additional

advantages and expand st uidpamisisgbecauseasksistudergs. Re

to deeply ponder their own values, experiences and biases and then relate them to the larger systen

[11]7 [13]. This can strengthen their understanding of their role and responsibilities as a person and

practicing engineer towards planetary preservation and the difficult, complicated and nuanced

choices that are involveth Study3, | leaned on reflective practice lgathemg information on

the knowledge base of the students athibginningof a sustainability relatedourse and noted

any changes towards the endtloé course to ascertain any broadening of their knowledge

intent to acttowards sustainabilityA brief introduction tothe evolutionof reflective practice is

presented in AppendiX.7.

2.3.2 Role of Psychology, Social and Cultural Influence/Factors

In addition tothe role of engineeringducationfactors likepsychology socety and cultue
can play an important role sustainabilityto encourage prenvironmental actiongiumanswvho
have knowledge aboupro-environmentalactions how effective thee actiors are and thg
possess the skills to abut havdittle or no interest or intent to act pemvironmentally may need
additional methodgor motivaion. Motivating factors could includéighlighting co-benefits,
removMng barriers, and leveragingsocial norms[49]i [58]. Understanding the motivations
characterizing a person's behaviour and acknowledging their culture, background and affiliations
can aid in tackling theomplexproblens of sustainabilityto encouragero-environmental actions
[55]1 [58]. While these factors are important, ame did gather data to investigate possible

psychology, social and cultural influengesstudyl, my workin this PhDfocuses on knowledge
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sothe resultdor these additional factoksere not published as part of the stdmitare included

in AppendixB.3.6. In addition, more details around psychology, social and cultural norms are
provided in Appendice®\.5, A.6. For thee sections in the appendicesdiaw primarily on
literature related to climate acti@nd personapro-environmental actionswing to its greater
prominence in the literaturand thestudy populationbeingundergradate engineering students

so their actions are restricted to the personal dofoainow compared to profession&urther,
althoughthese factor@aremost relevant foStudyl, the concepts may be extended more generally

across preenvironmental behaviorencluding professional practice

2.4 Research Design and Frameworks

The research design this PhDincludesaspect®f knowledge, action anelationships from
personahndprofessionatlomainsvia three distinct but connected studiBse research theoretical
perspective takes a pgsbsitivist viewpoint. Pospositivism maintains that truth exists and can
potentially be measured but only imperfectly and our understanding is incomplete or evolving
[59]. Thistheoretical perspectivaew relates tdStudiesl, 2 and 3. In each of these studies there
is truth regarding the meaning of sustainability and how this meaning is applied to the studies.
However, sustainability and its meaniagevolving.In this section| provide an overview of the

design foreach studyncluding he frameworks used

2.4.1 Study 1

This study focued on the personaldomain aroundustainabilityjknowledgeactionsand the
relationshipbetween them among undergraduate engineering students aahtttfdnsideedthe
environmental sustainability pillar, specifically GHG emissions reductifims goals of this study
were to discern whether themeere correlationgrelationship3 between an individual'sarbon
literacy knowledgg and their lifestyle choicegactiong with respect to the resulting GHG
emissions and draw inferences around misconceptions about the impacts of specific individual
choices related to GHG emigss. Learning the extendf the knowledgeaction gap and
misconceptions may inform solution pathways to encouragemrisonmental action.

The research questions for this stuesyre:

S1RQ1I Are students knowledgeable about the level of impact consumption choices have in
reducingGHG emissions?

S1RQ2 What are the preenvironmental actions of tteurveyparticipants?

S1RQ3 Howis knowledge about consumption choices rellaig ar t i cpiopant s 6
environmental actions in reducifgHG emissions?
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Individual consumption accounts for about two thirds of GHG emissions gl¢a]lyThese
emissions are not evenly distributed among continents with North America producing the largest
guantity of emissions per capitédction 2.2). Reducing GHG emissions from personal
consumption can be achieved at a global, Canadian, provincial and regiorsal level

North America is a net importer of carbon dioxide g£L€missiong60]i [63]. A net importer
of CO, emissions refers to incurring additional GHG emissions as a result of importing more goods
and services than exporting, in addition to the direct emissions attributed to transportation and
heating(further explanation of nomenclatussprovidedn AppendixA.3.1). In Canada, factoring
in both the direct and indirect emissiomgjor sources of GHG emissions related to consumption
includehouseholdsvhichproduced 42% of the total GHG emissiam2015[64]. Although trends
indicate that consumption GHG emissions are growing among developing co(681e65],
managing the current high consumpt@nGHG emissions in a developed country like Canada
should be considered to reach emissions reduction targets under the 2015 Paris af#égment
Thus, individual consumption reduction has the potential to assist in reducing emissions in Canada.

There are opportunities for large GHG emissions reductions by individuals through specific
actions or activitiedn 2017, anetaanalysisdy Wynes et.alexaminel the potential reductions in
GHG emission through personal actigfg The analyses were based on 187 sources including
peerreviewed journal articles that adopted LCA, government reports and gray literfihere
geographical focus was developed countries. The findings suggesitdareatare high, moderate
and lowimpact actiongo redue GHG emissions by individuglsvith the high impact actions
including having one fewer child, taking one fewimnsatlantidlight, switching to a dietvith no
animal productsliving without a personal gasoline car and using renewableygrseurces,
thereby eliminating the dependence on fossil fégl As an illustrative exampleCanada's per
capita emissiong 2022was ~14tCOze, so if an individual lives in Canada without a car, they
can potentially reduce their personal GHG emissionsbiCOe or 4%. More details beyond
this illustrative example can be found in Appenig.1 This numberligns with the nearly 12%
of emissions attributed to passenger viehicl
2021 [67], with the minordifferences most likely attributable to the year of the data and the
inclusion of upstream emissions in Wynes e{@]l. More information abouthe personal shifts
individuals can make to reduce GHG emissions with varying levels of effectivearese found
in AppendixB.1.1
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This studyexplorel the relationship between carbon literg&L) and preenvironmental
actions (PEA) related to the personal actions identified by Wynes d6lalFor this study,
engineering studentis Canadaverechosen becaudewer studiesfocused on this demographic
[68]i [70] compared td&K-12 student$71]i [79], general publi¢7], [80]i [89] andpostsecondary
students[90]i [98]. In terms of studies specifically aimed at engineering studdmise peer
reviewed articles, conducted in the USA and Turkey, were f@@8ld[70]. The studyby Bakac
from Turkey[68] focused on engineering students' broad perceptions about climate change rather
than carbon literacy and attitudeBhe study by Rosen fromthe USA [69] involved both
engineering students and engineers and looked at how sustainability is adopted in engineering
design at school and the workplatie study by Milovanovic et adrom the USA[70] uncovered
climate change misconceptions among engineering stud&htte the studyby Rosen69] did
explore engineers' propensity to act-provironmentally in their personal livabesehreestudes
did notpursue research on the relationship betwesghonliteracy andpro-environmentahction
among engineering students in their personal lives.

This study usethedeclarativeknowledge framework in the study desigeeSection2.3.1).
and lears on the action and effectivenesknowledge componentsof the declarative model
suggesting that people may choose to act in an environmentally friendly nies®er on the
percetion of how impactfukhat the actiorj8]. This leads to a conceptual model of estimating
Carbon Literacy (effectiveness) and rB-Environmental Action(action) and analyzing the
relationship between theifFigure 2.5, detailed version ofigure 1.1 for Study 1), through
deductiveapproaches using th@o-environmentalactions described bWynes et al[6], and
inductive approacheafiough student open responseglean additional insight3hus,| include
guantitative and qualitative methods with a survey comprising -€loded and opeended
guestionsSection2.4.4provides more information on methodology and methods for this study.

Study 1

Theoretical Framework Conceptual Framework
Declarative Knowledge Carbon Literacy Personal
System + Action + Effectiveness Pro-Environment Action

I : Methods (Tools) Methodology (Procedures) Kn0W|edge

Jata Sources - . .
Deduct

Student Survey N AR SOMCHNE Actions

Qualitative Inductive Relationships

Figure 2.5: Research Designt&y 1
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Prior studies have shown that there are misconceptions about which actions are the most
effective inreduéng GHG emissionsvith participants often overemphasizing the effects of the
moderate and low impact action and vice vg&a[99]. More detailed information about these
studies can be found AppendixB.1.2 Prior studies have also showar the most part, a positive
relationship between carbon literacy and-pnvironmentahction[100]i [109] andadvocae for
advaning PEA education A subset ofstudieson the PEA/CL relationshipare provided in
AppendixB.1.3 and he detailedliterature review forStudy 1 will be provided as part of the
published study inChapter 3.Additional information on social structures and influences
specificallybeliefs, values, confidence addmographicghatmay provide insights into personal
motivations was not part of the published study luas evaluated and provided inAppendix
B.3.6

2.4.2 Study 2

This study focuad on the professionaldomain around sustainabilityknowledgeand the
relationshipamong thdour sustainabilitypillars. environment, social, economic apobfessional
responsibility,within the undergraduate engineerigrriculumat UofT, as opposed tStudy 1
which focused orone sustainability pillar: environment The goals of tlis study were the
development ofa sustainability in engineering framework, a method to assess curriculum using
multiple data sources, and exaation ofthe current engineering curriculum to determine the
sustainability contentknowledgé and interactionsrélationship among the pillarsThe purpose
of this study was t@dvance the science on how this kind of analysis could be completed
reveal where there may be opportunities for augmenting the engineering curriculum with the hope
of fostering greater sustainability attitudes within engineeadgcationand for engineering
practice after graduation. WitbofT enrolling one of the highest numbers of undergraduate
engineering students in Canada, it is important to ascertain how engineers are being prepared to
practice and advance susability efforts.

The research questions for this stuesyre:

S2RQ1 How can sustainability be defined fooursebasedengineeringorogramsin

academia?

S2RQ2 What can we learn from the different curriculum materials in assessing sustainability
contentWhat ae thesimilarities anddifferences in sustainability content from course
descriptiong CDs), syllabi(SYL) and instructor survey (13)

S2RQ3 What relationshifs) exists among the key sustainability pillarghin the courses

offered in the undergraduate engineering program at the University of T@onto
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Before deciding on the research design for this study, | completgaieliminarycurriculum
analysesThe firstanalysissummaried the SDG content within the undergraduate engineering
course descriptions in th&aculty of Applied Science arithgineering (FASE) at UoffAppendix
C.1). This summary was facilitated hysing the data fronthe Committee on the Environment,
Climate Change, and Sustainability (CEC@8ice and based oa UofT studyby Brugmannret
al. in 2019 [110] that checked for the presence of SDGs across all courses (course descriptions
only) offered at the UniversityThis analysis revealed that the SDGs were not sufficiently
operationalizing sustainability for engineerifithe secondnalysis wasa samplemapping and
calculationof the presence of thgvelve (12)CEAB attributed111] (AppendixA.7) within the
curriculumto see the relative weightings (Appendixl). Of the12 CEAB attributes1i 5 seem
to be associated with technical prowess, while B2 cover professional skills. Sustainability
within the engineering curriculum may be through CEAB attributes likeSact of Engineering
on Society and Environment and. Hihics and Equity. Other CEAB attributes may be related to
sustainability but perhaps less direct lik®4sign, 8 Professionalism, 1 Economics anéroject
Managementand 12 Lifelong Learning.This curriculum mapping provided broad rather than
deep results pertaining to sustainability in the curriculliese initial analyses indicated that a
more comprehensive method was required to define sustainability for engineadittgassess
the curiculum.

An attempt was made to find frameworks @®fining sustainability in engineerind.found
severalstudies that used frameworks to define sustainabdigssess curriculuspecifically for
engineeringOne study coductedin 1999 fpver20 years agd)y Vanderberg et.a]112] at UofT
analyzed the sustainable content within the engineering currictlbe studyexplored how
technology in engineering address matters pertaining to human life, natural ecology, and the
society using context issuedhe context issues includesbcioctechrical interactons, ethical
consideration, notechnical components of engineering education and professionhlistinere
was no differentiationfdhesetype of context issuesithin the resultsn the paperAnother study
by Hoffman et alat Purdue Universityn 2011[113] aggregatd engineering literatut® define
sustainability within engineering and outlined six broad thetnaditional environmentajoals,
resource protection, design critesagcial/societatjoals, business perspectives, and ethics/guiding
values.Finally, severakecentstudies done at a University in Spain looked at sustainability in
higher education and engineering based on the Turing Projec®¥ittriteria,and 5 for the

sustainability dimensionfl14], [115]including gender equalitygthics, socid, civic, diversity,
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cultureand environmental conservatiaithile these framework® define sustainability to assess
curriculum contained important themegat was missing was a comprehensive framework that
represented all the themdaurther,it is uncertain whether the aspects of sustainability used to
assess the curriculum in 1999 by Vanderburg is relevant tdidagemedapt for this studyto
develop a framework to define sustainability to analyse curriculaontentconsidering the
contemporary situation anging a combinatio of engineering specifiandperhaps incorporate
generaland widely usedrameworkdike the SDGs where applicable

| reviewedpast methods (neexhaustive pmployedio assess curriculunA general method
was theacademic plan mod§gl16] whichlooks at curriculum from several perspectives including
the content, how student learning happens, assessing whether the required lekesipigde,
how the curriculum is influenced by internal and external factors and using information gathered
as a feedback loop for improvement. The academic plan model is often used in education research.
In addition, a couple of Canadian curriculum analyeis developed by the University of Calgary
and the University of Torontld17]i [119] introduced methods to map and renew the curriculum.
The methods to map curriculum ds& process similar to what | completed in my preliminary
analysisand compaes curriculum material(e.g. course¥ with certain attributes(e.g. course
outcomey The course renewtdkes a more holisti@and cyclicalapproactthat looks at thgision
and outcomes for the program, establishes what is currently beingthitmuggh mapping and
analysis, plans for implementation, assesses the program anstdahsrthe cycle ain. Since |
had already completed a curriculum mapping and petthaadl thecomponentsf theacademic
plan model and@urriculum renewal wretoo extensive of amndertakingor this study) decided
that looking at curriculum from the content perspecivas at the appropriate level

An initial thought for curriculum assessment method was to build on the work completed at
UofT by Vanderburg 1990.12] and Brugmann in 201[210]. TheVanderburgtudyqualitatively
analysed sustainability content in material provided to CEAB by UofT for the engineering
curriculum usingnaive codingandan ordinal scaléo rank the context issuegplained earlier in
the sectionThe Brugmann studghecked for the presence of SDiGsourse descriptions iall
coursa offered atUofT looking for keywordsassigned teeach SDG through programming in
Python.However, the Vanderburg study analysed for dapthg multiple data sources but without
aclea definition of sustainability in engineering atite Brugmann studgnalyseé sustainability
content (no depth) using a single data saurtlkeen looked abtherpaststudiesthat evaluated

curricula contenf113]i [115], [120] [125] but there did not seem to la@yinvestigating content,
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depth and across multiple data sourcesDeveloping a method to assess curriculum for
sustainability that goes further from prior studies becamadReopportunity for this study.

In addition to definingustainability and developing a methodassess curriculurthis study
evaluate how the sustainability pillars interact with each oth€his interaction among pillars
mayai d i n sol ving problemsengmeets enight faaddenalueksesthinability
competence among engineering studgs§ [36], [126]

This gudy usel atheoretical frameworkhatemphasizes not only thechnicaland structured
knowledge acquisition that is typicahd a cornerstorfer the engineering disciplinbut alschow
thattechnical knowledge around the sustainability pillarsrateracting[9], [10]. The conceptual
frameworkcomprise the creation of the sustainability in engineering framewamklan analysis
methodto assessontent and depthsing multiple dataourcegFigure 2.6, detailed version of
Figurel.1 for Study?2). The developed framework and metheerethentogetherusedto assess
the UofT engineering curriculum and theracton of sustainability pillarsvithin curriculum
The methods includedleductive qualitative analysis of course descriptions, syllabi and
guantitative analysis of instructor survey responSestion2.4.4provides more information on
methodology and methods for this study

Study 2

Theoretical Framework Conceptual Framework
Technical Knowledge Sustainability in Engineering
Dynamic Relationships Framework: Assess Content, Depth Professional

Data Sources Methods (Tools) T KnOW|edge
Curriculum Material Qualitative U
L Deductive . .
Instructor Survey Quantitative Relat|onsh|ps

Figure 2.6: Research Designt&ly 2

Prior studies have shawsome integration of sustainability at various levels depending on the
institution [127] but there is room for improvemeiit28], [129] Prior studies also indicatm
emphasis on the environmental pillar compared to the other pillars of sustairfathiify[113],
[120], [127], [130] These results are prompting educators to evaluht# must be done in the
future to prepare engineering students to tackle sustainability chall®mesthat these results
aretypically based ora single data source for analysis and not accounting for degtimmary
table of relevant article®er this studyis presented idppendixC.2 The detailed literature review

for Study2 will be provided as part of the studybmitted for publicatiom Chapter 4.
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2.4.3 Study 3

This study focued on the professionaland personaldomains ofsustainabilityknowledge
actionsandrelationshipand continud Study 2threadby considering all pillars of sustainability
Study 3 ainedto discern whether a sustainability related core third year undergraduate mechanical
engineering course can alter perceptions and engagement among students through analysis of
personal statements that were completed by the students at the beginningraf ahthe course.
Study 3 boughttogether aspects &udies 1 and Dy using therameworksfrom Studiesl and
2 to analyze the personaagmentsln Study 1, the relationship between personal carbon literacy
and preenvironmental actions was investigatedShkudy 2, a frameworkand method to assess
sustainability in engineering was developed and curriculum was eval&Gtely. 3 is related to
Study 1 because the students were asked to report on their sustainability engg@etiatat
the beginningand endof the courseand this engagement included the personal and professional
domains As suchwe get a glimpse into how their personatlgrofessionaéngagement choices
in sustainability may be connectdrelationship. Study 3 is related t&tudy 2 through the
sustainability in engineering framework develope&indy2. We usel this framework to assess
any changegelationship in perceptiongknowledggfrom the beginning to the end of the course.
The sustainability relatedoursein Study3 was assessed Btudy2 and covers all the themes
the frameworkat varying levels of depth, as per the course instrudtoerefore,it would be
interesting to see the studentdthinking about sustainabilitiopicsalteredand what this could
mean going forward farenewing curriculum to accommodate more sustainability conCEpis
studyalso evaluated the types of retiens by the studentt the beginning and the end of the
course.The types ofreflecions in the personastatements provided insights into thee udent s
thinking process andackgroundsThese insights can help determine if exercises like reflective
practiceareuseful pedagogical toethatreveas shiftin perceptions andctions by contemplating
choices, which may in turaid in sustainability

The research questions for this stuesye:

S3RQL Howdo ¥y ear mechanical e n gi sd sustainabgity changed e n t
on an aggregate level from the beginning to the end of a core sustairedddityd course?

S3RQ2: What was the nature of the change among the studiéatsy) in content and reflection

type? Was there an evolution of sustainability thinkimgperceptions and engagemdytthe
studentdrom the beginning to the endtbke ourse?

In this study, hree components: reflective practice, sustainability and engineering are

investigatel. Existing literature has rarely examined thdésree componentsgether Studies that
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consideed two of the three topics includeeflective practice and sustainabilifg31]i [138],
reflective practice and engineerifd@9]i [149], andsugainability and engineerin@5], [36], [38],

[39], [126], [150] Studies in engineering that considered sustainability in an engineering program
or the impact of a specific course have completed analyses using quantitative i&hp s8]

and qualitative method459]i [164]. The qualitative studies using reflective practice had a variety
of topics that were considered under the umbrella of sustainability such as the effect of courses in
design[164], professional skill§159] or art courseg163], along with overall perception of
sustainability{160]i [162]. These last three studies asked students questions along similar lines of
the studentsd conceptions of sustainability
lives. The majority of the qualitative studies were cresstionaland only two had a before and
after componen{163], [164] with only one of those being from a similar design for the
environment coursgl64] investigatingdesign thinking.This study aims to add to the body of
work in qualitive analysis of reflective statements.

Study 3 theoretical framework employed reflective practicdi [13]. Reflective practice
encourages examination of assumptions, values, biases, experiences, and its relationship to the
society.Thepersonal statements students complatetie beginning and end of the couasked
students to deeply and critically think about their understanding and engagement of sustainability.
For this study, we usethi¢ Hatton and Smith model of reflectifit65] to elucidatethe typesof
thinking in the studerntersonal statements the Hatton an&mith model there are three types of
reflection,descriptve whichponders single event or activitglialogicwhich showcases thinking
about more complex scenarios amiical which consides social, political, cultural perspectives.

The conceptual framework explored their perceptams$ engagemeily qualitatively analyzing
their submitted personal statements deductively and inducfiFeyre 2.7, detailed version of
Figurel.1 for Study3). Section2.4.4provides more information on methodology and methods for
this study.

Study 3

R o Conceptual Framework
Rzﬂ;i{;i:l;’lrlac t‘;(l:xe Sustainability Before, After Personal
Perception, Engagement Professional

Data Sources Methodology (Procedures) KnOW|Edge
Personal Statements Methods (Tools) Deductive <« Actions

e Qualitative . . .
(preliminary, final) Inductive Relationships

Figure 2.7: Research Designt&dy 3

SherryAnn Ram 25 2024



Chapter 2Research Literature and Design

Prior studiesexploring sustainability contenwith before and after componenits both
engineering and neangineering courseshowedthat at thestart of the course the environment
pillar morewas emphasizedthereasat the end of the coursleere wasnore balance among the
sustainability pillarg155]i [157], [166], [167] Prior studies with reflective components revealed
greater propensity tpractice sustainability, increased self awareness in considering the broader
social and ethical contexand sustainabilityresponsibility[153], [163], [164] These results
showcase some of the advantages of incorporating reflective practice within curridulabhe
summarizing the studies is presented in Appeidix The detailed literature review f&udy 3
will be provided as part of the stugyesentedn Chapter 5.

2.4.4 Analysis Methodology and Methods

The research in this dissertation emgdyoth deductive and inductive methodologies,
discussed in sectioB.4.4.1 and quantitative and qualitative approach&sr the quantitative
methods, discussion around development and validation of the survey is preasniedl as
statisticaltests in Section2.4.4.2 For the qualitative methods, information about our chdices

analyss arepresented in sectidh4.4.3

2.4.4.1 Deductive and Inductive Methodologies

Deductive methodologies typically aim to test existing theories and inductive methodologies
aim to create a theory. Therefore, deductive methodspudown approaches while inductive are
bottomup approachesThe research in this PhD incorporated both deductive and inductive
methods Study 1 used deductiveframeworkfrom Wynes et al[6] that theorized the impaxt
(high, moderate and low)f personal preenvironmental actionsStudy 2 used a deductive
frameworkdeveloped in this PhD that theorized how sustainability can be defined for engineering
education. Study used the deductive frameworks frddtudiesl and 2 as well as a reflection
framework from Hatton and Smifti65] that theorized different types of reflectidn.Studiesl
and 3, the material waaso coded inductively to glean additionasightsbeyond the existing

deductive frameworks.

2.4.4.2 Quantitative Method

All the studies in this PhD applied quantitative analyses in the férdeszriptive and
inferential statisticsin Study 1, | used both parametriG@ssumes the data follows a certain

distributione.g. normal distributionand norparametrigno assumed distributiom@sts Some of
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the tests includ&Ve | sANOWA, Kruskal Wallis,Linear and Loes®egressionWe also used
Cronbacho$c®bpha daoavdrity mergah consistency of tredinal scalesin
Studies? and 3, | complete@orrelation (Spearman, Pearsanplyses

InStudyl,an i nstrument was devel ope ddedcrbesomea s ur
of the instruments used in prior research and how they may or may not appigyd. There has
been extensive development of standardized/validated surveys to measure knowledge and
perceptions about environmental issues, carbon footmansonalvaluesand demographicsA
validated survey refers to an instrument designed specifically for a particular audience and tested
along different dimensions.(g, face validity, content validity, criterion validity, content validity)
with a representative sampl8]. When possible, a previously validated questionnaire should be
used However, if an existing questionnaire does not adequately meet the needs of the research,
the researcher can create an appropriate instrument t®oiselia et.alreviewed anumber of
these existing questionnairgs$9]. There are measurements based on ideology and others based
on scientific information. There are also instruments and applications designed to measure
personal carbon footprinEollowing is a brief discussion of resources.

Literaturepertinentfor question selectiom this study includdootprint calculators from the
Environmental Protection Agency (EPA), World Wildlife Fund (WWF), Nafa#]i [172] and
additional studies covering individual PHA], [7], [78], [80]. The New Ecological Paradigm
Scale (NEP), initially published in 1978 and comprising 12 questions, is designed to measure
people's concern for the environment using 3 dimensions: balance of nature, limits to growth, and
human domination of natuf@73]i [176]. It is the most widely used measure for environmental
knowledge to date, so much so that the NEP was updated in 2000 by adding a few more questions.

There are surveys that are designed to measure environmental values. Some examples include
the Two Major Environmental Value {4EV) [177]i[186]; Environmental Schwartz Value
Survey (ESVS) and Environmental Portrait Value QuestionnairePWE)) [187]. Other
guestionnaires focus on behaviour and stewardship such as the Climate Stewardship Survey (CSS)
[188] and the Stanford Climate Change Behavior Surié30]. There are also surveys that
measure individual literacy and awareness of consequences to the environment like Environmental
Concern/Awareness of Consequences Scale and -Balisf-Norm (EC/AC and VBN)[190];

National Environmental Education Foundation (NEEF) developed sufé&i] and
Environmental Literacy Instrument for Adolescelit82]. Environmental behaviour or actions are

often measured using carbon footprint calculafp@8]i [197].
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Onre instrumentwas designed to investigate the relationship among sustainable choices,
gender and postgraduate education discipline. The survey was developed at Clemson University
for postgraduate students and is called Sustainability and Gender in Engineering (SAGE) an
measures career goals, high school experiences, sustainability and demographic infiir@&ition
This SAGE instrumenis one of the few questionnaires that linked environmental knowledge,
engineering and demographic informatidime resources used to design the survey for Study 1
are explained in Chapter 3. Not all of the resources desaribdds sectiorwere used in the

survey.

2.4.4.3 Qualitative Method

All the studies in this PhD applied qualitative analy$&s. the qualitative methods, which
involved collecting and analyzing nemumerical data(e.g. ext,video, audiy, | analyzed
documents. These documents included open ended questions from the suSteplyiri,
curriculum materials (course descriptions, syllabi)Study2, and student reflective statements
in Study3. To qualitatively evaluate the documents, | coded both deductbwlgiésl, 2, 3) and
inductively Studies1, 3).

A code in qualitative analysis is a label that describes the content of a piece of text. In
deductive analysis, thers a set of preestablished codes while in inductive analysis the codes
emerge and are created from the data. There are numerous methodstative codind199].

For the studies in this PhD, | usemental methods, specificaliigscriptivecodingby looking

at logical and lexical chunks of texbpted forqualitative analysias itallowsfor theexplomtion

of nuancesn language. However, this type of process is open to bias from the coder due to the
coder 6 s per s o rdefihitional@rift ddefmitionsochasmging from the beginning of
coding to end of coding) when coding inductively. To minimize this bias, there were detailed
definitions for the deductive coding, multiple coders and several rounds of coding to check for

discrepancies.

2.5 Summary of Research Literature and Design

The research in this PhD dissertatioavers the professional and personal aspects of
sustainability in engineering education amcludes sustainability knowledge, actions apdcific
ways they are related in each stud@liie PhDattempts to fill several opportunities presented in the
literature. First,research exists that loslat sustainabilityknowledge and prenvironmental

actions, as well as the relationship between therinfew studies wereconducted with the
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engineering demographic, and none found for engineering at UofT. Second, there is research that
looksat sustainability in engineering curriculum worldwide and specifically at Unfffproviding
categorization and depth in combination is necessary to sufficiently advise on refreshing the
curriculum to include more sustainability content. Thirttle prior research founthat combined
sustainability, reflective practice and engineerimgplored how sustainability perceptions
changed due to expencing he course, how that perception change manifested in actions and
attempted to blend personal and professional dimensions of shaping an engineer in a single project.
The next three chapters will delve into each of these three topics in more detail.
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Chapter3: The Compl ex Rel ationship bet
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This chapter is based on a publishaarnal articlewith the citation(IEEE)

S. A. Ram, H. L. MaclLean, D. Tihanyi, L . Ha
between carbon literacy and pgon vi r onment al actions Heliyonhg er
vol. 9, no. 11, p. e20632023, doi:https://doi.org/10.1016/j.heliyon.2023.e20634

3.1 Study Overview

3.1.1 Abstract

Lifestyle choices and consumption play a large role in contributing to per capita greenhouse
gas emissions. Certain activities, like fossil fuel gromadsportation, longpaul flights, diets with
animal products and residential heating and cooling contribute significantly to per capita
emissions. There is uncertainty around whether literacy about these actions encourages individuals
to act preenvironmatally to reduce personal carbon footprints or to prioritize the most effective
actions. This study investigated the relationship between carbon literacy aedvpanmental
actions performed to reduce greenhouse gas emissions among undergraduatengnstingents
at the University of Toronto. The penvironmental actions by the participants produced an
average carbon footprint of 4.8 t€Qvithin the subset of actions included in the survey) which
was lower than average for residents each of Toronto, Ontario, and Canada overall but still higher
than the global target of ~2.8 t@® The carbon literacy by participants was best for high impact
actions like ground transportation and dietary choices but less so for air travel and there was mixed
awarenes$or the moderate and low impact actions. For high impact actions and many moderate
and low impact actions, participants who thought the action was high impact (even if incorrect)
had lower carbon footprints related to the associated activity than th@sthadmght the action
was moderate or low impact. The overall relationship betweeremprivonmental action and
carbon literacy was weak. It showed that for high impact actions, there is a slight negative
correlation between carbon literacy and personddarafootprint whereas for moderate and low

impact actions, there is a positive correlation.
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3.1.2 Highlights

- Surveyed 364 engineering undergraduates on carbon literacy and carbon footprints.
- Personal carbon footprints (PCF) were calculated using-eyidie assessment approach.
- Carbon literacy was best for some high impact actions: ground transport and diet.

- Belief that an action was high impact correlated with lower PCF for that activity.

- Overall relationship between pemvironmental action and carbon literacy was weak.

3.1.3 Graphical Abstract
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Pro-Environmental Actions were estimated with personal carbon footprints.

Personal carbon footprints were calculated using a life-cycle assessment approach.
.i.i.i. Engineering Carbon literacy was best for some high impact actions: ground transport and food.

P Y YY) 3:":‘:2;5 Belief an action was high impact correlated with lower carbon footprint for the activity.

. J

3.1.4 Keywords
Carbon Literacy, Environmental Knowledge, fmvironmental Behavior, Personal Carbon

Footprint, Sustainable Consumption, Climate Change Mitigation
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3.2 Introduction

3.2.1 Background

According to the Intergovernmental Panel on Climate Change (IPCC), global warming should
be maintained below 1.5°C compared to-imdustrial levels to avoid further lortgrm impacts
to the planet and the climate systf0]. To reach this target, global average annual per capita
greenhouse gas (GHG) emissions need to be reduced to ~2684¢Z@03023]. Implementing
low carbon technological innovation on its own will not achieve this ~2.8¢@@x capita target,
therefore partnering with individual action to reduce personal consumption is enco[fhged
There is general agreement that emission reductions (mitigation) must go hand in hand with
adaptation to prepare for the changing climg@l]i [203]. Societal knowledge along with
individual behaviour have roles to play in bafimate change mitigation and adaptat[@04].

This paper contributes to this body of knowledge by focusing specifically on the role of carbon
literacy and individual action pertaining to climate change mitigation, while calling for future work
to investigate similar relationships between knowledgesalaghtation choices

In Canada, the per capita production of GHG emissions of 14 #t2021) has been steadily
declining but still exceeds the ~2.8 té&per capita target, is around three times the global average,
and consistently ranks within the top ten of countries having more than ten million inhabitants
[205], along with the United States and Australia. Compared to the higher emissions from Canada,
many countries with similar standards of living have been able to achieve close to the global
average, including France, Portugal, and the United Kingdom. In sgritta countries with the
lowest emissions tend to be among the least developed and often face the largest risk from climate
change while not contributing significantly to the GHG emiss|a0$].

Within Canada, Ontario produces the second highest GHG emissions at a provincial/territorial
level and emissions in Ontario started rising again in 2018 after steadily decreasing from 2000,
notably due to transportation and buildifg67]. Within Ontario, the city of Toronto, which is
the most populous in Canada, averages annual per capita consumption GHG emissions between
16 and 21 tCee [65]. While Toronto does not have the highest household per capita GHG
emissions in Canada, opportunities nevertheless exist to reduce GHG emissions at the personal
level through reduced household consump{@®8], [209] Globally, household consumption
accounts for about twthirds of GHG emissions, including direct emissions through personal

transportation, energy use within the home and indirect emissions througf28oth North
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America, the personal actions that may contribute significantly to reducing consumption GHG
emissions actions are having one fewer child on average, liviAigeegravoiding one lonrpaul

flight, eating no meat and managing residential energyalisi3], [210].

While many of these actions are likely to retain substantial mitigation potential for the
immediate future, changes in technology may also bring important alter&mnexample, the
ongoing electrification of passenger vehicles and home heating, coupled with low carbon
electricity generation, could substantially reduce (but not eliminate) the GHG benefit from reduced
car use or residential energy efficiency. Howeeenjssions reduction depends on ldrgescale
roll out of these technologies and on #imlity to transition to and maintain low carbon electric
grids 7 both of which continue to face challenges. Thus, while electrification is strategically
planned by Canada and many countries worldwide, the progress is not fully on track for many
technologes [211], [212] Therefore, preenvironmental personal actions are still relevant and
necessary for reducing GHG emissiphethas acomplementand also to reduce threquired
burden fordeployingthese low carbon technologies.

There are misconceptiongbout the actions one can take to reduce emissionthat
individuals tend to underestimate the impact of air travel, meat consumption and residential energy
management and overemphasize the impacts of actions like recycling and using Light Emitting
Diode (LED) bulbs[70], [97], [99], [213] Nevertheless,here are mixed messages regarding
whether a lack of knowleddaformation defici) is the reason for not acting pemvironmentally
Some studies show that the information deficit model communication method has not been known
to work in modifying behaviouf30]i [32]. In contrast, recent studies are refreshing the usability
of the information deficit model as an effective tool if used inventiy&g}, [33], [34] In the
higher education context, langitudinal study conducted at San Jose State University (USA),
published in 2020, comprising more than 500 university students who participated iA@ngear
intensive course about global climate change, demonstrated that perscealVippomental
actons persist more than five years after course completion, due in part to what was learnt during
the course[214]. Thus, there is evidence that education may facilitateepwronmental
behaviour. Over the last two decades there has been an increase in research regarding greer
marketing and consumptions pattef@$5], although it is unclear whether the findings of these
research show a correlation between sustainability knowledge and corresponding actions.

Therefore, a deependerstandingf an individual's knowledge about these actjahs relative

SherryAnn Ram 33 2024



Chapter 3The Complex Relationship between Carbon Literacy aneERxronmental Actions among Engineering

Students
impact of these actiorend their correspondiragpplication of thesactions may provide solutions

to reduce emissions.

3.2.2 Research Opportunity

Extensive research has been conducted to evaluate climate change knowledge, perceptions
and preenvironmental behaviour across a variety of demographic groups that irctdde

studentg71]i [79], thegeneral publi¢7], [80]i [89] andpostsecondary studenf80]i [98]. There

is a considerable body of research concentrating-@2 Ktudents and some studies include-post
secondary students, but perhaps the fewest studies were conducted on engineeringGgjidents
[70]. Engineers are the designers and innovators of our built world and understanding their
commitment to reducing GHG emissions in their personal lives, that shape and form part of their
identity and responsibility to society, has not bgefficiently previously explored. Thus, to devise
efforts to curtail GHG emissions, it is important to determine how well the most promising
personal GHG emissions reduction actions are understood and carried out by the engineering
student demographic at the Univeysif Toronto (UofT) in Canada.

The goals of this study are to discern the carbon literacy (CL) of engineering students at UofT,
measure pr@nvironmental actions (PEA), determine whether there are correlations between CL
and PEA, and identify misconceptions about the GHG impacts afispedividual choices. The
study uses Life Cycle Assessment (LCA), a trusted engineering tool to quantify the environmental

impacts of products and processes from the cradle to grave.

3.2.3 Research Questions

The study aims to answer the following research questions for undergraduate engineering
students at UofT:

S1RQL Are students knowledgeable about the level of impact consumption choices have in
reducingGHG emissions?

S1RQ2Z What are the preenvironmental actions of tteurveyparticipants?

S1RQ3 Howis knowledge about consumption choices rellaig ar t i cpiopant s 6
environmental actions in reducifgHG emissions?
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3.3 Frameworks
3.3.1 Carbon Literacy (CL)

S1RQ1. Are students knowledgeable about the level of impact consumption choices have in
reducingGHG emissions?

An i mportant first step toward reducing
knowledgdliteracy or CL. CL is defined as a person's understanding of the GHG emissions
associated with daily activitig216]. A knowledge deficit regarding the actions one can take has
been identified as a hindrance to acting@neironmentall\f89], [217]. However, the Knowledge
Structure Model indicates that declarative knowledge may offer a deeper understanding of pro
environmental behaviour of individugB] rather than knowledge deficit aloriehe Knowledge
Structure Model is a framework to glean in
knowledge regarding a specific topic, like sustainability. In this framework, two types of
knowledge are presented: declarative (related to facts) racequral (related to competencies
that can transform factual knowledge into actid8$) Declarative knowledge comprises system
knowledge, action knowledge and effectiveness knowledge. While system knowledge focuses on
climate change in general, action and effectiveness knowledge focus on steps one can take to
reduce GHG emissions and how iroffal those actions arén this study, the three components
of declarative knowledge (system, action and effectiveness knowledge) were measured. However,
the action and effectiveness knowledge of declarative knowledge will be explored as these actions
are more within the control of the individudlhe system knowledge componean be found in
AppendixB.3.5

3.3.2 Pro-Environmental Action (PEA)

S1RQ2.What are the preenvironmental actions of trerveyparticipants?

PEA is defined as an action that causes least harm or benefits the envirfir@gwhile
decl arative knowledge may affect oneods inNnte
motivating factor, as purported by the theory of planned behaviour and the mixed messaging from
the information deficit mode[30]i[34], [49]. There areadditional factors in addition to
declarative knowledgehat may also affect whether a person with a certain level of knowledge
about environmentally sustainable actions may choose to act uponTtiese.factors include but
are not limited to social norms, barrieralues, and ctenefitg51]i [58]. Individuals may choose
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to act preenvironmentally based on social norms, that is, Hvookers or the community are

performing an action collectively. It may be that the individual performs this PEA to fit in or out
of peer pressure to do E2]. For example, if the trend within a workplace is switching to a more
plantbased diet, one might be more likely to also reduce meat consumption, regardless of
effect of this action to reduce GHG emissdndividuals may also opt for an action because there
are few or no barriers to perform that actibh], [54]. For example, if cycling infrastructure exists
and the perception is that the activity is safe, individuals may engage in that activity. Social
marketing, which aims at socially educating, can augment these activities when there are little to
no barriers.Co-benefits refer to additional gains for personal actions, beyond those that aid in
climate change and/or reduce GHG emissif#i9]i [222]. Co-benefitsexamplesinclude: 1.
active travel by cycling, running, walking or taking public transpdnich increases exercise,
likely takes placeutdoors facilitatessocial interactiorwhich in turnpromoesgreatermphysical
and mentahealth[220]; 2. household energy efficienegnprovement withappliances and better
thermal insulatiopromotebetter health through improved air quality and provide cost sgwngs
red meat intakeeduction whichis associated with health benefits like lower risks of colorectal
cancer and obesit23]i [227]. Additional information on sociafactorsand cebenefits can be
found in AppendiesA.5, A.6.

Past studies that measured PEA among-gesbndary students were located predominantly
in North America and Asia and tended to focus on ideology surrounding climate change rather
than an observational measure or actions where level of impact is cong8drdd05], [213]
For this study a personal carbon footprint (P@Falculated for the participants based on their
PEA and the corresponding impacts. There are several existing tools that estimate personal carbon
footprint and other emissions associated with climate change mitigation Efit0j[172], [228]
In the present study, we adopt a life cycle assessment apg@28jhusing a combination of
literature values and custom calculations to reflect the life cycle GHG impact of different actions
using locally applicable datahere possibld_ow PCFis used as a quantitative indicator fagh
PEA

3.3.3 Relationship between CL and PEA

S1RQ3. How does knowledge about consumption choices correlate ppgéhe t i cpropant s o
environmental actions in reducing greenhouse gas emissions?
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The relationship betwee@L and PEA is complicated and one that scholars have tried to

measure in the palit00]i [109]. Of these studiespse indicate a positive correlation while others

have identified negativer nocorrelationsThis study will explore what type of association exists
between CL and PEA/PCF among undergraduate engineering students at UofT and whether their
carbon literacy associated with action and effectiveness knowledge play a role in their pro
environmental aatin choicesA subset of the literature in the relationship between PEA and CL

is provided in AppendiB.1.
3.4 Methods

3.4.1 Survey Design and Administration

The survey for this study was designed by combining and adapting questions from commonly
used surveys for measuring environmental knowledge, sustainable choices (carbon footprint
calculators), personal values and demographics, as well as independemhedesirveys by
researchers seeking to investigate specific views. The instrument was evahahtedinedvia
discussions with experts in the field and tested by respondents with a broad range of backgrounds.
The instrumentwas administered as an onlirseirvey comprisedof five sections, with a
combination of opemnded and closeended (nominal, ordinal and continuous variables)
guestions to give the participants the opportunity to choose among options -@holsed
guestions) and express their personal voices {epded gestions)The surveymoreinformation
about sections and distribution are in the Appendic2slandB.2.2

Sections 1 and 2 gathered information about participants' personal3e€e#onl) and CL
(Section2). The aimwas to measure thaction and effectiveness knowledgemponents of
declarative knowledge and werased on personal actions one can take to reduce GHG emission.
These actiongand their effectivenesslefined as high, moderate and low, were identified by a
metaanalysis conducted in 2018]. The metaanalysis adopted a LCA approaahd calculated
the emissions savings per year for individual actions to reduce GHG emissions in developed
countries. A subset of these actions a&fidctivenessare summarizedelow. As previously
discussed itvection3.2.], electrification and other ongoing technological developments may alter
the relative impact of these actions in future. Nevertheless, the classification below is intended to

capture the current reality and the neaam potential for personal action.

SherryAnn Ram 37 2024



Chapter 3The Complex Relationship between Carbon Literacy aneERxronmental Actions among Engineering

Students
High Impact Actions (>0.8tCQe, >5%/year*)
1 Having 1 fewer child in an average family
1 Switch from a foss#ueled car to public transit
1 Avoid one longhaul flight
i Eat a vegan diet
Moderate Impact Actions (0.2tCQei 0.8tCQe, 1%5%/year*)
9 Wash laundry in cold water instead of hot water
1 Recycle fully for one year
1 Air dry clothes instead of using a dryer
1 Waste no extra food for one year
1 Buy only used items instead of new
1 Use only reusable items instead of disposable/singgeitems
Low Impact Actions (<0.2tCQe, <1%/year*)
1 Don't buy GMO (genetically modified organisms) food
1 Replace incandescent or CFL (Compact Fluorescent) bulbs in your home with LEDs
(light-emitting diode) bulbs
1 Buy only unpackaged food
1 Buy only local food
1 Turn off the tap while brushing teeth and soaping hands
*0% average North American's annual carbon footprint.

The questions irBectiors 1 and 2 of the survey mirror each other to enable correlations
between knowledge and actions. Detailed PEA information was collected on high impact actions
(e.g., dietary choices, transportation distances). For moderate and low impact actions, participan
were asked about the frequency, ranging from always to never, in which they actively do certain
activities, while the multiplehoice CL questions asked participants to identify if the actions are
high, moderate or low impact. Baurces used for question selection include carbon footprint
calculators from the Environmental Protection Agency (EPA), World Wildlife Fund (WWF),
Nature[170]i [172] and studies seeking answers around individual FEA7], [78], [80]. The
sequence of the questions on the survey was deliberate to diminish certain questions influencing
the responses to subsequent questions. For example, PEA was aske&&csioinl before the

CL questions irBection2 and operended questions were asked before etwted questions.
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3.4.2 Data Analysis

A total of 388 responses, including incomplete surveys, were received out of a total enrollment
of 5444, as of winter 2021. 364 responses remained after cleaning. Any identifying information
provided was removed from the data set. The data was analyaedaggregate level without
revealing personal identifying information. Any breakdown analysis that resulted in a group size
of 10 or fewer participants were either combined with a relevant group or not included in the final
reporting due to the risk of thparticipants being identified.

The main quantitative constructs for the surveyREEA (operationalized via PCRnhd CL.

These constructs are latent since they cannot be measured or observed directly. The survey
capturel the constructs using multiple variables in their respective sections: SedboriPCF,

Section Zor CL. PCFwascalculated for each participaas outlined infable3.1. All emissions
calculations were crosschecked with alternate sources and carbon calcGlatees calculated

by summing the scores as follows: if the action was high, medium or low impact and the participant
chose the impact correctly, they were given a score of 1. If the action was high impact or low
impact and the participant selected low irctpar high impact respectively, a scorebivas given.

If the action was medium impact and the participant selected low or high or if the action was high
or low impact and the participant selected medium impact, a score of 0 wasTdiee@L scale
waseval uated for reliability using Cronbach©os
of .59 and .61 respectively. While these values are lower than the recommended minimum of .7,
psychometricians suggest a lower threshold for exploratory rese&echthis study[230].
Additional detailson data cleaning/processing, reliability calculations, PCF detedsations,

sample calculationand CL scoringre inAppendcesB.2.2 B.2.3 B.2.4.

Table 3.1: Summary of Personal Carbon Footprint (PCF) emissions calculation for each type of
action.

PCF Category| Description

Ground Completed for private cars (gasoline, hybrid and battery electric) and public transportatio

transportation | (buses, trains, subway and street cars) using emissions per km travelled and adjusting fg
passengers who carpooled or changed transportation methods betweenamarcwoler
weather. No emissions were allocated to active transportation like walking, cig3ihlg

Air Estimated for long medium and shorhaul flights and attributed based on number of each
transportation | type of flight takerf232].
Food The number of servings of proteins consumed by type (beef/lamb, poultry/pork, seafood,

beans, nuts, soy) per year, multiplied by the emissions per serving of protein type (anima
plant sources|233]i [239].

Food waste Environmental Protection Agency (EPA) Waste Reduction Model (WARM) tool used and
based on the weight of food thrown out and whether it was put in the garbage or the com
[240]i [242].
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Home Space heating and cooling estimated per square meter and multiplied by average area o
dwelling type reported by the participants and adjusted for the number of persons occupy,
dwelling and temperatures set above and below the average for vearthevoler weather
[243]i [248].

Moderate / Moderate and low impact actions (~250 kg€@nd ~100kgCé respectively}6] were

Low Actions | allocated based on the Likert scale selection by participants on a spectrum where those '
performing the action have no emissions allocated and those "never" have 100%.
Upstream and| When applicable, emissions were augmented for upstream factors (gasoline for private c
Production aviation fuel for air travel, natural gas for space heaf{i?4®] and production (private car
manufacturing]250].

PCF and CL were treated as continuougsiables and checked for normality before
proceeding. To test for significant differences @A&nd CL, both parametric and nrparametric
tests were conducted. Welsch's ANOVA, KrusWédllis was usedo test for differences among
specific actions and Linear and Loess Regression to determine the relationships between PCF
(outcome/dependent variaplend CL (independent variabléjlore information on the statistical
testing can be found in Append2.5.

Openended questions were thematically coded inductively and independently using
Microsoft Excel by the researcher as well as two undergraduate engineering students who were
trained on inductive coding methods. After the inductive coding, the researdherdaergraduate
engineering students discussed the codes and created a thematic codebook, préggmeedix
B.2.6 The data was then recoded deductively and independently using Nvivo by the same
researcher and two graduate students trained in thematic coding using Nvivo. After coding the
openended responses for the CL and PEA sections, the frequency data was camphe=d
guantitative responses for CL and PEA respectively. The PEA and CL frequencies were also
compared to determine if there were any relationships between Ahsammary of the method

is depicted irFigure3.1.

Pro-Environmental Action ~— Carbon Literacy
relationship

l ® ® ® Undergraduate Engineering
Data Collection (survey) i‘i‘i‘i Students (2021)
‘ n=364 , (~7% of enrollment)
Quantitative Analysis Qualitative Analysis E
\
: l
Carbon Literacy Score Statistical Tests

Personal Carbon Footprint

Figure 3.1: Overview of Study 1 mthodincludingparticipants and analyses.
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3.5 Study Findings

3.5.1 Demographic Information

A breakdown of demographic and departmental affiliations of participants is presented in
AppendixB.3.1 Of note, the survey included similar numbers of men and women (despite higher
enrollment of men in the faculty), somewhat uneven participation across departments, and slight
majorities for each of Canadioorn (national origin), noteligiougnot spiritual (religious
identity) and liberal or moderate (political orientation). Implications for sample representativeness

will be discussed iBection3.6.

3.5.2 Carbon Literacy (CL)

S1RQ1: Are students knowledgeable about the level of impact consumption choices have in
reducingGHG emissions?

3.5.2.1 Quantitative CL

For the CL questions, participants were supplied with definitions of high, moderate and low
impactactionsin general and then asked to rank a series of items as high, moderate or low through
a Likert matrix which we then compared to th
majority/plurality of participants were able to identify having 1 fewer child, switching to public
transit and adopting a vegan diet as high impact actions (63%, 73% and 46% resp¢etiyely)
3.2A). Avoiding longhaul flights were selected as moderate impact by a plurality of participants,
although only by a small margin. The moderate and low impact acésaléshow mixed response
accuracy A plurality of participants selected reusable items instead of disposable and wasting
extra food as high impact action rather than moderate impact actions and selected buying local,
unpackaged food and switching to LEDs as moderate impact actions ttehelow impact
actions.More descriptive information o8L is presented in AppendiX

SherryAnn Ram 41 2024



Chapter 3The Complex Relationship between Carbon Literacy aneERkaronmental Actions among Engineering
Students

(A) This Study (B) UBC Students (2020) (C) Ipsos (2021) Canada

Highhnpacro 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
1 fewer child

Switch public transit
Vegan diet

Avoid long-haul flight

Moderate Impact
Reusable (not disposable)
Waste no extra food
Recycle

Air dry clothing

Wash laundry cold water
Buy used items

Low Impact

Don't buy GMO

Turn off the tap

Buy only local food
Buy unpackaged food
Replace to LEDs

EHigh =Medium ELow EHigh = Medium ELow EHigh

[ Generally Correct Trends
(] Potential Misconceptions

Figure 3.2: Ranking of the 15 Carbon Literacy items for UofT participants (pAheind
comparison with responses frauarvey conducted by Wynes in 2020 with UBC students (panel
B) and Ipsos 2021 report (par@).

Comparing this study with a similar study involving a survey of 414 undergraduate students
at the University of British Columbia (UBCJ], undergraduate engineering students at UofT show
higher average CL for the high impact actions, about the same for the moderate impact actions and
lower average for the low impact action compared to the UBC studegts€3.2B). The UBC
sampledid not include engineering studen®e also compare ta 2021 report by Ipsos that
included more than 21,000 participants from 30 markets globadjgd between 16 and ;74
participants were given a range of actions to se#oth would mostreduce GHG emissions in
wealthier countries. Of the 1001 participants from Canada, 65% were confident they know the
personal actions they can take to reduce the impacts of climate ja@hdeowever, the results
revealed misconceptions. Recycling, buying unpackaged food and using reusable items instead of
disposable were selected most frequently by participants as the most effective actions while the
high impact actions were less frequentlyesttd Figure3.2C). These results suggest that UofT
undergraduate engineering students have a greater awarersedbetter at identifying high
impact actions compared to the UBC students and general Canadian public but may overemphasize

the importance aome moderate aridw impact actions.
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3.5.2.2 Qualitative CL

The participants were also asked an epeded question to provide the three most effective
actions individuals can take (in general) to reduce greenhouse gas emissions. THeisdegen
guestion was asked before providing the Likert matrix to selectgheioderate, and low impact
actions. Thus, whil&igure3.2assesset he parti ci pantso ability t«
a structured setting, the opended questions provide a more complete picture of which actions
they were able to identify without prompting. This aledus to differentiate between actions the
participants know are high impact compared to those that are salient. For the high impact actions,
ground transportation and reducing meat consumption were the most frequently provided
responses at59 and 113 respectively. These actions included using active and public
transportation, reducing car usage, carpooling and either switching to ebaémat diet or
reducing animal products consumption. Very few participants responded air travel or repnoduc
choicesat 29 and10 respectively. The actions in the moderate and low impact categories like
reusing, recycling, limiting purchases such as fast fashion, reducing energy/water consumption,
and buying local ranged from 75 to 30 responses. Participants also included datiguasniing
trees or cultivating gardens, shopping from sustainable corporations/brands, indasigesjor
emitters rather than individuals and lobbying or becoming activists. Full frequency tables and
example responses are presentedppendixO.

3.5.2.3 Quantitative and Qualitative CL Comparison

Finally, we compare the opeanded responses to how participants subsequently rated each
action in the CL Likert matrixOf the >240 participants who indicated that ground transportation
was a high impact action in the opended question, 193 subsequently selected it as a high impact
action and 51 as moderate impact on the Likert matrix resp¢Rggse 3.3 left). While most
participants were consistent in selectihgir operended responses a high impact action on the
Likert matrix, there are some participants that rated the actions as moderate or low impact
Although most of the participants did not think about air travel or food as a high impact action in
their operended response, about one third of those did correctly identify them as a high impact
action in the Likert matrixKigure3.3 right). Numbers for low impact are not reported due to <10
participants respondingThis suggests a potential dual role for education both to correct

misconceptions, but also to ensure high impact actions can be more easily recalled/accessed.
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Figure 3.3: Comparison of the participants who identified the high impact CL items in the
gualitative responses and ranked those actions as high, moderate or low impact on the CL Likert
responses (left) with those that did not identify the high impact CL items qudigative and

ranked those actions as high, moderate or low impact on the CL Likert responses (right).

3.5.3 Pro-Environmental Actions (PEA), Personal Carbon Footprint (PCF)

S1RQ2.What are the preenvironmental actions of the survey participants?

3.5.3.1 Quantitative PEA, PCF
Participants were asked about their-pnvironmental actions that are high, moderate and

low. The high impact actions included transportation, diet choices and climate control in home.
No questions were asked about reproduction choices. The moderatd anfiacs included
recycling, minimizing food waste, washing clothing in cold waterdaying clothing, using only
reusable items instead of disposable, and buying used instead of new. The low impact actions
included buying local with little or no packag, switching to LED bulbs, turning off lights when

not in use and conserving water at home.

For ground transportationparticipants were asked to select the modes used and report on
distances for warmer and cooler weather. In warmer weather, walking and public transit (both
under and above ground) were the main forms of transportation with some use of gasoline cars
and hicycles. The use of public or active transportation as their main form of transportation aligns
with the Student MoveTO survey conducted in 2[2E]. In cooler weather, walking and bicycle
use reducgand gasoline car use incredsalthough only 26% gbarticipants change their mode
of transportation in cooler weather.

Forair travel, long-haul flights were taken by most of the participants followed by taking no
flights, then medium haul flights and finally short haul flighM#en asked if they would consider

nontaviation modes, almost 90% of the participants answered that was not a consideration.
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Fordietary choices86% adopted an omnivorous diet, 12% a vegetarian diet and 2% a vegan

diet. For omnivorous diets, dairy ranked highest as often consumed, followed by poultry, then beef
and finally seafood which was consumed occasionally.

For climate control in the hom@VAC T heating, ventilation and air conditioning), close to
80% hal cooling, more than 95% Haeating in their homes and 81%dthermostats with 67%
of them being programmable. On cooler days, participants generally set the thermostat to lower
temperatures when away from home. Conversely, on warmer days, participants generally set their
thermostats to higher temperatures when away home.

Turning tomoderate and low impact actigredmost 60% reported wasting less than 10% food
and of the food thrown out and more than 50% of the participants composted the food waste.
Certain Moderate and Low |I mpact Actions wer
turning off tap while brahing teeth/soaping hands and switching to LED bulbs, while others were
Anever o or fAseldomd practiced regularly I|ike
only local food. All PEA descriptive statiss tables and graphs are availablé&ppendixB.3.3

The overall PCF was calculated for each participant and separated by specific high impact
actions and moderate/low impact actioRgy(ire3.4). The activities associated with high impact
actions together account for more than 87% of the emissions covered by our survey, with air travel
having the highest average contribution, followed by diet, HY®Eh ground transportation
having the lowest emissions. Looking at the emissions of each high impact action in this study,
emissions for ground transportation is notably lower while emissions from food is similar
compared to studies/reports measuring carbatpfot for university students in developed
countrieg91], [92], [95], [252] We are not aware of any data from prior studies onrgExgindary

students to compare for HYAC and air travel.

18 Legend
16 PCF PCF PCF Qutliers
All Actions High-Impact Moderate/Low Maximum E
14 : Total Impact Data Point t
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Figure 3.4: Overall PCF of participants, separated by high impact actions, subdivided for each
high impact action category, and combined moderate and low impact actions.
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The averag@CFcalculated for each participant in this study &t€0,. Comparing to similar
values for Toronto residents, emissions from HVAC are more than double that of the engineering
students and more than 4 times for ground transport§#68]. The engineering students'
emissions are also less than half that of the average Ontarian and about a quarter that of the averag
Canadiar{254], [255] although we note potential inconsistencies in scope between our emission
accounting (limited to a specific subset of activities) and th&ltopn national/regional emission

inventories AppendixB.3.3provides a graphical representation of this data.

3.5.3.2 Qualitative PEA, PCF
The participants were also asked an epeded question to provide the three most impactful

actions they personally undertake, if anyrgduce their carbon footprint. Similar to CL, this open
ended question was asked before asking participants about thempronmental actian For

the high impact actions, ground transportation was the response by most participgdtsever
participants responded reducing meat, HVAC, air travel or reproduction choices at 1033,
respectively. The actions in the moderate and low impact categories ranged from 125 to 11

responses. Full tables are presenteflppendixB.3.3

3.5.3.3 Quantitative and Qualitative PEA/PCF Comparison

The averag®CFfor high impact actions of ground transportation, air travel and food and the
averageghermostatemperatures were comparkdsed on whether or nparticipants indicated
these high impact actions in their opemded response$hose who identified the high impact
actiors of food, ground transportation and air travel had a lower carbon footprint for that action
compared to the participants who did not (i.e., they were more likely to report low meat
consumption, less driving, fewer flightstime closeeended questiongligure3.5A). In addition,
participants whose opeended responses were related to HVAC, had a lower average temperature
setting on cold days and higher on warm days which would lead to &sseciatec&missions
(Figure3.5B).
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Panel-A Panel-B
2 1.56 24 234
132 1.30
o ® o e @
PCF 080 Temp. 5, 212 @ P
tCOqe . 037 0.44 e
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Air Air Food Food Ground Ground cold  cold warm ~ warm
Travel Travel YES NO Travel Travel days  days days  days
YES NO YES NO YES NO YES NO
p 0.806 *p<0.001 p0.565 p0.154 *p 0.005

*denotes statistical significance

Figure 3.5: Comparison of PCF high impact actions with those participants in theerjled
responses who identified the high impact actions (YES) with those who did not (NO}APanel
compares the responses to their corresponding average PCF whilk& Rangbares the
responses to the participants average temperatures on cold and warm days.

3.5.4 Relationship PEA/PCF, CL

S1RQ3. Howis knowledge about consumption choices relledgp ar t i cpiopant s 6
environmental actions in reducifgHG emissions?

3.5.4.1 Quantitative Association by Action Type: CL, PCF
PCF scores for each action were tested against the participants ranking the CL high, moderate

or low impact actions using ANOVA and Kruskdlallis (Figure 3.6). Looking at high impact
actions and comparing PCF to their corresponding CL, the participants who had the lowest average
PCF for air travel, food and ground transportation chose these actions as high impact while
participants with the higheBICFchose the actions as low impact. These results suggest that higher
CL is associated with lowd?CF. Note that not all results were statistically significant with air
travel and ground transportation having highealues

For the moderate and low impact actions, a similar trend is observed, but only for a subset of
actions. In particular, for buying used items, air drying clothes, washing in cold water, buying
local, and reducing packaging with purchadeslieving the action is high impact (even if
incorrect) is associated with acting upon it (low&H. For other actions, however, no such trend
was found. In particular: using disposable rather than reusable items, reducing food waste,
switching to LEDs and turning off thiap when not in use did not show significantly different
means among the ranking, so believing these actions are high impact does not lead to a reduction
in PCE

In summary, there is a general (but not universal) trend across many actions showing a positive

correlation betweemegarding the action asigh impact, andhe propensity to undertake that
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action. Although we cannot comment on causality with any certainty, the results are suggestive

that greater knowledge surrounding which actions are high impact could assist participants in

prioritizing their efforts and potentially facilitate more impatto-environmental actios Full

tables are available l\ppendixB.3.4

High
Air Travel **Food Ground Transportation
) 1.718
1391 1493 (] 1.381
o 1076 L1164 o
1 @
0371 045
0
High Medium Low High  Medium Low High Medium/Low
(0=133) (n=141) (n=88) (n=165) (@=126) (n=T1) (n=266) m=97)
CL Impact
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*Buy Used Items  **Air Dry Clothes *Wash in Cold Water =~ Use Disposable Recycle Food Waste
0.128 0.133 O:S 0.125
® 0003 0-103 ® o5
. 0.056 0.064 . 0.068 0.071 0.070
o o 0.030 0.033
[ ] 0.022
. . 0.010  0.000 0.012
@ @
High Medium Low High Medium Low High Medium Low High Medinm Low High Medinm Low High Medium Low
(=107) (@=177) (2=75) (r=113) (1=182) (n=62) (n=81) (2=174) (n=85) (2=169) (n=153) (n=38) (2=117) (1=148) (n=95) (2=173) (n=146) (n=44)
CL Impact
Low
**Buy Local Food Reduce Packaging Switch to LED Tumn off Tap
0.062 . U
0051 0.055 0.052 denotes statistical significance for
o 0.044 0046 both Kruskal-Wallis and ANOVA
. . S, 0029 g ase *denotes statistical significance for
O‘O.“ ._ 0018 g5 0021 either Kruskal-Wallis or ANOVA
High Medium Low High Medium Low High Medium Low High Medium Low
(0=150) (1=149) (n=61) (0=127) (n=169) (n=64) (0=110) (n=157) (n=53) (0=80) (n=130) (n=153)
CL Impact

Figure 3.6: PCF average yearly score for each action, separated into groups according to
whether the participant selected the action as high, medium or low impact in the CL section.
Result panels are grouped according to whether the action itself was high, modieratdagh
impact actions in CL correspond to: "avoiding a lvagl flight", "eating a vegan diet" and
"switching to public transit" respectively. Note that for ground transportation, medium and low
combined as there wefewerthan 10 participants choogj this action as low impact.
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3.5.4.2 Quantitative Association Overall: CL, PCF
The linear (parametric) and Loess (fmerametric) regression betwedtCF and CL

(Equation3.1) shows thabverall, there is a very weak relationship, if any, between CLP¥E

with a slightnegativecorrelation with CL scores above zero before a plateau around a CL score

of 6 (Figure3.7A). Separating the participanBCFand CL score by high impad®CHH, CLH)

and moderate/low impact actio3GAVIL, CLML) show that among high impact actions, there is

weak evidence of a mild correlation at high levels of carbon liteRC¥H carbon footprint and

CL scores are fairly flat up to a CLH score of 1, then corretatgatvely from a CLH score of 1

onwards Figure3.7B); in other words, high CLH is very mildly associated wittver PCFH. For

moderate/low impact actions, there is evidence that CLML leads to lower action on low impact

items PCRVIL), as expected (i.e., knowledge that these actions are less important leads to them

being taken less oftenPCRVIL is postively correlated with CML scores except for a plateau

between CLML 0 and FH{gure3.7C). These results correlate/agree with ANOVA for high impact

andmoderate impact actions.

Equation 3.1: Linear Regression (LB)Opet\/TveerT\ F;c;:'r§onal Carbon Footprint and Carbon Literacy
V] (0] v -

b0o60r 1 &0 O-
LOoOOr T &0D0O0-

PanelA PanelB PanelC
PCF-CL PCFH-CLH PCFML -ML
Linear Regression Linear Regression Linear Regression

PCF
PCFH

-5 0 CL 5 10 -2 C‘iLH 2 -5 0 CLML 5 10

Loess Regression Loess Regression Loess Regression

PCFH

CL 2 clu 2 s ° oML 10
p 0.834 0.355 0.039
r -0.0110 -0.04865 0.1086
R2 0.000121 0.00237 0.0118
Slope -0.00680 -0.0790 0.00752
Intercept 4.80621 4.3042 0.53580

Figure 3.7: Regression Results for Personal Carbontprint and Carbon Literacy overall
(PanelA), separated by highmpact actions (Pand), moderate/low impact actions (Pait&).
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3.5.4.3 Qualitative Comparison: CL and PEA
After coding the opesnd questions from PEA and CL, the frequencieatficipant

responses for each theme were compéreglre 3.8), andgrouped based on high, moderate and

low impact actions. Participants who indicated ground transportation as a high impact action (CL)
also performed this action (PEA). However, for the remaining high impact actions, participants
identified the action as nsb important in general (CL) more often than one they personally
undertake (PEA). This suggests other important barriers to adopt these actions beyond knowledge
or salience. For moderaéamdlow impact actions, the pattern is somewhat reversed. Participants
tend to identify these actions as among the most important they undertake (PEA) even though the
actions were not indicated as one of the top three actions one can take in general gianpte,

almost double the participants engage in reusing itanbgrioing off the lights compared to the
number of participants listing these actions as a high impact action. Thus, these participants
know/believe that their personal top 3 actions are potentially not among the top three in general,

again indicating theresence of important drivers beyond knowledge/salience for these items.

CL frequency PEA Frequency
300 250 200 150 100 50 O 0O 50 100 150 200 250 300
Active transportation | |
Consume less or no Meat | ]
Home heating and cooling | .
Air Travel | |
Reproduction Choices [ | |
Reuse Items I |
Recycling I |
Limit purchases I —
Energy Consumption I .
Reduce Food Waste [ ||
Turning off Lights I ]
Reduce water consumption [ —
Buy Local I ]
Less packaging | |
Switching to LED bulbs | ]
Corporations/brands | n
Politics | I
Vegetation [ | u
Advocate/activism 1 |

Figure 3.8: Comparison of Pr&Environmental Actions and Carbon Literacy themes from the
gualitative coding
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3.6 Study Implications

This study found that overall carbon literacy was not generally related to overall personal
carbon footprint. However, referring to declarative knowledge, literacy about the environmental
impact of some specific actions (effectiveness knowledge) was at&sbuiith decreased personal
carbon footprints related to those actions (action knowledge). While declarative knowledge may
affect oneds intent to act, this is not the
norms, barriers, values, and-kenefits, all of which have been demonstrated under the theory of
planned behaviour and environmental psycholptji [51], [219] (see AppendiesA.5, A.6).

The following sections discuss findings related to particulareproronmental actions.

3.6.1 High Impact Actions

For ground transportatiorresultshad higher score®r both CL and PEA. Public/active
transportation were consistently identified as high impact actions both on the quantitative and
gualitative sides for both the CL and PEA construtlss aligns with data collected by Student
Move TO which surveyed the major universities in Toronto in 2015 and [2619 There may
beseveral reasorfer this behavioutOne reason may be that there is ample availability of public
transit and the ability to get places within Toronto without a car is relatively easy, that is, there are
few barriers to prevent this behaviour. Another reason could be that students mathiivelase
proximity to campus and therefore getting from place to place is convenient without the need to
use a car. In addition, it may be financially prohibitive for students to purchase and insure a car.
Finally, the traffic congestion in Toronto mancreaséravel time hence living without a car might
be a time saver.

Forfood switching to a vegan diet had mixed results for the CL and PEA constructs. Adopting
a vegan diet was identified as a high impact action from the CL construct on both the quantitative
and qualitative results. However, the PEA does not match the CL in ¢éhquémtitative results
show that most participants still follow an omnivorous diet. Looking more closely at the
breakdown of PEA around diet, it does show that even though participants follow an omnivorous
di et , t he meat i onnt aal Oenedls/weekyRegatdingyPEA labits faom ithe
gualitative responses, the frequency from the coded theme came back high because reducing anc
omitting meat from the diet was aggregatécbm the qualitative results, participants generally
stated the three actions, but a few also expressed reasons for choosing a vegan/vegetarian diet like

it being a personal preference rather than environmental choice and the difficulty of switching to
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a plantbased diet while living in a meatting home. We also speculate thedsons for not

completely switching to a vegasegetariardiet may include lack of options or higher costs

For air travel, there seems to be a potential misconception with respect to its high impact in
generating GHG emissiorQuantitatively CLshowsa plurality of participants repanig air travel
as a moderate impact action, but it should be noted that only a slightly lower number reported air
travel as a high impact actiamd qualitativelyonly 7% of participants mentioned air travel among
the top three items, suggesting low salience for this ife@F for air travel was lower for
participants with higheair travel CL scores.

Reproduction choicesvere not asked in the PEA quantitative construct due to the
demographic being pesecondary students. Having fewer children rarely showed up as a choice
in the qualitative answers for both the PEA and CL constructs. The students did correctly report

thisas a high impact action when asked in the CL construct quantitative section.

3.6.2 Moderate and Low Impact Actions

The linear regression showed a slight negative correlation betR@€€rand CL. Certain
actions were performed routinely even when participants identified them as medium or low impact
actions. For example, participants always or often recycled, turned off the lights or tap when not
in use or changed light bulbs to LED eveonugh thé& CL responseshowed that they felt it was
either a medium or low impact action. The reasons may be that these actions have few or no barriers
are easy to perform or perhaps laased on what they practice from their personal culture, societal
norms and trendf1], [54]. Conversely, certain actions like air drying clothes, buying local,
buying used were seldom or never performed by participants. Reasons could include the
inconvenience in performing the actions or personal preference. However, the participants who

rankedthese actions as high impact did have a lower rir€&ziffor those actions.

3.6.3 Limitations and Future Work

3.6.3.1 Sample/Demographic

The convenience sample survey participants were unevenly distributed by gender, engineering
discipline, political leaning and religious affiliation. The sample demographic may be attributed
to several factors namely enrollment, the distribution mediurardst in the subject matter, and

perceived relevance of the survey based on
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higher numbers of women responding to the survey compared to men, which is generally the
opposite of enrollment where more men are enrolled than women. For distribution, a few
instructors invited the researcher to present the survey during a lecture mayidimve skewed

the number of responses as well as the responses by discipline. Civil Engineering had higher
numbers of participants and response percentage possibly because the researcher is in tha
discipline, which may have implicitly encouraged pdpttion. Certain demographics, like the
conservative political affiliation and very religious leaning had lower participant numbers in these
groups, but we cannot assess for representativeness in the target population. Having more
participants overall, raloms samples, higher numbers within certain groups and a streamlined

way to distribute the survey may provide a more representative sample and generalizable results.

3.6.3.2 Instrument, Measurement Error

No survey can cover every possible contributor to PCF. The instrument itself is undergoing
further improvement to remove ineffective questions aratitbspecificity/depth to the questions
around diet, transportation and home energy use and new questions on expenditure to estimate
embodied carbon in purchases. These i mprove
however, will still not be a copiete representation.

In the openegbnded questions, participants could choose only 3 most impactful actions in the
gualitative responseshis limit may artificially restrict ideas with high salienoeyond the top.3
Some other themes came out of qualitative responses, such as political engagement, focusing on
corporations, sustainable or ethical purchasing choices and limiting purchases. These options were
not included in the multiplehoice section of the surveychmay be areas for further inquiry.

Our PEA measurement may also suffer from biases associated witbs®ting.Directly
measurindPEAwould be more accurate but also more invasivetiamel consumingThere is also

uncertainty in the LCA results (especially over time/space)

3.6.3.3 Student Agency

Looking at the Prd&environmental Actions, there may be limitations around what might be
within the control of the students performing these actions. In terms of living accommodations,
~69% of students lived at home with their parents in a house (detagmedjetached) or an
apartment buildindFigure B.14) andwere single(Figure B.16). Given this context, individual
actions |i ke dietary choice and transportat

compared to household level choices. For example, students may need to accept the heating anc
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cooling thermostat settings, laundry preferences and other such choices at home since the home is
a shared space and perhaps predominantly within the control of their parents. Financial constraints
may also dictate available actionfor example studentsay not have the option to own a private
vehicle even if desired. We also recognize that some of the student demographic come from
overseas countrig¢&igureB.9) and returning home to connect with family will require a lbvawil

flight, another possible contribution to the relatively high PCF for air travel compared to other
high impact actions. Such limitations to agency and individual autonomy would generdtgrnwea

the observed correlations between carbon literacy aneemprioonmental behaviour for the
associated actions

3.6.3.4 Future Work

Potential ideas/needs for future warlclude extendng the surveyto additional academic
unitgdepartmentat UofT, engineering students ather universitiesvithin Canada andlobally,
and longitudinal surveying of past participants. Additional administraifothhe surveywould
enable comparison among different groups and altagkingof results over time

Work is also currently ongoing to update the instrument to add additional resolution to certain
categories (e.g., duration of flights taken, road trips, type of heating system at home) and expand
the survey to capture other activities such as expendiaiterps. Further exploratiomith the
datato includeanalyses arounghrticipantcharacteristicandqualitative typological profilingnay
provide additional information about the participants to aid in knowledge building and emissions

reductions pathways

3.7 Study Conclusions

This section provides a brief summary of the novelty, key findings, limitations, and future
work of the study. For this study, 364 engineering undergraduates at the University of Toronto
were surveyed to capture two latent constructs of carbon literacy (CL) and personal carbon
footprints (PCFs). Although prior work has assessed CL and PCFs, few prior studies have
investigated the relationship between them. A PCF was calculated for each gratrtisipg a life
cycle assessment (LCA) approach. Carbon literaas best for some high impact actions like
ground transport and diet, and less so for air travel. There was mixed carbon literacy for the
moderate and low impact actions. In general, belief that an action was high impact correlated with
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Students
lower PCF for that activity. However, the overall relationship betweesepvoonmental action

and carbon literacy was weak.

Subsequent to completing this study, future work is planned. There were limitations associated
with selecting certain activities measured f
and running a convenience sample. The survey instrumehebkasnhanced to collect additional
data that will refine the carbon footprint calculations from this study. The enhancements include
deeper insights into transportation (ground and air), climate control and personal spending. The
enhanced survey will bextended to include all units across three campuses at the University of
Toronto. This study and planned extensions provide insight into the role of personal action in
reducing greenhouse gas emissions and will require periodic fallowcross a range of

population to monitor progress in public carbon literacy and associated personal carbon footprints.
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4.1 Study Overview
4.1.1 Abstract

Engineers have a responsibility to be thoughtful practitioners towards the environment and
society andoe able to integrate different dimensions of sustainability in their work. To achieve
this, engineers must be equipped with the necessary knowledge and competency to apply
sustainability concepts in a holistic manner. This study focuses on the knowledgechspec
engi neer gl creating mifrantgework to define sustainability for engineering, 2)
developing and evaluating a method for assesdiegstustainability content in engineering
curriculum and 3)assesing holistic aspects by looking at connections among the sustainability
pillars within the curriculum. This study is conductatl the Faculty of Engineering at the
University of Toronto as a case study.

It is challenging to define sustainability and commonly cited definitions are hard to
operationalize and not sufficienthpecific to engineeringjo single existing framework captures
all engineering concepts for sustainabilithis study developed a nédwamework and codebook
to define sustainability, starting with the three pillars of sustainability: environmental, economic
and social, then adding a fourth pillar of professional responsibility and elucidafirgpecific
themes within each pillar.

We then used thieamework qualitatively to analyze the content in undergraduate engineering
courses, assessing and triangulating across the use of different source materials in stages, by
starting with the course descriptions, then syllabi, and finally an instructorysurve

The results indicate that the environmental pillar is most prevalent in the curriculum, followed
by economic and social, with increasing sustainability content being identified as the study
progressed from descriptions to syllabi to instructor surveyste@Gbmaried substantially across
programs, with Civil Engineering courses covering the most sustainability content and Electrical
Engineering the least. The results also indicate that sustainability tends to be taught by pillar rather

than connecting theilfars to one another in a holistic manner.
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4.1.2 Graphical Abstract
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4.2 Introduction

In this paper, we suggest that engineers have a responsibility to support sustainable
development, and major themes in sustainability should be integrated into the engineering
curriculum. To determine how sustainability is incorporated into the engineewmigulum
requires an assessment of the material. However, assessing the sustainability content in
engineering curriculunis hampered by a lack of comprehensive definition of sustainability for
engineering, and insufficient methodological approachesrpare different possible modes of
analysis e.g., coding course descriptions vs instructor surveys. In this study, we develop a
framework to define sustainability in engineering and use that framework to analyze the
undergraduate engineering program at the University of Toronto using multiplecdais for
comparison and triangulatioh.n t er ms of nomencl at ur(seTablewe 0 |
1.1) andstudent PI refers to SherAnn Ram.

4.2.1 Engineering Education and Sustainable Development

Engineershave a vitalrole in sustainable development by designing and implementing
innovativesolutions that balancie pillars ofsustainability There are three commonly known
sustainability pillarsenvironment, social,@mnomic[256], [257] Specifically for engineering, we
add a fourth pillar around professional responsibility, resulting from our review of sustainability
frameworks $ection 4.3.1) [258]i [261]. Engineers support thenvironmentpillar by using
scientific and technical knowledge to develop systems, products and processes that meet the need:
of society,such aglesigning energegfficient buildings, infrastructure and transportation systems
reducing resource consumptjemproving efficiency developing new technologieandcreating
clean water, sanitation and waste management systems. Engineers supgoctali@llar by
addressing the needs of communities and educating and raising awareness among the public anc
other stakeholders about sustainability issuEsgineers support theconomic pillar by
identifying, assessing and mitigating environmensksrand negative impacts of human activities

on the planetEngineers support therofessional responsibilitpillar by implementing policies

and regulations to promote sustainabjlégdcollaborating with government officials, businesses,
communities and other professionals / stakeholders to promote sustainable deve[@pgient
[263]. Integrating sustainabilitgonceptsin undergraduate engineering curriculum, therefore,
provides the preparatory foundation necessary for future engineers to help them fulfil their role

and make positive contributions to sustainahility
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Education for sustainable development has been enshrined as a globakoeelihg to
Sustainable Development Goal 4, targgR@4], indicating the acquisition of both knowledge
(content) and skills/competencies (pedagogy) as per a growing body of r§26&it[271)]. For
engineering in particular, seminal work by Sheppard ¢1.@].and Donald9] discuss the role of
technical knowledge acquisition and application as key componethis disciplinary experience
at the university. Sheppard et al. maintain that while technical knowledge should remain a central
component to the discipline, methods within engineering should engage more networked learning
approaches and foster integratwith the social and professional aspects. Notably, the authors
explain that an ideal learning trajectory requires that key curriculum components be revisited
multiple times throughout the degree with increasing sophistication and interconnection. Donald
considers engineering as a structured discipline where understanding the following is prioritized:
how knowledge is acquired, organized, delivered and subsequentljousade problems about
complex issues with broad perspectives in a systematic manner, incorporating interdisciplinary
and critical thinking. Extending these ideas to sustainability, several studies support technical
knowledge acquisition and networked idety, coupled with ertain skillsand competencies to
form the basis of engineering education sustainability, anegnable engineers to design and
implement sustainable solutions to global challe{§&§ [39]. These skillsand competencies
include systems, critical, and anticipatorthinking; [125], [126], [272]as well as adopting
approaches that acemprehensive, integrated, holisand involvestakeholdes and communities
[38], [146], [148], [2731[276]. To achieveacquisition of these knowledge andskills /
competencies, these studies encourage the integration of sustainability contpedagagical
approaches like active and experiential learnamgl interdisciplinary work that engage students
andrecommendonnections among the pillars, rather than teaching sustainability in a standalone
manner Thus knowledgevoven throughout curriculurand skills work in tandem to support
engineering education for sustainable development; as a more measurable anesetifect
barometer, the present work focuses on knowledge/content in cuemaligs interconnectedness
[35], [38], [39], leaving skills/competencies and pedagogy for future work

There is research that looks at sustainability in engineering curricula from developed countries
in North America, Europe, Asia and Australia but less so in developing coyhfigsGenerally,
there is an attempt to integrate sustainability into engineering curriculum from these studies.
However, he leveland typeof sustainability within engineering education curriculum varies

depending on the countgnd institution and can possibly be improvégdi28], [129] Studies
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around sustainability content in Americfiil3], [130]and Canadian universitig&12] (North
America), Nigeria (Africa)[120] and Australia[127] show an emphasis on the environmental
pillars, although there is some effort to integrate the social and economic pillars. A case study
investigating the sustainability content in Spanish (Europe) engineering curficiBh by
assessing competencies from a holistic perspective of the environmental, social and economic
pillars indicatedorogressalong the ethical application of sustainability principles both personally
and professionally, but lessntegration around community participation to encourage
sustainability. Typically, there are standards that are implemented whprelsent skills that
engineers must attain through their undergraduate traimmdprth America, these standards are

set by theAccreditation Board for Bgineering and TechnologABET) [277]in the USA andhe
Canadian Engineering Accreditation Bod@EAB) [111] in Canada These standards can be
satisfied bycoveing the sustainability pillarthroughspecific coursesand do not requira holistic

or integrative approach, or the emphasis on interconnections between sustainability pillars that

past authors have argued enables sustainability to succeed in engineering efBjaiks].

4.2.2 Defining Sustainability and Assessing Curriculum in Engineering
Education

Defining sustainability within engineering has been challengimifpout agreement and
consensuf39], [113]. A review of the literature looking for sustainabildgfinitions, framework,
themesor codes, in general and within engineering specifically revealed several methefia¢o
sustainabilityfor curricula. Several studies citatie BrundtlandReport definition[278], one of the
most commonly used definition for sustainability (or a similar verd®sy), [127], [130], [279]

The BrundtlandReportdefinition comes from a 1987 Report callédr Common Futurand reads
Ameeting the needs of the present without coc
t hei r o \2A8]. This dedirstion issomewhat general and needs to be operationalized

2015, theUnited Nations outlined 17 Sustainable Development Goals (S[2@g)o guidethe

path towards creating a better planet and aided in operationalizinBthe ndt | and Re
definition of sustainability.Further, studies using a framework to assess sustainability in
engineering have usexisting frameworks, for example the SD[&Z] or theSustainability Tool

for Assessing Uni ver sSTAUNEGH [280]®categarize the @ntddtool | s t
the curriculum, but these frameworks are not fully tailored for engineering and do not consider
certain aspects specific to engineering like engineering design or professional resporigibility.
other studieshere was eitheno cleardefinition for sustainability{38], [110], [112], [150] or a
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more advanceffamework was provided in lieu of a definitighl3], [115], [274], [281], [282]
but these frameworks were not fully inclusive of all the criteria of sustainability or had not been
recently updatedlhere did not seem to be a single framework that captuoernprehensive set
of sustainability conceptfound in the literaturthat could be used for engineerifighus, fnding
a universal definition for sustainability in engineering continues to be evagvi® thedynamic,
interdisciplinary and complex nature of engineering, various contexts (environment, social,
cultural, economicprofessional responsibilijyapplied, diverse stakeholder perspectives (locally
and globally), and evolving understanding of the concept over filme lack of definition of
sustainability in engineering often leado inconsistency,disconnectsand subjectivity in
engineering practices and educatifi3], [150] Thus, the definition of sustainability in
engineeringequiresadaptation and refinement.

The difficulty of defining sustainabilityn engineerings accompanied by a challenge in
assessing curriculunthere are variouguantitative and qualitativ@ethods to assess curriculum
[283] including airriculum mappingand audit§116], [118], [119], [284]classroom observation
and peer review[285]i [288], assessmentf student performancer learning outcomef289],
[290]. With respect to sustainability in the engineering curriculum, studies have analysed
curriculum material qualitatively like course descriptions and syl[akD], [112) [115], [120}
[122], [130]andbr quantiatively using instructor and studestirveys[115], [124], [125], [130]
For the studies using qualitative methods to assess for sustainability, some used automated
keyword identification via Pythofl10], [122] followed by human intervention to identify and
resolve false positives and negatives; though expedient, this method is limited in its ability to
capture nuance and full semantic meaning of the coded information. Other studies used human
coding[112], [113], [120], [291], [292] which is labofintensive and so typically focuses on a
single source of material (course description, syllabi, or engineering handbook), leaving a missed
opportunity to validate and triangulate findings across sources. Finally, while prior studies
provided breadth of content (binary coding for multiple themes) most did not consider the depth
of coverage (e.g., whether a topic was central or incidental in the course). The exceptions are the
studies completed by Vanderburg et[all2], [292]in the 1990s which accounted for depth and
used all the materials provided to the CEAB
from O to 4 ("no reference” to "substantial reference). However, these studies were completed more
than 20 years agthere was no differentiation or categorization of sustainability, and the definition

of sustainability may have been vague and subjective to the coder. For the studies using
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guantitative methods, either student or instructor surveys seeking perceptions were completed, or
curriculum mapping using documents like learning guides were created. The objectives of these
studies were to determine the level to which sustainabilitpvered or depth of coverage. We

found two studies that attempted both breadth and depth. One study by Saantaeedo et. al.

[125] did complete a curriculum map, teacher and student surveys but work is ongoing in
comparing the results among them. A second study by Watson[E3@lused the STAUNCH

tool to assess Civil and Environmental Engineering for breadth using syllabi and depth via student
perceptions surveys and compared them. These methods are a good start to curriculum analysis,
but we found no studies with a methodologyngstools specific to engineering, that assessed
multiple departments/programs curriculum, from several data sources, with both breadth and depth

of content, and attempted to triangulate to determine the similarities and differences among them.

4.2.3 Research Opportunity

This study developda framework to define sustainability and a method to qualitatively and
guantitatively analyze curriculum for sustainability using a hierarchy of curriculum content
including course description and syllabi (analyzed qualitatively), and instructor pensegiiout
the courses they teach through a survey instrument (analyzed quantitatively), providing a
combination of breadth and deptAssessing the content of sustainability and its integration
approaches within curricula could help with understandingdhéeat and advance pathways for
augmenting curricula with sustainability contdB88], [152] This method and its subsequent
results could advise on refreshing the curriculum to include more susliginedncepts By
developing a generalizable approach for assessing curriculum materials, the framework and
met hod may be applied to other programs. I n
additional stakeholders include industry and government who might teeested in the
sustainability training that engineering students receive and how that training may be applicable
to their orgargation. A summary of a subset of studies citqarésentedn AppendixC.2

4.2.4 Research Questions

To have a clear understanding of sustainability in engineering education, we developed a
generalizable framework to define sustainability in the engineering education curriculum,
addressed in research question 1 (RQ1). The framework focuses on the keaveleggpnent of
the curriculum, consistent with prior work highlighting an important role for knowledge when

integrating sustainability in engineering educaf{@s]i [39].
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Then we designed a generalizable method to assess sustainability in curriculum at different
levels taking into account both presence and depth of comiatessed in research question 2
(RQ2). We applied this method to the undergraduate engineering curriculum at the University of
Toronto (UofT) as a case study. Following the call from Sheppard gtQdlfor an iterative
learning process, many of our results focus on the frequency with which each sustainability pillar
or theme is revisited throughout the curriculum, measured by number of courses containing that
content.

Finally, to discern how the sustainability pillars are connected within engineering and whether
they are taught in an integrated manner, as recommendszhblard35]i [39], we assessed the
connections among the sustainability pillars in the curriculum for the undergraduate engineering

curriculum at UofT, addressed in research question 3 (RQ3).

S2RQ1:How can sustainability be defined farcoursebasedengineeringprogramin

academia?

S2RQ2:What can we learn from the different curriculum materials in assessing sustainability
contentAWhat ae thesimilarities anddifferences in sustainability content from course
descriptiong CDs), syllabi(SYL) and instructor survey (I13)

S2RQ3: What relationship exists among the key sustainability pilldtisin the courses offered

in the undergraduate engineering program at the University of Toronto?

4.3 Methods

This section will discuss the processes to accomplish the three (3) research questions
presented. We start by describing the method used to develop the framework used for defining
sustainability in engineering. Then we explain the method developed fesmgssustainability
in engineering curricula using the framework developed. Finally, we discuss how the study
attempted to represent whether there were any connections among the sustainability pillars within

the engineering program.

4.3.1 Defining Sustainability in Engineering

To formulate a definition for sustainability in engineeriwg, developea framework by first
leaning on the three pillars of sustainability: environmental, economic and sddiah, we
collected categories and themes from general sourasgyineering sources globally and
local/national sourcess the case studis specifically onengineeringeducationat a Canadian
University (Figure4.1). The method used to search for, and catalog resources is described in detalil
in AppendixC.3.1 The resulting general sources includee EDGsSTAUNCH and the Climate
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Framework [17], [280], [281] The egineering sources globallinclude the Principles of
Sustainable Engineering (PSE)50], [274] and hemesfrom the literature that focused on
sustainability in engineerinflL13], [122], [293] Thelocal/national frameworkmcludeCanadian
Engineering Grand Challenges (CEG[@Y], Canadian studies on engineeriragd Canadian
Engineering Accreditation Board graduate attrib{@€$, [110], [112], [292]

Sustainability in Engineering Framework

|
Engineering Resources General Resources

Global

Journal Articles Codes, Review Articles Concepts Sustainability Tool for Assessing Universities’ Curricula
Hoffman 2011. Lozano 2014, Thurer 2018, Chakraborty 2018 * Holistically (STAUNCH)

Sustainable Engineering Pfi']ffiplc-‘; (PSE) - || Sustainable Development Goals (UN SDGs)

Canada, UofT

The Climate Framework (Built Environment)

University of Toronto

Canadian Engineering Grand Challenges (CEGC)
ittps://engineeringdeans.ca/en/project/cege

Sustainability Experts

CEAB Graduate Attributes : [ Framework updated/finalised based on feedback J

Figure 4.1: Input Elements to Build the Sustainability in Engineering Framework/Taxonomy

The sources had sustainability themes arranged in different ways. Some sources had a list of
themes (like the SDGs, Sustainable Engineering Principles), other resources had already classified
themes, some under the three main pillars and others undeswimealassification. We collected
all the themes and compiled those already classified under the three common pillars. We then
classified the remaining themes under the same three common pillars. We could not map all the
remaining themes to the three pilaso we added a fourth pillar of professional responsibility
based on the specific regulations required by engineers. We removed duplication and amalgamated
the themes leaving a total of 20 themes to define sustainability within engineering under the 4
pillars. We checked review articles and literature in sustainability within engineering education
[38], [39], [115], [127], [282for any additional concepts/categories to add to the framework. The
framework was tested with pilot coding using a selection of course descriptions at the University
of Toronto and updated after discussing w&bearch advisoebout the need for clarity, inclusion,
or deletion of themes. A draft version of the framework was reviewerkdsarch advisors
presented for feedback at an internal research group meeting (~20 students and 3 professors), an

at the Engineering Education for Sustainable Developn(EESD) conferenceghen sent to
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experts in sustainability for appraisal, after which we incorporated their comments into the
framework before finalizing and using to assess the curriculum.

We selected eleven (11) experts based on their experience in sustainability or recommended
by other sustainability experts. The experts were professors or other senior academic researchers
from institutions in Canada and the United States. We received 6Bveesponses, four (4) from
engineering and th&chool of Environment at the University of Toronto and three (3) from
Engineering and Sustainability programs in the United States. The comments from experts helped
in refining some definitions of the thes, either by adding additional themes or more information
to clarify an existing theme. For examptemments from the experts included whether we needed
a crosscutting theme to represent dynamic interconnections, or a suggestion to carve out certain
specific themes like climate change and economic feasibility due to our speculation that these
themes wold be receiving more attention than other themes within the studied courses. Where
possible, we incorporated suggestions; although we excluded a smakmohtomments, such
as the suggestion to include a croatting theme, as we argued this could be captured separately
by analyzing the degree to which different themesgoear within each coursgections4.3.3
and4.4.3. The full framework will be presented in the Results and Discus3sation4.4.1and
more detailed discussion on tlhameworkevolutionand expert inpus in AppendixC.3.2

4.3.2 Assessing Curriculum

After finalizing the sustainability in engineerifrg@mework, we used the framework to assess
the undergraduate engineering curriculum at UofT as the next step. The process was hierarchical
and included three (3) stages and triangulatiigute 4.2). In stages 1 and 2 we used the
sustainability in engineering framework to qualitatively analyze the course material by coding
deductively. In stage 3 we administered a survey to instructors. The insttionesttuctorsvas
based on the same framework we developed and used for analyzing the course descriptions and
syllabi. For stage 1, we coded all the course descriptions and for stages 2 and 3, we selected a
subset of the course material, either priority or random. \Waati select all of the courses in stage

2 due to limited resources for coding and the lack of availability of all the syllabi.
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Sustainability in Engineering Assessment Methodology

I I

Hierarchy Qualitative Analysis Categorization — Depth
. , ‘ |
Stage 1 Course Descriptions +——  Code All (n=556)
——  Stage?2 Syllabi > Code Subset (n=170)
| Stage3 Instructor Survey | Survey Responses (n=125)
[
— Triangulation Quantitative Analysis

Figure 4.2: Curriculum Analysis Process for Engineering Content at UofT

In stage 1, we coded all the course descriptions in the-2022 Faculty of Applied Science
and Engineering (FASE) calendar at UofT (n=556). Details about the program showing
departments and enrollment are presentéppendixC.4.1 We chose course descriptions as the
15tstage due to their standardization across the curriculum, as well as their accessibility and brevity
to allow comprehensive coding across the faculty.

We selected a subset of courses for stage 2 (syllabi) analysis and stage 3 (instructor
perspective). We used the same subset of courses for both stages 2 and 3. The selection proces
for the courses for stages 2 and 3 is outlined below and can be deigarey.3. We selected
courses on a priority basis and a random basis. After selecting the random courses, some were alsc
priority courses (n=31 of overlap), so for reporting purposes, we designated those random courses
as priority.

Priority Selection:The courses where we identified sustainability pillars with certainty

(designated YES) or potentially (designated MAYBE) after stage 1 coding (course descriptions)
werecross hecked with UofTds engineering n29or s ¢
and the CEAB graduate attribute indicators 8, 9, 10, 11 (8. Professionalism, 9. Impact of
engineering on society and the environment, 10. Ethics and equity, 11. Economics and Project
Management]20], [295] We selected courses that matched for priority deeper analysis. We
selected this method to determine whether more sustainability content would emerge, and at what
depth sustainability exists in these courses. We selected a total of 113 (~20%) coursdsdbut

85 (~15%) courses due to syllabi availability.
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Random SelectionFrom the 556 courses, we randomly selected 157 courses (~28%). We

coded a total of 85 (~15%) random courses, again due to syllabi availability. We completed a
power calculation to determine the minimum number of courses to analyse to have 95% confidence
in assessing whether the false negative rate is less than 10%. This number of courses was ~30
(~5%) courses and we coded about three times that arfsaectlculation inAppendixC.3.3.

Qualitative
Analysis
(Human)

Sustainability
in Engineering
Framework

Curriculum:
Course

Description

Compare
CEAB GA 811
Sustamability
Minors

May
No No Maybe

-

Curriculum:
Syllabi

Figure 4.3: Curriculum Document Analysis Process for Engineering Content at UofT

¥

Random Course
Selection: Deeper,
Analysis

Priority Course
Selection: Deeper
Analysis
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In stage 2, we chose syllabi as they provided a more detailed and often a more contemporary
perspective of what is taught in eaxdurse. We selected a subset of course syllabi (varying years,
as available) for deeper coding. We coded a total of 170 syllabi, 85 priority and 85 random. We
obtained the syllabi, with permission, from the engineering departments offices, downloaded from
online resources when possible or requested directly from inssuEtmr these reasons around
the different ways we collected syllabi, there were variations in the syllabi by year developed,
format and length; some standardization existed within engmgeeepartments but not as much
across departments. These variations also created challenges in coding for depth of content since
more detailed syllabi could be coded for depth while less detailed syllabi could not. In addition,
some courses had separatecuments for the syllabi and learning outcomes, while others
combined both items in the syllabus. At the time of writing this paper, a centralized template for
developing syllabi in engineering at UofT is being put in plamvever, the system is still iogy
updated and as syllabi are considered the intellectual property of instructors, we obtained the

documents from individuals rather than taking them from the centralized system. When analysing
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the syllabi, we did not code any text that pertained to university policies (as opposed to direct
course content) like Equity/Diversity/Inclusivity/Accessibilitgtatements, Accommodations,
Mental Healthl.and Acknowledgements, Technology, Copyright, Plagiarism.

Although course descriptions and syllabi include official core information about each course,
their coding relies on the coderdés interpre
representation of the themes covered in each course. Thus, in stegaddninistered a survey to
course instructors to obtain direct information about which sustainability themes from the
framework the instructors perceive are covered in their courses and at what depth. After selecting
the priority and random courses, vangpersonakmails to instructors for 212 courses requesting
them to fill the survey for their course(s) we selected and any other courses they teach. Note that
212 is lower than the sum of the priority (113) and random courses (157) minus the overlap (31)
because wesed the 2022022 coursesand we sent the instructor survey in the next academic
year, so a few courses were discontinu€deemails inviedthe instructors to complete the survey
and requested syllabi for deeper analysis (if we did neadyr have the document), with reminders
as necessary. Note that some courses had more than 1 instructor, some instructors we contacte
did not complete the survegnd some instructors filled the survey for more courses than we
requested. These extra courses we gave a random designation. In addition, we received survey
responses from a few instructors for which we did not have the syllabi to code. We administered
the instructor survey summer/fall 2028he instructor survey was filled out for a total of 125
courses (out of 556, ~23%). After cleaning to remove courses with fully blank responses or no
course/instructor name, 123 courses remained. This represents a combination of priority (n=62,
~11%) and random courses (n=61, ~11%). For the randomly selectsggowve sent invitations
to approximately equal proportions of courses from each department. For some courses, we
received multiple responses due to more than one course instructor teaching the course. For these
duplicate sources, when there were disangpes among the responses for each theme by the
instructors, the final response for each theme was an average across the responses. Whereas w
coded course descriptions and-sgémabisiprasé¢
t heme i s a b-ghecader was mmaweb, e included a new dimension in the survey
asking about the depth of each theme for the course: not covered, incidental, woven, full unit, core
focus. The full survey is available AppendixC.3.5

The student Pl (expert coder) completed the curriculum analysis (qualitative coding) for stages

1 and 2. We retained additional coders for stage 1 to test the framework and agreement among
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coders. The student Pl completed the coding using Nvivo and Microsoft Excel. In Stage 1, the
student Pl and 2esearch advisorsompleted the first round of coding for ~30 courses. We
completed the coding independently and subsequently discussed to resolve any differences.
Another round of coding with ~100 courses was completed with a novice coder. We trained the
novice coder with-5 courses and then the novice coder coded ~100 courses indepe(oaelitity
instructions provideth AppendixC.3.4). We used memos / annotations to catalogue any findings
while coding.We then calculated an interrater reliabi[2®6] between the student Pl and novice
coder resulting in a 96.7% agreement. The literature indicates >70% is good but note that there are

arguments around the usefulness of this mg2ae], [298]

4.3.3 Dynamic Interconnections

In addition to looking at the individual pillars of sustainability, we completed an analysis to
show the relationship among the pillars. We calculated a total of 11 groups of pillars; 6 groups of
two pillars, 4 groups of 3 pillars and 1 group of 4 pili@rable4.1). For this analysis, we counted
the number of themes for each pillar combinationTable 4.1 as standalone and nested to
determine which of the pillars were being taught together. In addition, we generated correlation
matrices (Pearson, Spearmft§9] to see if any thensxorrelated with other themes (i.e., to track
which themes tend to emccuror not togetter). We generated 4 correlation matrices, 1 to compare
themes across all 556 course descriptions and one for each data type collected (course descriptions
syllabi and instructor survey) among the subset of courses selected for further analysis (stages 2
and3).

Table 4.1: Grouping of Sustainability Pillars to show the relationship among them

Groups of 1 (4) | Groups of 2 (6) Groups of 3 (4) Groups of 4 (1)
Environmental EnvironmentalSocial EnvironmentalSociatEconomic EnvironmentalSociatEconomie
Social EnvironmentalEconomic EnvironmentalSocialProfessional Professional
Economics EnvironmentalProfessional | EnvironmentalEconomieProfessional
Professional SociatEconomic SociatEconomieProfessional
SociatProfessional
EconomicProfessional

Examples of analyses completémt this studyare included inTable 4.2. We attempted
triangulation to compare the outcomes among the course descriptions, syllabist@adtor
survey Wedevelopedhe outlinedorocessaround testing the framework and using multiple coders
to maximize validity and reliability after consulting qualitative coding practjt89], [300}
[302].
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Table 4.2: List of Analyses

Research Question
How does sustainability content vary by pillar and/or theme (frequency) for each stay S2RQ 2

- Year of study

- Engineering department

- Random and priority/specific courses

Which theme(s) occurs mofeequently and less frequently? S2RQ 2
What was the percent agreement among document type? S2RQ 2
How frequently do sustainability themes occur together in the same course S2RQ 3

4.4 Results and Discussion

4.4.1 Sustainability in Engineering Framework

S2RQ1: How can sustainability be defined fooursebasedengineeringorogransin
academia?

A summary of the Sustainability in Engineering Framework is presenteiume 4.4 with
the full framework inTable4.3 and a key for referencés included as a note at the end of the
table. The framework includes the 4 pillars of sustainability and 20 themes that are specific to
engineering. This framework is generalizable and can be used to assess sustainability knowledge
(content) in engineeringdecation across other case studies.

The framework generally worked well for our purposes. The attempt to develop a
comprehensive framework resulted in a very long codebook that required substantial time for new
coders to become familiar, but also meant that most sustainability course badtantlear place
within the framework. Adiscussion about the framework itself is presentefeictiond.5.1 This
discussion includes the coding process and challenges in coding a large number of documents with
a detailed framework; observations about outcomes from the coding process and elements of the
framework that could be improvedong with asmall number of suggestions for clarification and
potential additions to the framewgrnd suggestions that might help in having more accurate

coding and instructor responses

Sustainability in Engineering Framework

. . . .
Environment Society Economic Professional
Sustainability in Design & Planning Cultural Integration Risk Assessment, Climate Change Justice, Policy, Legal (Law)
. . - . - Adaptation, Resilient Infrastructure G t, Political
Land / Air Conservation / Protection Education Scholarship in Sustainability] captafion, Restent ffrastructure rovemment, & @ 1ica
7 Research, Development, Investment Safety, Regulations
Water Conservation / Protection Wellness / Wellbeing and Health o Ol ’ : .
7 Economic Feasibility Ethical / Moral
Renewable / Efficient Energy EDIA : ! . Responsibility / Obligations
(Equity. Diversity. Inclusion. Accessibility Trading, Markets .
Resource Usage . . . : Partnerships
- . Industry, Organization
Climate Change ustry, Drganzalions Leadership, Teamwork

Productivity, Growth, GDP Communication

Figure 4.4: Sustainability in Engineering Framework/Taxonom@ummary
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Table 4.3: Sustainability in Engineering Framework/Taxonom@omplete

Classification

| Definition

Environment (6 themes)

Sustainability in
Design &
Planning

Sustainable designs through holistic integration, flexibility, modularity, innovation, balanc
solutions, effective problem definition (goals, objectives), continuous improvement (iterat
optimization,long-term and systems thinking, durability, reliabilitgterconnectedness /
interdependence, eco and human factors, life cycle assessment / thinking, material/mass
analysis, degradation, easy separation, purification and/or disassembly, alternative desig
Consider planetary boundaries, precauaity and preventive approaches, vernacular design
regenerative urban development, passive vs active designs, proactive vs reactive approg
adaptationfeedstock to product process (unprocessed material to manufactprody)ct
current and future uses (temporal efficiency), unnecessary capabilities/capacities, uninte
consequences, backcasting. Design for circular economy (reduce repaserecycle,
repurpose), emissions reduction, embodied energy. These inetid®logies as well as
broadersystems e.g., transportation design and networks (low carbon, active travel: cycli
walking), supply chains, other infrastructure.

References: 2011, PSE2022, PSE2008TAUNCHC-2018, CF

Land / Air
Conservation /
Protection

Protection, conservation and management of land use, forests, mountains, dryland, land
ecosystemsldiogeochemical cyclegcology (including industrial), biosphere, biodiversity,
habitats (prevent fragmentation), land degradation (desertification) and natural features
(whether due tanthropogenic causes or ndbpfe, healthy, clean, ndaoxic (human and
ecotoxicity) and nofhazardous material and chemicd®éccumulationradioactive,
radiological hazards, HAZOPS) and energy processes (inputs and outputs). Pollution pre
on land and air (improve air quality) at all levels including municipal. Environmentally fyier
(renewable/bio) products usage. Land protection / restoration include natural habitats,
threatened species, food chain, degraded land, (e.g., afforestation, reforestation rather th
deforestation). Consider illegal poaching / trafficking of protectesties (e.qg., flora, fauna,
wildlife), impact of invasive alien species / priority species, biogeochemical flows (e.g.,
phosphorous cycle, nitrogen cycle), atmospheric aerosol loading, ozone depletion.
References: 2011, SDG Targets 3, 15, PSE2089AUNCHC-2018

Water
Conservation /
Protection

Protection, conservation and management of water sources / cycle including surface fres
groundwater, rainwater, oceans, seas, coasts, inland, and marine resources (whether du
anthropogenic causes or ndfonservation / protection includes sanitatiguality, sustainable
withdrawals (minimize water scarcity), consumption, contamination / pollution (e.g., throu
therelease of hazardous chemicals and materials and nutrient pollution), acidification, de
stormwater managementateruse effigency. Water protection / restoration also includes

waterrelated / marine ecosystems / ecology (e.g., mountains, forests, wetlands, rivers, a
and lakes), water harvesting / catchment/storage, overfishing/unregulated fishing, desalir
wastewatetreatment, recycling and reuse technologies.
References: K011 (3), SDG Targets 3, 6, 14, CEGC

Renewable /
Efficient Energy

Transitioning to renewable (e.g., energy systems inclustfey, wind, hydrological, tidal, wav
(oceanographic) geothermal, etar)d alternative to fossil fuel (e.g., low carbon sources like
nuclear, biofuel / biological) energy. Efficient transformation, redistribution and / or use of
feedstocks and resources, power generation, power storage, conservation of energy, ene
flow.

References: 2011, SDG 7, CEGC, PSE2022, PSE2@PAUNCHC-2018

Resource Usage

Considers natural capitagsource consumption, conservation, minimizing resource and
material usage, sustainable production, regeneration (regenerative),
eliminating/preventing/reducing waste generatemgof-life and human need. Includes
recycling, reuse, efficient resource use (e.g., natural, primary, secondary resources) and
management (e.g., consumption, production), waste management for safe disposal, reco
valuable items to reuse (e.g., mupal, sewerage, drainage, other), sustainable procureme
environmentally s treatment of chemicals / wastes throughout life cycle, food waste / log
(postharvest). Includes population forecasting, supply and demand analysis.
References: 2011, SDG Targets 12, PSE2022, PSE2@JRUNCHC-2018, CF

Climate Change

Considers environmental impacts of climate change and global warming (scientific evidel
indicators, contributors, environmental damage). Strategies for greenhouse gas (GHG)
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accounting and reduction / mitigatiomlole life carbon accounting / offsettingarbon budget
debt, individual / collective responsibility, and regional priorities). Aware of global agreem
like the United Nations Framework Convention on Climate Change / Sustainable Develoj
Goals, The Kyoto Protocol, The Paris Agreement.
References: SDG Targets IS[AUNCH, CF

Society(4 themes)

Cultural Local and global cultural, natural heritage, religious and spiritual importBrifferent

Integration perspectives on sustainability or ways of knowi@gnsider communities, humans and cultur
diversity aspart of nature, allowing focreative pursuits, setctualization, leisure time, leadin
to community, trusand belonging as well as history, urban morphology and design (huma
settlements) and physiology (living organisms) and behaviour patterns.
References: 2011, SDG Targets 11, PSE20S1AUNCH

Education Inclusive, affordable, equitable, quality education and training (formal, informal), lifelong

Scholarship in
Sustainability

learning, personal educational values, development of human capital, innovations, creati
Includes programs related to raising awareness about ScienceplbgghiEngineering and
Mathematics (STEM), living (lifestyles) in harmony with nature (e.g., ecosystem / biodive
part of planning locally and nationally), sustainable development (e.g., consumption and
production), climate change / scientific knowledg.g., clean/renewable energy/efficiency,
cleaner fossifuel technology, marine technology, ocean health. Consider the education fg
and delivery of learning (e.g., transdisciplinary, crdsxiplinary, interdisciplinary
approaches). Provide sdarships for engineering, sustainability programs.
References: 2011, SDG Targets 4, PSE20ZEGC, STAUNCH

Wellness / Promotes health (physical and mental), safety, peaceyintance, human / social welfare,
Wellbeing and | basic human needs / rights (e.g., land, shelter, food, water), quality of life, income equalit
Health decent employment, reduced unemployment, elimination of poverggnufood security and
improved nutrition. Consider wellness in circumstances related to climlated extreme
events (e.g., fAnatural o disasters), gr ec¢
engineering and societgocial value, social impagof climate change and current / future
generations.
References: F2011, SDG Targets-3, 8, 11, PSE2025TAUNCHC-2018, CEGC, CF
EDIA (Equity, Equity, diversity, inclusivity socially, democracy, fundamental freedoms (e.g., leadership
Diversity, salaries), social justice. Strive for reduced/elimination of bribery, forced / child labour, mo
Inclusivity, slavery, humarrafficking, terrorism, arms flows, power dynamics, corruption among peop

Accessibility)

and institutions. Consider discrimination by gender, religion, ethnicity/race, vulnerability,
disability, geography, intergeneration, economic / other status. Access and affiyr(zlgil,
amenities, clean water, sanitation, goods, services, low carbon energy, science, innovati
technology (enabling, information, communications), education, knowledge sharing, bank
insurance / credit financial services).

References: 2011, SDG Targets 5, 10, 11, 16, PSE2022, CESEFR\UNCH

Economic (6 themes)

Risk
Assessment,
Resilient,
Climate Change
and Adaptation
Infrastructure

Promote holistic risk assessment, planning, monitoring, management, including assessm
costs (financial or otherwise) associated with environmental management and/or adverse
(e.q., elevated temperatures, heatwaves, urban island effect, gildfioright, increased

precipitation/storms, flooding, rising sea levels, wind damage, earthquakes, hazards, oth
weather extremes, natural and other disasters). Costs (financial or otherwise) to humans
ecosystems due to climate change including adaptiesilient / reliable infrastructure /

facilities, clean energy technology, processes, products, agricultural practices (reduce fo
insecurity), economic losses due to disasters. Consider the Sendai Framework for Disast
Reduction 20182030 andappropriate infrastructure retrofit / upgrade and other approaches
reducing adverse impacts on human systems.

References: SDG Targets 2, 3,7,9,11, 12,13, CF

Research,
Development,
Investment

Research and development for innovation including clean energy technology / infrastruct
(e.g., renewable energy, energy efficiency, cleaner fassitechnology), biodiversity and
ecosystems conservation, reforestation, rural infrastructure, agradigarvices, technology
development, plant and livestock gene banks, human researchers and development worl

References: 2011, SDG Targets 3, 7, 9, 15, 17
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Economic
Feasibility

Economic feasibility / viability, life cycle costs, debt financing / relief / restructuiirigtion /
deflation, living wages, cost of livingostbenefit analyses.
References: F2011 C-2018, PSE2022

Trading,
Markets

Open, nordiscriminatory, equitable, multilateral trading system, trade aid (e.qg., foreign aic
Enhanced Integrated Framework for Tradlated Technical Assistance), duty / quota free
market (World Trade Organization regulation / monitoring of globaletimational financial
markets), domestic resource mobilization, increased exports from developing countries,
restrictions (e.g., export subsidies, food commodity / agricultural markets), proper market
functioning w/information to limit price voldity, consequences / tax restructuring / revenue,
collection for harmful subsidies (e.g., foskikl, polluters). Consideredesign of commerce
system (e.g., taxes, depreciation, revenue collection).

References: F2011, SDG Targets 8, 12, 17

Industry,
Organizations

Sustainable / alternate models of industry / organization pra¢Eoefronmental, Social and
Governance: ESGhcluding transparent accountability, legitimacy, credibility and reporting
large and global companies, supporting small / medium / local business growth / capacity
encouraging entrepreneurship (e.g., social ventures), innovplidanthropy.
References: F2011, SDG Targets 8, 16, 17

Productivity,
Growth, GDP

Sustainable economic growth / productivity including gross domestic product (GDP), gros
national product (GNPand alternate measures such as human development index (per ¢
basis(e.g., diversifying, innovation, technologyenuine progress indicator (GRiith
progress measurements / monitoring of macroeconomics and microeconomics. Consider
production patterns / implementation, limits to growth (e.g., circular / climate positive
economy), developmental economftreinsformation of developing nations to become more
prosperous).

References: 2011, SDG Targets 8, 17, PSE2022, CEGTAUNCHC-2018, CF

Professional Responsibility(4 themes)

Justice, Policy,
Legal (Law),
Government,
Political, Safety,
Regulations

Non-discriminatory,environmental legislation / regulations and integrated / coordinated pg
towards sustainability (e.g., intellectual property protection, safety management, sustaing
social procurement, halt deforestation, wage and social protection, occuphagahia) human
migration/mobility, end poaching / trafficking of protected species, foreign direct investme
gender sensitive poverty eradication, ldegm debt / surplus, decent job creation policies).
Encourage policy coherence, rule of law and judticall at the national and international
levels while respecting policy capability and leadership within each country.

References: F2011, G2018,STAUNCH, SDG Targets 1, 5, 6, 8, 10, 12, 15, 16, 17

Ethical / Moral
Responsibility /
Obligations

Professional engineering responsibility and practice around personal ethics, philosophy,
(deontological principles), honesty, monitoring, reporting, information sharing.
References: F2011,STAUNCHC-2018, CEAB Attributes,

Partnerships

Stakeholders and global partnerships to promote sustainability from the three pillars of
environment, society and economics (triple bottom line). Consider international / transbou
cooperation, global / mufstakeholder / publiprivate / civil socieg / community partnerships
global citizenship / governance, representative decisiaking, dynamic interconnectedness,
critical thinking. Stakeholder eoreation (ce, participatory design), interprofessionalism,
interdisciplinary, transdisciplinary, ntidisciplinary partnerships.

References: F2011, PSE20225TAUNCHC-2018, SDG Targets 11, 16, 17, CF

Leadership, Leadership responsibility (e.g., regenerative leadership), project management, effective &

Teamwork, open communication (including written, oral), personnel, change and infornmtinagement.

Communication | References: 2011, PSE2022,2018, STAUNCH, CEAB Attributes

NOTE Key for References in Codebook

H-2011 Hoffman 2011[113]

C-2018 Chakraborty 2018122]

STAUNCH En (Environmental), Ec (Economic), S (Social), C (Crosscut{i®80]

CEGC Canadian Engineering Grand Challenges (there d9%)

PSE2022 Principles of Sustainable Engineering, Glavic 2022 (there are 12, updated), linked to SD(
(Tridimensional), En (Environmental, S (Social), Ec (Econoiffig}]

PSE2009 Principles of Sustainable Engineering, Murphy 2009 (there are 12), not catedb&2gd

SDGs Sustainable Development Goals and Targets (there are 17 goals, 169 fargets)

CF The Climate Framework81]
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4.4.2 Assessing Curriculum
S2RQ2: What can we learn from the different curriculum materials in assessing sustainability
contentAWhat ae thesimilarities anddifferences in sustainability content from course
descriptiong CDs), syllabi(SYL) and instructor survey (13)

This section presents the results and discussion of applying the sustainability in engineering
framework to assess the sustainability contetthérundergraduate engineering courses at UofT.
We present comprehensive results and discussion for stage 1 (course descriptions) because we
analyzed all 556 courseWe then present limited results for stages 2 and 3 as we only analyzed a
subset of courses for these stages. After, we show the multiple analyses conducted for triangulation
of the 3 stages to discelow the results for each stage differ from each other. Finally, we present
the connections among the pillars for the subset of courses analysed. Additional results for stages
2 and 3 are i\ppendixC.4.

4.4.2.1 Stage 1/ Course Descriptions

At UofT, for the calendar year 202022, 556 courses were offered to engineering students
of which ~93% were engineering courses, usually categorized by engineering department rather
than by program. There are six (6) departments: Chemical Engineeringpaheld Chemistry
(CHE), Civil and Mineral (CivMin), Electrical and Computer Engineering (ECE), Mechanical and
Industrial (MIE), Materials Science Engineering (MSE), and Engineering Science (EngSci) which
includes majors in Aerospace, Biomedical, RobotiSesme departments contain 2 distinct
programs (CivMin, ECE, MIE), and these two programs often share some core courses as well as
electives and course codes. These departments house eight (8) core programs: Chemical, Civil,
Computer, Electrical, IndusttiaMaterial Sciences, Mechanical, Mineral, plus a separfte 9
program: Engineering Science. The ~7% of course that are not specific to engineering are Cross
Disciplinary courses that were facultyde (APS course code) or from departments like
mathematicsstatistics, physics, geography, history, and forestry. A more complete description of
the faculty and courses is availableAppendixC.4.1 We opted to categorize by department as
this may reflect the culture of sustainability within the department and also avoid overlap among
the courses. However, we also categorized by program for comparison purposes. Each program
comprises core and eleadi courses from home and other departments so there is overlap in
courses when categorizing by prograkiso when categorizing by program, additional courses
not attached to any program (core or elective), like complementary courses, were given the

category fAunassignedo.

SherryAnn Ram 74 2024



Chapter 4Crafting a Definition of Sustainability for Engineering Education and using it to Assess Curriculum

The student Pl coded all 556 courses. After completion of coding, if a course coded for any
of the 20 themes in the framework, we assig
presence of the theme, we assi geefdnythem@ MWAY BE ¢
assigned a ANOO to the course. The AMAYBEDO
elements of the theme, but it was unclear about the relevance to sustainability. For example, if
there were reference to engineering design buethielid not explicitly or implicitly suggest items
in the definition of the ASustainability 1in
Samples of the text that coded in the course descriptions are sup@ligoendixC.4.2

Overall, ~31% of the course descriptions had at least one theme from the framework coded,
an additional ~14% had at | east one fimaybebo
framework. Breaking this down by pillar, environmental sustainabilitytheadnost coded themes
at ~19% of courses while economic coded the least at Figpéré4.5, Panel A). Breaking down
by engineering department, CivMin had the highest percentage of items coded across all
sustainability pillars while ECE had the loweBtgure 4.5, Panel B). The trend of sustainability
content is similawhenanalyzing by programHgure4.5, Panel C), but there sslightincrease
for the electrical and computer programs compared to ECE department and a decrease in Civil and
Mineral programs compared to the CivMin department. These relative increases / decreases for
respective programs, are due to counting the ceulnse are included in the program from outside
of the department.

Panel A1 Overall Sustainability Content Across the Faculty

Any Pillar
Environment 19% 71%
Professional 15% 79%
Society
Economic
0% 20% 40% 60% 80% 100%

mYES mMAYBE ®mNO

Panel Bi Sustainability Content by Department

Civil & Mineral
Chemical
Mechanical & Industrial
Engineering Science 7S A -7 S
Material Science
Electrical & Computer
Cross-Disciplinary

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mYES mMAYBE ®mNO
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Panel Ci Sustainability Content by Program

chi 10
vineral o
chemical | 5%
indusiria 2o

Engineering Scienc-ETTN %
Mecharica 15

Materia Science [N Gk

Electica =
Compute 0
unassigne I S 255

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mYES mMAYBE ®mNO

Figure 4.5: Sustainability content by pillar, aggregated across the entire faculty (Panel A), by
engineering department (Panel B) amdjineering program (Panel C). Percentages calculated as
a fraction of all courses coded (panel A) or all courses coded within a given department (Panel
B) or program (Panel C).

Considering the courses that coded for sustainability (YES), we calculated the breakdown of
each pillar by department, program and engineering year the course is offered in the program
(Figure4.6, Panels A, B and C respectively). We calculated the percentages by taking the number
of courses identified as AYESO (AMAYBEO cour
pillar and divided by the total number of courses offered in that year dearemprogram. In
general, the environment pillar had the highest representation across all depastrpeygsams
with a few exceptions, while economic, social and professional responsibility had lower
representation. CivMin and CHE departments and their respective programs again had the most
sustainability content while ECE department and their respeatbgrgms again had the lowest.
Looking at course level by year, regardless of engineering department, the trend showed that the
sustainability contenihcreased as the year of the program gets higher. This course level trend is
driven primarily by environment and professional pillars in years 2, 3 and 4; while society and
professional pillars were more prevalent in year 1 (compared to other pillaet year), and still

increased by year 4. The economic pillar remained the least prevalent throughout every year
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Panel AiDepart ment, Sustainability AYESO
Civil & Mineral 210
Chemical 1% 14%
Mechanical & Industrial [ FSIIEEAE 9% 10%

Engineering Science ISR 17%
Material Science [N 9%

Electrical & Computer |l|}
Cross-Disciplinary 20% 10% 20%
0% 20% 40% 60% 80% 100% 120%

m Environment = Society = Economic ' Professional

PanelBiPr ogr a m, Sustainability AYESO
Civil 39% 19% 13% 20%
Mineral 17% 22%

Chemical 36% 15% 12% 17%

Industrial 12% 22% 8% 14%
Engineering SciencejiZ U 7% 12%
Mechanical 19% N 7% 9%

Material Science 17% (7 6% 12%
Electrical [ T 9%
Computer [ 8%
e %
0% 20% 40% 60% 80% 100% 120%

® Environment ®Society = Economic  Professional

PanelCiYear , Sustainability AYESO

o
:
R
1

0% 10% 20% 30% 40% 50% 60% 70%

8% 11%

8% 15%

16%

m Environment ® Society = Economic [ Professional

Figure 4.6: Percentage of sustainability for each pillar by year (Panel A), engineering
department (Panel B) and program (Panel C).
only. Note that the total can surpass 100% as a result of some courses being codegpfer mul
pillars.
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The number of courses coded under each theme is presehtgdriev.7. Most of the themes
within the environment and professional responsibility are well represented;limitite Change
(under environmental) being an exception, p
narrower with fewer topics compared to the other themes. Most themes within society and
economics are lower, with the exception Wkllnessand Health, and a notable absence of
ResearchDevelopment andinvestment, which is perhaps covered primarily outside of courses,
via opportunities like research theses, summer research positions, etc.

Number of Courses
0 10 20 30 40 50

Sustainability in Design and Plannin Sl
Renewable-Efficient Energy il

c
GE) Land Air Conservation-Protectioriill
5 Resource Usagcllll
= Water Consrevation-Protectio /i
W Climate Change I
Wellness and Health I

% Cultural Considerations | IIIIIIEEGEGG_——
3 EDIA (Equity, Diversity, Inclusivity, Accessibility) I
2 Education Scholarship in Sustainabilitjill

Risk Assessment, Climate Change Adaptation
o Economic Feasibility
k= Trading, Markets
g Productivity, Growth, GDP
g Industry, Organizations

Research, Development, Investment

g Leadership, Teamwork, Communication
@ Justice, Policy, Legal, Government, Political, Safety Regulations
»“C-j Ethical/Moral Responsibility Obligations
a Partnerships

Figure 4.7: Number of courses coded under each theme in the Sustainability in Engineering
Framework

Since the trends by department and program are similar, for simplicity we present subsequent
results by departmenBreaking it down even further and looking at the themes covered by
engineering departmentigure 4.8), CivMin offers the most courses by theme under the
Environment andProfessionalResponsibilitypillar, while other departments less so. Under the
Society pillar, Wellness andHealthis covered the most and distributed among all departments
with the exception of ECE and MSE.
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Panel AT Environment

Sustainability

Panel Bi Society

in Design and Cultural
Planning Integration
25 25
20 : 20
Climate 5 CoLn%srt]aOrlvgtrion- 15
Change 1(5) Protection EDIA 1(5) Education
> (Equity, Scholarship
0 Diversity, in
Inclusivity, . -
Resource Water Accessibility) Sustainability
Usage Conservation-
Protection
Renewable- Wellness and
Efficient Health
Energy

e Cjvil & Mineral

= |\|echanical & Industriof====Chemical

Material Science

e F|ectrical & Computer === Engineering Science e Cross-Disciplinary

Panel Ci Economic

Panel D1 Professional Responsibility

Risk Justice, Policy,
Assessment, Legal,
Climate Government,
Changeé Political, Safety
25 Regulations
25
20 Research 20
GP rrg\(/jv?ﬁ “(\ggfa 15 Development, 15
' 10 Investment _ 1
> %—chrfvrvsor:f' Ethical / Moral
q Communicatio Responsibility
n Obligations
Industry, Economic
Organizations Feasibility

Trading,
Markets

Partnerships

== |\lechanical & Industriad====Chemical
e Other

== Cjvil & Mineral Material Science

e F|ectrical & Computer === Cross-Disciplinary

Figure 4.8: Sustainability content by pillar (number of courses), individual themes and
engineering department

Looking at the themes coverage by ydag(re4.9), most of the themes are covered in year
4, some in year 3, with years 1 and 2 having fewer themes. Undemntinenment pillar, the focus
tends to beSustainability inDesign,RenewableEnergy andLand Protection with somé&Vater
Protection andResourcdJsage and littl€€limate Change. Under thBrofessional pillar, the focus

tends to bdustice and._eadership with somigthics andPartnerships. Values for radar charts are
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in AppendixC.4.3 where they show a handful of themes that have no coverage at all in certain
departments. Note that all scales are the same on the radar plot to compare the relative numbers o

courses by themes.

Panel AT Environment Panel Bi Society
Sustainability
in Design and Cultural
Planning Integration
30 30
25 . 25
Climate 20 Land Air 20
Changé 15 Conserve_ltlon- EDIA 15
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Figure 4.9: Sustainability content (number of courses) by pillar, individual themes and year
course offered

4.4.2.2 Stage 2 / Syllabi (Deeper Analysis)

We coded 170 syllabi arfeigure4.10 breaks down the results by priority vs random courses
as well as by engineering department. As expected, we observed substantially more sustainability
content in the priority courses compared to the random courses. Despite similar proportions of

random carses being selected from each department, CHE anddisagglinary courses stand
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out for contributing disproportionately to the sustainability content unexpectedly found within the
random courses.

We compared the syllabi coding to the course descriptions and in general, as expected, there
were more themes being identified in the syllabi compared to the course descriptions. In some rare
cases, however, the syllabi focused on the operation of theecand did not provide enough
details to surpass the number of themes found in the course descriptions. Something we noticed
while coding is that typically, the syllabi that were relatively shorter in length were the ones that
identified fewer themes thahe course descriptions. We created a graph to determine if there
might be a correlation between number of topics and length of syllabi, as opposed to the content
in the syllabi itself. We found a slight correlation which may not be conclusive evidegoees-i
showing sustainability topics in the syllabi broken down by priority and ran&aureC.5), the
comparison of course description and sylldkg@re C.6) and the correlation between syllabi
length and number of sustainability topi€sgureC.7) can be found iAppendixC.4.4 Samples
of the text that coded in the syllabi are suppliedppendixC.4.2
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Figure 4.10. Comparison of priority and random courses by sustainability pillar for syllabi,
broken down by engineering department (n=170). Percentages calculated as a fraction of all
syllabi coded within a given department for each sustainability pillar.

4.4.2.3 Stage 3/ Instructor Survey

We received instructor responses for 123 courses. About 59% of the instructors contacted
filled out the surveys with similar uptake from the random and priority couFsgaré¢ C.8,
AppendixC.4.5. The response rate for both the priority and random courses were more than 60%
for all departments, except ECE and MSE which was less thanF3g6€C.9, AppendixC.4.5.

We broke down the responses by random vs priority courses and sustainability pillar for each

category in the survey (core focus, full unit, woven through course, incidental, not coregar (

SherryAnn Ram 81 2024



Chapter 4Crafting a Definition of Sustainability for Engineering Education and using it to Assess Curriculum

4.11; an alternate visual of the data is presenteignre C.10, AppendixC.4.5. We observed

that priority courses had more courses with sustainability topics as a core focus, full unit or woven
across all pillars, and an overall reverse trend for the random courses with sustainability topics
either incidental or not covered. Howeyéhe professional pillar had the highest percentage of
sustainability topics as core focus in both the priority and random courses. Further, the responses
for each theme under each sustainability pillar was broken down by engineering department
(Figure C.11, AppendixC.4.5. For Environment and Economic pillars, CHE and CivMin had
more themes as core focus or full unit, while ECE had fewer. There were fewer courses covering
the society pillar in general. For professional responsibility, there is a somewhat even spread acros
departments except for ECE.
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Figure 4.11: Depth of Sustainability by pillar from tHastructor Survey (n=123). The

percentage is calculated by taking the number of courses in that particular pillar and category and
dividing by the total number of responses for priority (ns6Ranel A and random (n=61)

courses Panel B. Note that eackirse was given the highest designation of any theme within

that pillar (ranked in order from core focus, full unit, woven, incidental to not covered). For
example, if a course had a core focus for the resource usage theme but incidental for other
themes nder the environment pillar, that course counted as core focus under the Environment
pillar. Note further that there is no clear
to prioritize dAful]l uni to was somewhat arbit

4.4.2.4 Assessment Summary

The results show that the sustainability content increases with each stage of the analysis. This

is because at each stage, there were generally more details (from course description to syllabus) ot
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the stage included the instructor withdapth knowledge about the course. A possible (or even
probable) interpretation is that the syllabus captures details missing from the course description,
while the instructor survey captures tacit knowledge alieutourse not captured by the syllabus.

On the other hand, it raises questions about why instructors perceive sustainability content that is
not captured by the syllabus topics and key learning outcomes: does this suggests an opportunity
to expand the sydbus to capture these implicit learning outcomes? Or might instructors too easily
attribute sustainability content to their courses that is not actually core to their learning outcomes?
Sections4.4.2.5and4.5.2provide a more thorough analysis comparing the different data sources
and discussing their respective advantages.

Regardless of the stage of analysis, the results consistently showed that Civil and Mineral
engineering had the most sustainability content while Electrical and Computer engineering the
least. For the priority courses, the syllabi consistently had maotarsatsility content compared to
the course descriptions. For random courses, the change in sustainability content from course
description to syllabi was less pronounced compared to the priority courses. When assessing for
depth, the sustainability themekdovered) were either woven or incidental more often than there
being a full unit or core focus of the course. For engineering, there are foundational theoretical
topics required for successfully completing the program so it makes sense for sustatoatait
woven or perhaps incidental in some instances whereas, some courses may be completely devotec
to a sustainability topic. For stage 1 (course descriptions) and stage 2 (syllabi), the environmental
pillar consistently had the highest sustainabilitpntent, followed by the professional
responsibility pillar. This picture changes for the stagaes3ructor survey), where the professional
pillar surpassed the environmental pillar. A possible reason for this difference is instructors
interpreting some the professional responsibility pillar themes as general rather than related to

sustainability.

4.4.2.5 Triangulation
44251 Overall Results

In this section we compare the coding from the course descriptions (CD), syllabi (SYL) and
instructor survey (IS). Note that we coded 170 syllabi and received 123 instructor survey
responses. However, the total number of courses where we had datahi@eadtages (CD, SYL
and IS) are 119, therefore we triangulated for the 119 courses common to all 3 stages. The results

were separated by priority and random courses and compared by sustainability pillar and
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engineering departmenFigure 4.12, Panels A, B respectively). To facilitate the comparison,
options fAnot coveredo and Aincidental 0 sel e
while allotheropt i ons, Awoveno, Afull wunito, Acore f
the number of themes progressively increased as the document type or knowledge of the course
became more detailed. The randomly selected courses generally matched fewealslitytai
themes overall compared to the priority courses. Looking at the results by sustainability pillar, the
course descriptions, syllabi and instructor responses were similar for society, while instructor
responses well exceeded the coding from thessodescriptions and syllabi for the other pillars,
regardless of the course being priority or random. Regarding the results by department, for all
priority courses, the average number of topics increased as the analysis stage got higher, with the
exceptionof MSE and ECE. This trend continues for the random courses in CHE and ESC but not
the other departments. In general, the themes from the instructor survey generally largely surpassed
those from the course descriptions and syllabi with the exceptioniEEre there were similar

results. Also noteworthy were the far higher instructor results among the randomly selected

Chemical Engineering courses compared both to other departments and to the document analysis
for that department.
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Figure 4.12. Comparison of the coding by document type and instructor responses. CD = course
description; SYL = syllabus; IS = instructor survéhe average by pillar (Panel A) is calculated

by summing the occurences for each theme under each pillar for all courses in that category
(priority or random) and dividing by the total number of courses for the category (priority or
random) and number tfiemes for the pillar (environmeniab, societyi 4, economid 6,

professional 4). The average by department (Panisl &)lculated by summing the occurences

for each theme for all courses in that category (priority or random) and department and diving by
the total number of courses for the category (priority or random) within each department. Note
that a value of 0.5 deenot necessarily indicate that half the courses covered all themes within

that pillar because some courses may score higher by covering more than one theme in a
particular pillar.
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44252 Coding Agreement

We calculated a percent agreemédfqyation4.1) to examine the difference in coding from
stages 1, 2 and J#éble4.4, an alternate version of viewing datd&igureC.12, AppendixC.4.6.
This calculation is the same one used to find percent agreement among coders when there are
multiple coders. We completed 4 sets of calculations: (a) between the course descriptions and the
syllabi (b) between the syllabi and instructor survey, (c) betvileercourse descriptions and
instructor survey and (d) among all three documeXiisagreement is when designations are the
same between or among course description, syllabi and instructor response for the specific theme,
i.e., all YES, all NO or all MAYBE Again,for the purpose of this analysis, instructor responses
were treated as NO when | isted as fAnot cover

nf ul |l uni to or ficore focuso.

Equation 4.1: Percent Agreement of Coding Among Documents

501 60 EE WD & 0bL "Y€ 0G0 QQa Q¢ b£
0 Qi ©QE&dO AU 2P T
NE oYomo BNei Qe 0o a Qf i

The percentage agreement between the course description and syllabi was relatively high at
>80% for the most part except for the partnerships theme. As the stages increased to course
material with more detail, the percentage agreement reduced. By definititurgl mgreement
among all 3 modes (assessment stages) was lower than between any pair of modes. The larges
disparity in agreement is among the themes under the Professional Responsibility pillar overall.
The other pillars had some themes with larger digpan agreement (e.g. Wellness and Health,
Resource Usage, Sustainability in Design, Economic Feasibility, Research and Industry) while

others had smaller disparity.

Table 4.4: Percent agreement of theding among the three document types (n=119). Course
description (CD), Syllabi (SYL) and Instructor Survey (IS)

CD&SYL | SYL& IS CD&IS ALL 3
Economic 96% 75% 74% 73%
Trading, Markets 98% 90% 90% 90%
Productivity, Growth, GDP 98% 83% 83% 82%
Industry, Organizations 97% 70% 70% 69%
Research, Development, Investment 96% 62% 62% 61%
Economic Feasibility 95% 65% 63% 62%
Risk Assessment, Resilient Infrastructure, and Climate Change Adapt| 92% 80% 7% 74%
Environmental 90% 75% 73% 69%
Land & Air Conservation / Protection 93% 82% 7% 76%
Climate Change 94% 74% 70% 69%
Water ConservationRProtection 92% 87% 87% 82%
Renewable / Efficient Energy 91% 79% 75% 74%
Sustainability in Design & Planning 86% 66% 66% 61%
Resource Usage 85% 61% 61% 55%
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Social 90% 74% 76% 70%
Education Scholarship in Sustainability 97% 86% 85% 83%
EDIA (Equity, Diversity, Inclusivity, Accessibility) 92% 76% 80% 73%
Cultural Integration 90% 76% 76% 71%
Wellness and Health 82% 61% 65% 54%

ProfessionaResponsibility 84% 62% 61% 56%
Leadership, Teamwork, Communication 90% 61% 56% 55%
Justice, Policy, Legal (Law), Government, Political, Safety, Regulation 88% 66% 66% 61%
Ethical / Moral Responsibility / Obligations 86% 54% 54% 52%
Partnerships 74% 68% 68% 56%

4.4.25.3 Courses Designation Changes

We compared the subset of courses coded across stages 1, 2 and 3 to determine how the codin
changed for each theme during the process. If the coding for the theme remained a YES, MAYBE
or NO for each stage of the coding, then there was no change. dfding ¢or the theme changed
from NO, MAYBE or YES to another code, their course designation change was noted. Note that
there is no assumption that the stages organized in terms of increasing accuracy, so each
subsequent stage does not override thebefhere.We calculated the percentage of courses that
remained the same after coding each stage and the percentage of courses that had a designatio
change Table4.5). For the courses that changed, they could do so in 1 of 6 ways from stage 1
(course descriptions) to stage 2 (syllabi). Three of those ways repmez@sustainability topics
as the stage increas®0 A MAYBE, NO A YES, MAYBE A YES. Three of those represent
fewersustainability topics as the stage increa¥&S A NO, YESA MAYBE, MAYBE A NO.

These types of designation changes reduce to 4 when moving from stage 2 (syllabi) to stage 3
(instructor survey) because there isfiAYBE 0 option in stage 3. Thkey insight is that most
themes are uniformly moving towardore sustainability topics (from @ A YES), especially

from stage 1 to stage 2 (course description to syllabi) and few specific thema§dkbngss &

Health; Justice & Policy and maybeSustainability in Design andPlanning) saw meaningful
offsetting reverse changes witwersustainability topics from stages 2 to 3 (syllabi to instructor
survey). These observations suggests that Stages 1 and 2 are generally unlikely to identify incorrect
themes, but they may miss themesadidition,there may be a need to clarify the few themes that
saw higher ombers of themes moving fromEB A NO. Finally, these results indicate that
different data sources can work in tandem to create a more complete picture than any one alone.
Additional advantages and disadvantages of each data source are discussed furthiéye under
Reflections Section4.5.2 Tables to show breakdown by priority and random course, both

standalone and nested are presentégppendixC.4.6
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Table 4.5: Comparison of courses coded the same and differently by theme for subset of course
description (CD), Syllabi (SYL) TOP (n=170) and Syllabi (SYL) to Instructor Survey (IS),
BOTTOM, (n=123). Same = % of courses that coded the same, Diff = % of coursesittht c
differently. NA M courses changing from NO to MAYBE ANY courses changing from NO to

YES, MA'Y courses changing from MAYBE to YES,A/N courses changing from MAYBE to

NO, YA N courses changing from YES to NOAY courses changing from YES to MAYBE

TOP: Course Description to
Syllabi (n=170)

Environment Same Diff NAM | NAY | MAY MAN | YAN | YAM
Sustainability in Design anlanning 86% 14% | 6 11 1 4 2
Land Air Conservatio#Protection 93% 7% 8 6 1 2
Water Consevation-Protection 92% 8% 3 9 1
RenewableEfficient Energy 91% 9% 5 7 2 1
Resource Usage 86% 14% | 5 11 2 2 3 1
Climate Change 94% 6% 8 5 1 1

Society
Cultural Considerations 90% 10% | 5 7 1 4
Education Scholarship in Sustainability 97% 3% 1 1 3
Wellness and Health 80% 20% |9 14 3 1 2 5
EDIA (Equity, Diversity, Inclusivity,

Accessibility) 93% 7% 4 5 3

Economic
Risk Assessment, Climate Change Adaptation 92% 8% 2 9 1 1
Research, Development, Investment 96% 4% 5 2
Economic Feasibility 95% 5% 1 6 1
Trading, Markets 98% 2% 1 1 1
Industry,Organizations 68% 32% | 2 2 1
Productivity, Growth, GDP 98% 2% 3

Professional Responsibility
Justice, Policy, Legal, Government, Political
Safety 74% 26% | 10 3 2
Ethical/Moral Responsibility Obligations 86% 14% | 6 13 1 2 1
Partnerships 88% 12% | 9 8 1 2 1
Leadership, Teamwork, Communication 91% 9% |6 7 2 1 |

BOTTOM: Syllabi to Instructor

Survey(n=123)

Environment Same Diff NAY | MAY MAN | YAN
Sustainability in Design anlanning 65% 35% 15 10 8 10
Land Air Conservatio#Protection 81% 19% 13 1 4 5
Water Consrvation-Protection 86% 14% 8 1 3 5)
RenewableEfficient Energy 78% 22% 18 6 - 3
Resource Usage 61% 39% 36 3 b 4
Climate Change 74% 26% 28 2 1 1

Society
Cultural Considerations 76% 24% 19 4 3 4
Education Scholarship in Sustainability 85% 15% 16 - 1 1
Wellness and Health 59% 41% 24 4 10 13
EDIA (Equity, Diversity, Inclusivity,

Accessibility) 76% 24% 24 3 1 2

Economic
Risk Assessment, Climate Change Adaptation 78% 22% 20 2 5)
Research, Development, Investment 61% 39% 3 2
Economic Feasibility 63% 37% 1 1 2
Trading, Markets 90% 10% 10 1 1
Industry,Organizations 68% 32% 36 2 1
Productivity, Growth, GDP 83% 17% 20 1

Professional Responsibility
Justice, Policy, Legal, Government, Political,

Safety 70% 30% 19 3 7 8
Ethical/Moral Responsibility Obligations 59% 41% [43 |5 1 1
Partnerships 66% 34% 29 7 3 3
Leadership, Teamwork, Communication 62% 38% 37 8 1 1
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4.4.3 Dynamic Interconnectedness Among the Sustainability Pillars
S2RQ3: What relationship exists among the key sustainability pillatisin the courses offered
in the undergraduate engineering program at the University of Toronto?
After coding all the course descriptions (n=556), we courtecourses in each gro(ge.,
each mutual combination of pillars) identifiedTiable4.1 (Figure4.13). As the shading darkens
on the figure, th@umber of pillars in the groupcreases. The number of courses that cover the
environment and professiorgllars individually is substantially more than any of ttieergroups
of pillars. The relatively low number of courses covering more than one sustainability pillar may

be indicative of teaching in a siloed manner rather than an integrative one.

Environment
104 (19%)
Environment Economic
40 (7%) 51 (9%)
Environment-Economic E conom ic SOCiety
12 8 (1%) 73 (13%)
Environment-Society Environ[g::)::}ji;onomio— Economic-Society Socie ty Professional
12 i 1 9 (2%) 82 (15%)
Envi t-Society- i iety- .
nvnl")rnomiiezlslion:;’ = Eco;lr(:,il;isoﬁdy Society-Professional P ro fe ssion al
13 8 13 28 (5%)
Environment-Economic-
Environment-Professional Professional Economic-Professional
5 5 0

Figure 4.13. Count of courses (and some corresponding percentages) in their sustainability
pillars andconnections to other pillars for all course descriptions (n=556)

A similar comparison was made for the subset of courses coded for stages 1, 2 and 3 (Course
Descriptions, Syllabi, Instructor Survey) and is presentedable 4.6. The percentage was
calculated by taking the number of courses in the group and dividing by the number of courses in
the subset (n=119). Standalone refers to courses containing only those pillars in that group whereas
nested refers to courses containingeast those pillars in the group. For example, a course
covering both environment and society would not be counted individually within the environment
pillar or society pillar on its own within the stasatbne results but would be counted under all 3
(environment; society; environmesbciety) under the nested resuli¢e presented the grouping

in Table 4.1. The results indicated in the table points to very few courses covering several
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sustainability pillars simultaneously according to the course descriptions and syllabi. However,
this changes when reviewing the perceptions of the instructors. Looking at the nested percentages
of the subset of courses, more than 25% of the coursesatleaihleast 2 pillars in a single course

from the IS whereas, for CD and SYL, consistently less than 25% of the courses have at least 2
pillars in a single course. This suggests there may be more tacit interconnections in how themes
are taught based onsinuctor responses than would otherwise be apparent from the course

documents alone.

Table 4.6: Percentage of courses for coded for each pillar combination when standalone (left)
and nested (right) (n=119)

Standalone Nested
CD SYL IS CD SYL IS

Groups of 1 (4)

Environmental 11.8% 3.4% 6.7% 31.1% 34.5% 56.3%
Social 2.5% 2.5% 2.5% 22.7% 32.8% 46.2%
Economics 1.7% 0.8% 2.5% 7.6% 17.6% 52.1%
Professional 6.7% 5.9% 11.8% 23.5% 37.8% 67.2%
Groups of 2 (6)

EnvironmentalSocial 5.9% 3.4% 0.0% 14.3% 21.8% 33.6%
EnvironmentalEconomic 2.5% 2.5% 5.0% 4.2% 15.1% 40.3%
EnvironmentalProfessional 2.5% 1.7% 2.5% 10.1% 23.5% 43.7%
SociatEconomic 0.0% 0.0% 0.0% 2.5% 9.2% 34.5%
SociatProfessional 5.0% 6.7% 2.5% 13.4% 25.2% 42.9%
EconomicProfessional 0.8% 0.0% 1.7% 2.5% 12.6% 43.7%
Groups of 3 (4)

EnvironmentalSociatEconomic 0.8% 1.7% 0.8% 1.7% 7.6% 26.9%
EnvironmentalSocialProfessional 6.7% 10.9% 6.7% 7.6% 16.8% 32.8%
EnvironmentalEconomicProfessional 0.0% 5.0% 8.4% 0.8% 10.9% 34.5%
SociatEconomieProfessional 0.8% 1.7% 7.6% 1.7% 7.6% 33.6%
Groups of 4 (1)

EnvironmentalSocialEconomieProfessional| 0.8% 5.9% 26.1% 0.8% 5.9% 26.1%

We also completed correlation analyses (Pearson, Spearman) using all the coding from all the
course descriptions and the subsets of courses for the cmsmdptions, syllabi and instructor
survey Figure4.14). The key for the abbreviations on the correlation matrices can be found in
Table4.7. Correlation in this case evaluates whether a certain theme is related to another theme,
that is if the occurrence or natcurrence of a theme affects the occurrence ofogoarrence of
another theme. The correlation range is from +dltavhere a +1 idicates that themes are either
both occurring or both naiccurring,-1 indicates that when one theme occurs the other does not,
and 0 meaning that themes are not dependent. The presence of a large positive correlation would
indicate a tendency among coairdesigners implicitly to treat certain themes as more strongly

connected.
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Figure 4.14: Correlation Matrices: Panel ACourse Descriptions (all), PaneliBCourse
Descriptions (subset), Paneli Gyllabi (subset), Panel DinstructorSurvey. Note that the
columns and rows with no values occur when there is no variance among the values in the data
for those themes. i.e., the standard deviation will be O (resulting in a denominator value of 0 and
hence no value)
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Table 4.7: Key for abbreviations in the correlation matrices

Environment Economic

EN1. | Sustainability in Design and Planning EC1. | Risk Assessment, Climate Change Adaptation
EN2. | Land Air ConservatiorProtection EC2. | Research, Development, Investment

EN3. | Water ConservatioiRProtection EC3. | Economic Feasibility

EN4. | RenewableEfficient Energy EC4. | Trading, Markets

ENS5. | Resource Usage ECS5. | Industry, Organizations

EN6. | Climate Change EC6. | Productivity, Growth, GDP

Societ Professional Responsibility

SO1. | Cultural Considerations PR1. | Justice, Policy, Legal, Government, Political, Safety Regulati
S02. | Education Scholarship in Sustainability PR2. | Ethical/MoralResponsibility Obligations

S03. | Wellness and Health PR3. | Partnerships

SO4. | EDIA (Equity, Diversity, Inclusivity, Accessibility) PR4 | Leadership, Teamwork, Communication

Correlations are presented among themes for all course descriptions and the subset of course
descriptions (Panels A and B). The most notable correlations are themes among the environment
pillar with Water andLand Protection highly correlating with each other and themes under the
Social pillar correlating with themes froRrofessional responsibility for examplestice,Policy,
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Legal, Government,Political, Safety Regulations(ProfessionalResponsibility pillar) positively
correlating withWellness andHealth Society pillar) (see encircled areas). Weakly negative
correlations occur between theeadership Rrofessional Responsibility pillar), EDIA and
Education (society pillar) and many of the themes iretheronmenpillar, potentially suggesting
a disconnect between these areas. For the syllabi (Panel C) similar correlations occur as for the
course descriptions but even moangections among pillars emerge where themidsin the
Society pillar correlateswith the Environment pillar and themesithin the Professional
Responsibilitypillar connect more strongly compared to the course descriptions. For the instructor
survey (Panel D), many of the themes correlate strongly with each other. Trends show the
correlations become stronger and more connected to other themes as the statjeg gétmore
detailedi course descriptiong syllabi A instructor survey. Strong correlations among results
from the instructor survey suggest a tendency of instructors either to report many themes as being
present or as being absent simultaneously. Whether this is related to course design (i.e., some
instrudors or courses prioritizing multiple sustainability themes and others mostly omitting
sustainability), or perceptions (i.e., some instructors systematically filling out the survey more
liberally than others) is an important question for future work. Cairoms separated by priority
and random for the subsets of course descriptions, syllabi and instructor survey are in Appendix
C.4.7

The connections among pillars increased as stage of analysis increased highlighting that
course descriptions alone may not be enough to assess sustainability in curfitidgrouping
of pillars to see connections among the pillars from the course descriptions and syllabi indicated
that theEnvironmental andProfessionalResponsibility pillars are taught more than Saciety
and Economics pillars, and in general, the pillars are taught in isolation with relatively little
interaction among them. This laok interaction is somewhat confirmed when we performed the
correlation analysis among the individual themes, with a few exceptions where some of the
ProfessionalResponsibility themes correlated with soeaciety themes. The emphasis on the
Environmental pillar aligns with prior studig412], [113], [120], [127][130]. However, for
engineering to advance in general and for sustainability, a more integrative and holistic approach
is recommended9], [10], [35]i [39]. Engaging with the societal, economic and professional
responsibilities are equally important in engineering education. The grouping of pillars and
correlation analysis from instructor responses indicate many connections among pillars, results

that are vey different from the syllabi and course descriptions. These connections in the instructor
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surveys are positive signs of an integrative approach but only represent a subset of the curriculum

and differs significantly from the course descriptions and syllabi results.

4.5 Reflections

4.5.1 Reflection on the Sustainability in Engineering Framework

This section is eeflection on what we learnt from using the framework to code the curriculum
documents, includes suggestions for potentially improving the framework with a possible alternate
version and presents insights from the instructors after completion of the.survey

Coding Procesg:rom the perspective of the student Pl (expert coder), the sustainability in

engineering framework worked well in that it was comprehensive and while coding, if the coder
took the time to become familiar with the framework, most of the documents cocid é&e with
confidence due to the detailed definitions of each theme. Howewsts challenging to become
familiar with the framework due to the length of the definitions. Because the student Pl developed
the framework and coded a large rhenof documents, the familiarity with the framework came
organically, provided the coding continued at a steady pace without too much time lag. In addition,
it was also prudent to have reasonable breaks during coding to avoid fatigue that might reduce the
guality of coding. From the perspective of the novice coders, we provided instrubtbareser,

one of the novice coders was a current engineering student, and this resulted in the novice coder
adding some interpretation beyond the codebook while codiogcircumvent this issue, we
trained the novice coder with a few courses to check for alignment and had extensive dscussion
about the qualitative coding method for this study before providing the remaining course
descriptions to the novice coder for coding. We present brief coding instructions and suggestions
based on lessons learntAppendixC.3.4

Coding OutcomesThe sustainability in engineering framework is intended for current use

and is meant to be a framework that continues to evolve as conditions will inevitably change with
respect to sustainabilitiRegarding the framework contenttse existing themes capturtte most

relevant content and so appeared to serve well as a comprehensive representation of sustainability
in engineering currently. Neverthelesshile using the frameworka small number of new
suggestions for inclusion arose duritige coding process ande discovered several ways to
potentially improve the frameworlk.hese improvements may help coders with any ambiguity

when coding for these topics in the future.
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- Better articulation of certain themeli the course descriptions and syllabi, some themes that
pertain to sustainability were not clearly articulated in the framework. These include (but are
not limited to) material selection, quality assurance, negotiations, project assessments, cost
modelirg, cost of capital all within the sustainability contextin addition, we found themes
that we thought could be refined in the professional responsibility pillar. These included the
leadership and partnership themasproving these themes to clarify thestainability aspect
versus these themes generalwould improve the framework. Also, due to the nature of
definitions, some chunks of text may have coded under more than one theme, for example,
water recycling could overlap withiater conservatioandresource usageDepending on the
lexical chunk of text in the documents analyzed, there may be confusion on how to code these
types of duplication.

- Inclusion of additional themesSome courses discussed areas of health, optimization and
decision making but it was unclear how to code these topics in the frameSawmikl life
cycle assessment (SLCA) could also be an addition for future iterations of the framework.
Another consideration is whethetudent reflection, critical thinking, identity and values
should be included in the framewokke also receiveduggestions from the instructor survey
regarding omissions in the framework, suchsastainablepractices and deployment in real
life, social license to operate amdcial impacts, construction safety (Internet of Things and
Artificial Intelligence Solutions), sustainability in worker safety and health (ergonomic risk),
Indigenous ways of knowingenewable energy analyses, impact analysigestigation of
netzero design, adaptive reuse, circular economy. Some of these were already considered in
the framework (e.g., reusing, circular economy, ways of knowing) while others could be
incorporatednto the framework to reduce ambiguity when using the framework in theefut

Framework suggestions for instructor survélie details in the framework were useful and

likely necessary for coding the material to ensure comprehensive results but having an additional
(alternate) shorter version of the framework might be more effective for both coding curriculum
material and thanstructor survey. An example of having alternate formats is the SDGs convention
where there are short and long titles for their gfiad$ These alternate versions might make the
framework more digestible for future coders. The alternate framework might also result in more
accurate instructor responses. This last commerassdon written responses received from the
instructorsand their suggestions to include themes that already existed in the framework (see prior

paragraph). Suggesting the addition of themes that already exist could be afkigstdnces
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where the instructors filled the survey without fully reading/digesting the definitions associated
with the themes, and perhaps made assumptions about the definitions from the theme name. Future
iterations may need a different balance of framework lengthctount for the limited time

instructors are likely to have to digest and respond to the survey.

4.5.2 Reflection on Assessing Curriculum

This section is a reflection on what we learnt methodologically from assessing the curriculum
around: using three sources of material (course descriptions, syllabi, instructor survey); the
triangulation process; discussion about information that was madvalitside of the study
purview; and exploring additional avenues for assessment.

Course descriptionsThis data source is universal, standardized, publicly available and

relatively short, making it easier to be comprehensive across courses. Course descriptions are alsc
arguably the best way to quickly understand the absolute core focus of each cowesesrtHiey

are often harder to interpret without more context, are less comprehensive and challenging to code
for depth in most cases.

Syllabi: This data source provides more insights in general compared to the course
descriptions. However, at the time of analyzing the syllabi, there was no standard format therefore
there were variations in content. Some syllabi used the course descriptioes asdtview and
provided information about the administration of the course in a single page with no more details,
while some syllabi were detailed with learning outcomes and weekly outline of topics which
helped in gauging the depth of contentielo this variation in the syllabi, it was challenging for
us to code the syllabi for depth. In addition, since the syllabi is the intellectual property of the
instructor and not centrally stored at the time of analysis, it was harder to collect the Kyita
that syllabi template format is now being used and they are stored centrally so for future work
syllabi having a standard format and sourcing them will likely be less challenging at UofT, though
similar problems may remain when generalizing thekilow for other institutions.

Instructor SurveyThis data source from instructors can provide insights beyond the course

descriptions and syllabi because they are likely deeply involved and most familiar with the material
in the course so potentially a good source for information to determine thendptthich each

theme is covered. However, this mode suffers from a potentially low response rate among a wide
set of actors (i.e., the instructors), is open to differences in interpretation among survey respondents

(both by coursé instructors for different courses interpreting thetrumenttopics differently,
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and within coursé instructors for the same course perceivimgtopics that igaught differently,

and is a high burden for multiple individuals to digest the codelbddtely requiring a more
accessible version for the survey. The tacit knowledge brought by instructors may also sometimes
be at odds with the core learning outcomes for the courselluswesented in the syllabus),
raising questions about whether implicit intentions (instructor survey) or formal course goals
(syllabus) remains a better measui@ elseperhaps simply two complementary indices.

Referring to the triangulation, while coding all 3 stages and using subsets rather than full
curriculum for stages 2 and 3 showed similar trends in representation of sustainability by
department and year, adding the additional stages did show potematpsing information
about sustainability in the curriculum and provided some insights on the depth. However, the
percentage difference between the course description and the syllabi were relatively small
compared to the large disparity and percentaderdiice between the course descriptions/syllabi
and instructor survey. For future studies, using the standard syllabi and having a more accessible
version of the framework for the instructors may reduce this disparity and oneexjugtt less
variability between the two data inputs.

The results section presented information that was provided officially through the documents
coded or the instructor survey. However, many instructors sent emails to the student PI or provided
additional feedback within the survey that contained pertiméotmation as follows:

- If there was limited or no sustainability, some instructors sent email to indicate such and opted
not to fill the survey. Examples include courses that are mathematics. Due to these responses
not being included in the analyses, the results may not be riefligctive of instructor
perceptions.

- Capstone courses are fully desiggised projects during the final year of the program that
amalgamates what has been learnt during the program. There are no formal lectures or course
materials, instead, groups of students have diversified projects, e#dthawdifferent
supervisor and client. For some of the engineering departntkeesg courses/projects may
have sustainability content but that depended on the particular project being undertaken for
some departments while other departments prioritizeinabiéty.

- Seminar courses or individual research projects, similar to capstone projects, may include
sustainability concepts but that is dependent on the themes or project chosen. Some do
emphasize what is required to become licensed as an engineer in Camadg bat include

sustainability
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- Someinstructors indicated that the syllabi do not effectively represent the sustainability
content taught in the course aradterated that sustainability concepts are prevalEmese
instructors sent additional course materials, but they were not coded for this study but could
be included in future work.

- Some instructors indicated that while they filled out the survey for the current state of the
course, there are plans to integrate more sustainability concepts like life cycle analysis,
recycling, circular economy, biodegradable materialkstrics of carbon footprint, and ways
to extend mathematics content like hohe theat equation plays an important role in
thermodynamics and heat transfer, which in turn is important for designingemsttation
energy and transportation systems. Conversely, some itsinclicated that sustainability
was included in the course but had to be removed due to a push to reduce content in courses.
We gleaned many insights and a reasonable picture of sustainability by applying the

methodology presented in this study, using limited resources. However, to have a complete picture,
analysing the full suite of content would be advisable @deall syllabi, survey all instructors

and includeadditional curriculum components likssessments/exams, lecture materials, learning
outcomes)i possibly using some type of natural language processing if human resources are
limited [303], [304] Among the techniques employed in this study, researchers are advised to
consider the advantages and disadvantages of the different approaches as outlined above. The larg
differences in results between course descriptions and instructor surveys soggestiuding

both data sources is likely worthwhile; at least in our study, syllabi provided only modest new
information while adding considerable effort to collect and code. Further, assessing content is
perhaps the first step towards integrating suatality in engineering and likely substantially more

effort beyond content identification is required to demonstrate sustainability in engineering
education. Pedagogical approaches and its effect on students learning at university and beyond are
potentialadditional areas to explore. This may include class observations, interviews, focus groups

and/or student perceptions to augment the document analysis and instructor surveys.

4.6 Limitations and Future Work

4.6.1 Limitations
There are several limitations identified in this study including human error associated with
gualitative coding; discrepancies, interpretation and oversight in the instructor survey; and non

inclusion of data submitted by email. Each will be discussearim t
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- This was a large dataset with the student Pl coding most of the data and some validation by
multiple coders with a subset of the data. Under ideal conditions with ample funding, the full
suite of data would have been coded by multiple coders. Due tantitegtibn, there may be
some themes that could have been overlooked or interpreted differently by another coder.

- There were both positive and negative comments regarding the design of the survey. Some
instructors found the survey straightforward to complete while others felt unsure about how
to answer the questions, were uncertain about how sustainability was defineere
apprehensive about the survey format. Some of these issues may stem from survey participants
answering the survey without fully reading through and internalizing the frameivork
definitions. There were clues that this may have been the casé¢rastoramentioned adding
themes that already were within the framework as mention&eation4.5.1 This may
suggest a potential need to shorten/simplify the framework (though at the expense of
completeness), or else may be an inherent limitation when trying to assess a concept as broad
as sustainability in a single study. In addition, there may heswe imterpretation of the themes
by instructors undelProfessionaResponsibility in a way that was not intended, which may
have inflated the results for this pillar. For example, ltieadershipCommunication and
Teamwork theme perhaps were interpreted as general by instructors, but we coded only when
specific to sustainability or a core focus of the course. ThemesPhkimerships and
Leadership may have been chosen without these themes being covered in the course as per th
definition in the frameworkThis assumption was verified by a response fronmsatructor
who sel ected fAcor e floeadership]edmwork dn€enchenicaidni p b
are a core focus of the course but was unsure how it pertains to sustair&dmtigyinstructors
also suggested other formats that would more aptly apply to their course. For exhenple,
options in the survey are time or weekort based, which can result in a somewhat distorted
view of the importance of sustainability in a course so another approachbeoatdund the
importance or holistic nature taken rather than on lecture or effort Eimally, thesurvey
could have potentially included finot sureo
and clarifications, especially around professional responsibility could be considered for future
work.

- There were some courses that have more than one instructor and subsequently we obtained

several responses for some courses. Within these multiple responses, there were differences
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in perceptions about what sustainability themes were covered in the course. This suggests an
area for future work to examine, explain and/or reconcile differences in instructor perceptions.
Assessing sustainability in curriculum using course description, syllabi or instructor
perceptions may not fully capture pedagogical approaches or learning by students, regardless
of specified outcomes. Student surveys, coding exams, lecture matermlplotsvations,
interviews and/or focus groups can all help towards building a picture of the sustainability
within the curriculum. As well, aspects of sustainability may be taught implicitly through
university culture and policies, as well as througkcuwicular activities that may not be
captured through the specific focus on cotrased curriculum we take in this study. The
method in this study is thus a starting point towards the bigger picture.

Relatedly, the present work focused on assessing sustainability knowledge and topics, rather

than skills and competencies, discusse®ection4.2, as an important complementary facet to

sustainability education.

4.6.2 Future Work

A few ideas for future work include improving the curriculum assessment method outlined in

this study, taking a closer look at the pathways for engineering departments at UofT and exploring

how much exposure to sustainability the students obtain baskdiparttical path, extending the

study geographically and temporally, and a simple but relevant question: How much sustainability

is enough? Each of these listed topics will be discussed.

Improving Curriculum Assessment Methols discussed, consider updating the framework

and method t@assess curriculum periodically and more broadly. There are suggestions for
updating the framework iSectiord.5.1 Regarding the method to assess curriculum, ways to
improve could be:including more course materials like assessments (exams), lectures,
textbooks,etc. and aspects of curriculum outside of courses (e.g., Professional Experience
Year (PEY), summer research opportunities, other @xtraculars). Could also consider

meta learning (e.g., course policies, EDI, etc. thatrenleaded in the experience but not part

of the course contenijmproving the instructor surveypéctiond.5.1) would potentially make

the process quicker and more accurate; and add student perception surveys to assess actue
learning outcomes. There is also the possibility of examining the analyses used and add
inferential statistical analyses to glean furthesights from such a large databaSan also
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have nore qualitative analysis on what specific topics got codeditionally, can mprove
ways to analyze depth beyond faculty and student survey.

- Engineering PathwaysConsider looking at the critical engineering path for each department

in more detail to determine where there may be strengths and deficiencies in sustainability
content and leveraging this information to build content within departments that arerdefici

The critical path refers to the specific courses and activities each engineering student needs to
take to acquire their degree in their chosen program. This student critical path analysis can
include a deeper analysis of the coseelective courses. Examining the critical path would
enable a clearer representation of what concepts are included in all degrees, rather than simply
capturing a list of concepts being offered (potentially in optional courses) by the department.

- Broader comparisonsConsider using the framework and method to assess engineering

curriculum at other universities and compare to UofT. There is also the option to do
longitudinal studies at UofT and other institutions to see how sustainability content change
over time. Thee studies can look back and forward to see the progression.
Finally, this study assessed sustainability, but the question remains: How much sustainability
content is enough:

- What constitutes a fair amount of sustainability content by breadth and depth, i.e. is more
content better or is deeper content better or should there be a balance bleétwe? Or
rather how should content be integrated?

- How connected should the pillars be in courses? More work is needed to define target levels
of sustainability content (balanced against other important learning outcomes), or to
investigate metrics for overall learning across the degree rather thandithiéiranalysis to

how many courses address each theme.

4.7 Study Conclusions

This study provided several contributions. First, we developed a framework to define
sustainability in engineering, specifically for us@gademia. This framework is generalizable and
comprises 20 themes grouped under 4 pillars: the three conventional pillars of environment,
society, economic and a fourth of professional responsibildaple4.3).

Second, we created a method to assess sustainability in the engineering curriculum using the
framework we developed. The method is hierarchical comprising 3 stages that involved both
gualitative and quantitative components. The qualitative componentgegtturstages 1 and 2
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through document analysis of engineering course descriptions (stage 1, all courses in program)
and syllabi (subset of courses in program). The quantitative component in stage 3 comprised an
instructor survey (same subset of courses as stage 2)EfAvieonment andProfessional
Responsibility pillar were typically more represented whileSbeiety andeEconomic pillars less
represented. Civil and Mineral engineering generally had more sustainability content across all
pillars while Electrical and Computer gineering had the least. The sustainability content
increased as the year in the program increased. We triangulated the results from all three stages of
the analysis to determine what are the similarities and differences among the three stages. We
found that the sustainability content increased as the stages of analysis progressed, with the course
descriptions showing the lowest sustainability content and instructor substantially more
sustainability content than stages 1 and 2.

Third, we analyzed the results to see if there are connections among the sustainability pillars.
When nested, the sustainability content in the course descriptions generally did not cross over
pillars. A similar trend is seen for the syllabi but thereracge connections among the pillars.

The connections among pillars increased still with the instructor survey.

We conclude that the framework developed to define sustainability will continue to evolve
and the assessment methodology created can benefit from additional analyses. However, we
gleaned useful insights about sustainability in the engineering curricubnmefach stage and the
study components can be applicable to other institutions wanting to assess sustainability in their

programs using multiple points of data inputs to determine the breadth and depth of content.
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Chapter5:Chaeg EHEmgi neer i ng Stiundaebitlsiodt
Perceptionfefhecugee Pract.i

5.1 Study Overview
5.1.1 Abstract

Engineering education for sustainable development should include holistic strategies within
the teaching practice to be able to address complex global problems. A possible approach is
reflective practiceas thispractice encourages deeper thinking, considers personal/professional
experiences, assesses biases, and questions the dew&iog process. This study explored
whether there were changes, and the nature of those changes in sustainability perceptions and
engagement inthird-yearundergraduate mechanical engineering students after exposure to a core
sustainability related course on designing for the environment.

This study analyzed reflective statements that engineering students completed at the beginning
and end of the course. The students were asked to reflect on sustainable development,
environmental stewardship, engineering responsibility and engagementntStuagged to
participate in this study by giving permission to use their statements. The resulting set iacluded
total of 86 statements, 43 pairs, representing ~22% of the class. The statements were analysed
gualitatively using deductive and inductive ads to code content and reflection, then compared
between the beginning and end of the course. The deductive coding was completed using a
sustainability in engineering framework, personal-@neironmental actions framework and
reflection types (descripte, dialogic, critical).

The sustainability in engineering framework comprised four pillars: environment, social,
economic and professional responsibility. Themes in the environment pillar were the most
prevalent compared to the other three pillars overall, and themes increasdtdrbeginning of
the course to the end of the course in all four pillars, with professional responsibility showing the
largest increase. The students showed a shift in perspective from leaning towards the
environmental pillar at the beginning of the txIto a more holistic perspective at the end of the
cour se. The studentsd statements also showe
beginning to end of the coursmwvards critical reflectionparticularly in the area of engagement.
These are promising results for integrating reflective practice within engineering education for

sustainability.
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5.1.2 Graphical Abstract
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5.2 Introduction

This studysuggestshat a holistic approach in engineering education is needed to incorporate
sustainability and that reflective practice can assist in that gbal study delves intstudent
personateflectivestatements in eoresustainabilityfocusedhird yearundergraduatmechanical
engineeringcourse The studyanalyze how student perspectivesid engagemershift from the
beginning to the end of the course and the nature of that change by presence of certain themes anc

the types of reflectian

5.2.1 Engineering Education for Sustainable Development

Present and future engineering must consider sustainability including sustainable
development (SD) and environmental stewardship (ES) as a priority to adusstasmability,
climate change efforteind aid in global challenges and complex probli805]. Engineers have
a role in managing natural systems, resources and energy to ensure responsitdadimrg
term use and preservation for the planet and society. To meet these responsibilities, it is important
to incorporate engineering education farswinability, Sustainable Development (SD) and
Environmental Stewardship (E8uring the engineering journg¢$7], [306], [307]

Currently, the necessary foundations for training an engineer are disciplinary engineering
knowledge coupled with an emphasis on application of knowledge for complex problem solving
[9]. Thus, engineering education typically includes fundamental theoretical and practical content
with some coverage of sustainability concefdi®7]i [129], [308] However, the sustainability
concepts, tend to lean towards the environmental pillar with less emphasis on social, economic,
and professional practice pillars or any interaction among fBe&j. The literature suggests that
engineering education for sustainability, SD & ES requires a rethink of how engineers are being
trained, and should aim to be holistic by incorporating all pillars of sustaindBifii{39], [275],

[276].

Prior studies argue thatholistic approach invoésattainment of a certain level of literacy or
understanding of sustainability principles which is then applied with specific skill, competencies
and attitude$10], [35], [36], [126], [132], [150] Experts also surmise that thelistic approach
incorporates all pillars of sustainability as a core part of the curricahohencourages systems
and critical thinkind148], [273], [310], [311]and multi, inter and transdisciplinary world 35].
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5.2.2 Students' Sustainability Perceptions and Engagement

One way to assess whether there is a holistic approach to sustainability could be through
student perceptions after experiencaugtainability incurricula elementdike a programcourse
or experiential learning activity (e.g. project, arts prograkfew studies (engineering and ron
engineering) highlighted the importance of incorporatingse aspect® advancesustainable
development in the curricu[da52], [158], [312] [314].

We found numerous studies in engineering that looked at student sustainability perceptions.
Somestudiescollected data on student perception usimgogssectional studydata is collected
ata single point in time without amgpeated measisgeither using guditative approachl159]i
[162], a quantitativénstrumen{151], [152] or mixed methodf315]. Some studies collected data
using a pre/post administration using a qualitative apprfE&e8y, [163], [164]or quantitative
instruments / concept mafib4]i [158], [316] For the crossectional studiefd51], [152], [159]
[162], [315] the student perceptions revealed a tendency to focus on the environmental pillar of
sustainability with less emphasis on the social and economic gilat$, [152], [160], [162]
although this emphasis on the environmental pillar was less distinct in one stiji§ribyerg
et.al., with students physically drawing the concept of the three pillars of sustaingdiibiy
Further, the qualitative studies indicated that reflective practice could be valuable for promoting
professional skills like leadership, teamwork, collaboration and encouraging self and global
improvemen{159], [161] For the studies that used a pre/post apprda«3ii [158], [163], [164]
several of the quantitative studies indicated more attention to the environmental pillar at the start
but a shift to a more balanced approach including all sustainability pillars at the end, for two of the
studieq156], [157]with little change observed in one styd$8]. Two of the studies had mixed
results with respect to social responsibility in engineering with one study showing a positive
change[155] while the other showing little effe¢l54]. The qualitative studies had promising
results indicating that design thinking (an iterative process including stakeholder / customer / user
interaction, problem definition, ideation, prototyping, testing) can encourage creativity which in
turn can aid irsocial and environmental design probldd®4], engi neer i ng st ude
arts programs can be beneficial in developing reflective thifké&3], and reflecting can help
engineers learn from past experiences, allowing advance questioning and enable more
interdisciplinary work[153]. Several studies not specific to engineering reinforced the ideas

presented in the engineering studies: emphasis on the environmentdllpiar[167], [312],
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[317] with some broader perspective of sustailitgtblike the inclusion of additional dimensians
social, ethical and cultural aspedfter experiencing a sustainability related co{t6é], [167]
Going beyond engineering studentso per cefy
engineering responsibility and corresponding engagement in sustainaBiitge students
recognized the importance of sustainabitioth personally and professionalyp1], [315]and its
associated responsibilif$18], [319] while others indicated sustainability in engineering can be
practiced but 1182}, [320pRurthér,ea stady by Mlilsert ed al. suggested that
engineering studentsodo belief and knowl edge
sustainability [321]. However, some studies showcase that responsibility in engaging with
sustainability seems to be hampered by the lack of confidence in being able to fulfill these
responsibilitiesand underestimating their rol@15], [319] and uncertainty in professional
capacity when facing complex sustainability challend®®], [320] France et.al indicated that
positive discussions of sustainability may improve these misgiy8igs. Another solution could
be for students to be conscious of and embr
achieved to solve sustainability challenges. Ttescious competency modwes identified four
(4) levels of competency: stage 1. unconscious incompetence, stage 2. conscious incompetence,
stage 3. conscious competence and stage 4. unconscious comfB#2h&tudents recognizing
that it takes time to move through these stages may feel more empowered to practice sustainability
in their career.
Studies where engineering education implemented reflective practices indigatsure to
design thinking can impact their career sustainability prafti®4)]; self awareness of considering
the broader context of social aspects and making ethical decisions after experiencing arts and
humanities coursefl53], [163] and deeper thinking aboutentity andresponsibilitytoward
sustainability (including policy and advocacy) in their career long §&23], [324] Thus,
reflective practice has the potential to encourage more collaborative, interdisciplinary, inclusive
and ethical approaches to engineering, involving stakeholders and communities in the-decision
making process, leading to more innovative, creative, adagigdesffective solutions that better
meet the needs of all involveld41], [144], [145], [149], [325], [326]

5.2.3 Reflective Practice
From the ideas explored in prior sections, experiencing a sustainability component in curricula

may shift students6é sustainability percepti
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practice can aid in creativity, connecting the sustainability pillars and interdisciplinary work.
Reflective practice may allow engineers to better understand the complex connections among the
sustainability pillars that influence their work and contrisute professional identity in
sustainability. These seminal works by Schon, Brookfield and MeZitd\[13] suggest that
reflective practice encourages learners to consider personal or professional experiences, critically
examine their values, biases, experiences, circumstances, assumptions, and the larger societal an:
cultural contexts in their chosen profession, then quedtow these factors inform future
decisions, solve problems and seek alternatieflspf these attributes beingdesirable for
sustainability. This reflection may raise awareness of how the economic, social and technical
aspects of engineering intersegtjiding learners to see how engineering solutions may have
unintended and unsustainable consequences, expanding their mind to challenge the design proces
and implement more sustainable solutions.

There are many techniques used to catalogue reflective prgg2icle One commonly used
technique is reflective writing which can includiaries, journaling, essays, and case stuthes,
are both formative and summativAssessing these artifacts of reflective practice is not
straightforward. Note that the assessment we refer to hessndbeelate to grading, but rather
discerning whether reflective practice takes place. However, there are frameworks that have been
extensively used in prior studifls5], [328], [329] These frameworks include the seminal work
of Hatton and Smith showcasing tigpeof reflection ranging from descriptive (accounting events
and reasons) to dialogic (questioning, considering alternatives) to critical (adding context,
consequenced)l65]; As h a n dpers§pectvedparsorials academic, civig28]; and
Mo o rciitesia like creativity, emotion, self awareness, self criticism, and future plafdgj.
Recently Rivera et. a[330]r econceptuali zed Hatton and Smi
practice to include more dimensions and clafitythis study, we will draw from Hatton & Smith
and Rivera as a way to assess the level of context and holistic thinking that students bring to their

reflections.More information about reflective practice is provided in Apperdik

5.2.4 Research Opportunity

This study explore whether third year mechanical engineering studérgsistainability
perceptionsand engagement changafier exposure to a sustainability coulseanalysing the
studentsé6é reflections, operationalized throu

start and end of the coursgnhe study incorporates three topics: reflective practice, sustainability
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and engineering. Very little work was found that simultaneously covered engineering,
sustainability and reflective practi¢@59]i [164] and even fewer with pre/post inclusifib3],

[163], [164] The study by Clark et gl164]e x pl ored studentsdé creati
during a course called fnDesign f or-stagehdesigrEn v i
thinking process were taken at the midpoint and end of the course. The studies by Campbell, Kim
et al.[153], [163]explored the role of reflective practice specifically in the context of an arts and
humanities graduate course (not undergraduate) in civil engineering and how that practice might
broaden an engineer s per spect ietyandsustaingbdity.e r a |
This study is building on these past studies in several dimensions:

- Student Perceptions: assessing for specific themes within the sustainability pillars of
environment, social, economic, and professional responsibility to determine if there is a shift
towards a more holistic approach.

- Student Engagement: exploring the transition from perceptions to actions in their current,
present, and intentional futuemgagementoth personal and professional.

- Student Reflection Type: analysing the types of reflection to determine the nature of the
change in student thinking.

The study achieves these goals by evaluating reflective statements requested at the beginning
and end of the <course. Coincidentally, t he
Environment o | i ke {164, bustheutdoycoutsgs apgpéanto kavearostlya |
distinct contentA summary of a subset of the studies cited in this introduction is presented in the
AppendixD.1.

5.2.5 Research Questions

S3RQL Howdo¥year mechanical engi sdsustdinabiity changed e n t
on an aggregate levélom the beginning to the end of a core sustainabiétgted course?

S3RQ2 What was the nature of the change among the studiéatsy) in content and reflection

type? Was there an evolution of sustainability thinkimgperceptions and engagemdytthe
studentdrom the beginning to the endtbe ®urse?

5.3 Methods

5.3.1 Design Overview
MIE31571 Design for the Environment is a third yesrdergraduat®lechanical Engineering
Core Course at the University of Tororftdourse Description imable5.1). MIE315teaches life

cycle assessment (LCA) processes, Design for the environment principles (Dfe), includes a team
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projectbased assignment amdtegrates communication and reflective practice as part of the
course Note that even though the course title and description indicate a potential leaning towards
the environmental pillar, in a study looking at undergraduate engineering curriculum, the instructor
and course materials indicatdzhtall pillars of sustainability are covered in the coulsgpendix

D.3.1) [309], suggesting a holistic nature to the course.

Table 5.1: MIE315 Course Description

MIE315 1 Design for the Environment

Life Cycle Assessment for the measurement of environmental impacts of existing produ
processes. Design for Environment principles for the reduction of environmental impacts
product and process designs. Functional, economic, and societaisnalyght for use in

major tearawritten project to compare and contrast two product or process alternative
client. Instruction and assessment of communication centered around course deliverat
will form part of an ongoing desigportfolio.

For the reflective practice piecstudentswere asked to submit Personal Statements on
Sustainable Development (SD) and Environmental Stewardship (ES). In these statements, the
studentsvere asked to define these terms and reflect on how these terms relatedndimsering
responsibilitiesengagement, course project, career goals and broader engineering (@a@iikext
5.2). These student personal statements will be used in this Stoelyull assignment is provided
in AppendixD.2.1

Table 5.2: MIE315 Personal Statements Assignment Instructions

Preliminary Personal Statemen{PS1)
The Preliminary Personal Statement on&IES asks you to look back and shob&500
750 words and should includeue January 2023)
A A high-level definition of your understanding of sustainable development and
environmental stewardship and the responsibilities of engineers in these areas.
AExamples of how/where youbve engaged
out side of school (and note that som
consider these responsibilitiesatdai nd t hat 6 s an i mport a

Final Statement(PS2)
TheFinal Statement on SR ES asks you to look forward and should be either a1l
word statement or record & B minute video and will (due April 2023):

A Definesustainable development and environmental stewardship and the responsi
of engineers in these areas, as you understand them.

A Analyze the projeebased action involved in your term project based on this
understanding of SB ES. Here, you can reflect on how your team approached the
alternatives, the choices that were made, and, perhaps most importantly, whethel
feel your team went as far as they could with&BS considerations.

A Reflect on the goals you have for your career-goatiuation and consider the
affordances and challenges that path might have fror& &3 standpoint.
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For this study we used@neGroup Pre/PosDesign[331]. In this type of design, a single
group is used with a p@bservation taken at the start, then an intervention is applied, and another
postobservation is taken. In this case, the intervention is implicit thrtnegfIE315 course The
pre/postobservations are reflective practice operationalized through personal stateh@ents
students were askedgabmit at two intervals: the beginning (preliminary staternfesf) and the

end (final statemenPS3) of the course.

5.3.2 Participants and Data Collection

Torecruit participants, the student researcheA(Ram) attended the MIE315 class to briefly
present the research and request students to provide permission to use their statements. There is n
relationship between the students and the student researcher beyond this class interaction and bein
a teachingssistant to a few random selection of students two years prior for a core course that is
taken by all firstyear undergraduate engineering students. réeearch advisoof the student
researcher (D. Timgyi) designed the assignment prior to and independent of the present research
andretained communications instructors to grade the assignments. Howevesgaeeh advisor
was not aware of the students that optefbiirihe study until aftethe communication instructors
submittedthe final grade$o the studentdVe provided a fornthrough REDCagfor the students
to voluntarily provide permission to use their statements along thdir demographic
information. The full form (survey)is available inAppendixD.2.2 The MIE315 class ran from
January of 2028 April 2023 and the data collection permission form was open ffosptil i
15" May 2023. The participants were incentivised through three (3) raffle prizes each worth $50.
We received 49 responsdsowever, we removed 6 responses after data cleaning: duplicates,
students not providing permission and statements that did not have a matching pair, leaving 43
pairs (43 each of preliminary and firsthtementstotal of 86)of personal statements for analysis.
The research was approved by the University of Toronto Research Ethics Board under protocol
40378. The participantsere advised that any identifying information will be removed from the
data before being analyzed or presented in the study.

We sent the list of students providing permission to use their data to the ingindresearch
advisors(D. Tihanyi) who then provided thetudentresearcher (SA. Ram) with the statements,
after the course ended and grades submitted. Of the 43 partiogmainis in to the studyl8

(~40% were women an@5 (~60% were men. For the course, a total of 194 students were
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enrolled(79 women, 115 menResponses by gender based on enrollment were ~22% each for
men and womenHjgure5.1, Panel A). Mechanical Engineering students are asked to select two
(2) out of five (5) available streams. For the study, more students in the Energy & Environment
and ManufacturingStreamsprovided permission to use their statements compared to overall
enroiment and fewer students in Mechatronics, Solid Mechanics and Design, Bioengineering
provided permissioto use their personal statements, compared to overall enrdlRiguate5.1,

Panel B, blue bars). In terms of religions affiliations and political leanings, the majority of the

participants were nereligious/nonspiritual and liberalKigure5.1, Panel C and D respectively).

Gender (Panel A Streams (Panel B)

Bioengineering IE———
; Solid Mechanics & Design E—"
Manufacturing EEEE——t
Man - Energy & Environment I

Mechatronics T

Woman

0% 20% 40% 60% 0% 20% 40%
® % Enrollment m9% Study ® % Enrollment m% Study
Religious (Panel C) Political (Panel D)

50% . - i
° = Non-Religious/Non-Spiritual = Liberal
30%
40% u Slightly Religious u Moderate
30% Spiritual but not Religious 20%
Prefer not to
20% Very Religious answer
10% I u Prefer not to answer 10% l Other
0% l | Moderately Religious 0% = Conservative

Figure 5.1: Demographic information for the studycluding gender distribution, choice of
engineering streams, religious goalitical leanings.
5.3.3 Data Analysis

We qualitatively analysed the 86 personal staten{dBtpreliminary PS1 43 finat PSJ. We
compared the results to determine if there were any changes from the beginning to the end of the
course Figure5.2). The aim is to understand the sustainability perspectindsengagemermaf
the students and determine whether there were any changes in those perspectives, their values, an
nuancesgconnectiongrom the beginning to the end of the couMée compared at the aggregate
level (RQ1) and at the individual level (RQ2).
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We codedleductivelyandinductively, in 3 cycles, in that ordewe used both deductive and
inductive coding methods because inductive coding typically complements deductive coding in
identifying additional or emerging themes and patterns beyond those present in the deductive
codebooksand t o gain even dee paonaistatemegd32.s I nt o t

Data Collection (MIE315)

Preliminary Statements PS1 (n=43)
Final Statements PS2 (n=43)

Compare: PS1/ PS2

(Qualitative Analysis)
RQI | RQ2
L
Themes Nature of Change
Course/Aggregate Student/Individual

(Deductive) (Deductive, Inductive)

I

v v

Sustainability in Engineering Framework! Perception Engagement

Personal Pro-Environmental Actions

Framework?
Content <

Reflection?

Figure 5.2: Analysis Method for the study. Collected personal statements ffoyaed

mechanical engineering students at the University of Toronto in winter 2023 (n=43 pairs) at the
beginning and end of a sustainability related course on designing for the environment.
Statements qualitativenalyzedand compared before and after. The numbers represent
deductive frameworks used to code the data.

s, A. Ram, D. Tihanyi, H. L. Maclean, and 1 .
forengineeringeducatm and applying it to assess curric
April 2024 to Sustain. Sci. Technol., pp.4B, 2024.

. A. Ram, H. L. MaclLean, D. Tihanyi, L. Hai
between carbon literacyandpgon vi r onment al acti ons among eng
vol. 9, no. 11, p. e20634, 2023pi: 10.1016/j.heliyon.2023.e20634.

5N . Hatton and D. Smit h, ARefl ection in teacl
i mpl ementation, 0 Teachpp.334,a89%Doi: 40160742 vol . 1
051X(94)00012U.

S3 RQ1:To determine studerdghange in perceptions from PS1 to PS2 at the aggrégate
course levelwecoded deductively using 2 frameworiistainability in Engineering Framework
(Section5.3.4.) [309] and Personal PfrBnvironmental Actions FrameworSection5.3.4.9
[333]. We chose these codebooks (from our own prior waik) they are applicable for this study
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becauseve are trying to compare how the student
from the beginning to the end of the course and these frameworks cover sustainability concepts
from professional and personal aspects.

S3 RQ2:For assessing the nature of the change between PS1 and PS2, we compared the
studentperceptionsand engagementseebullets below for more informatignWe coded for
contenf both deductivly, inductivdy, and byreflection typedeductively. To assess theflection
type we used the reflection framewa(8ection5.3.4.3 [165]. We coded the data fboth content
andreflection to showcase any differences in thinking between statements

PerceptionsFrom thecourseassignment instructionthe students were specifically asked
define sustainable development (SD) and environmental stewardsh)p di$the engineering
responsibilities associated with themrable5.3) in bothPS1 and PS2Ve thus compared two (2)
definitions: SD, ES and the engineering responsibilities associated with these definitions in PS1
and PS2 byontentandreflection

Table 5.3: Assignment Instructions PS1, PS2 Definitions and ResponsibRgéections
Preliminary Personal Statement
A A high-level definition of your understanding siistainable developmeand
environmental stewardshgnd theresponsibilities of engineeis these areas.
Final Statement
A Definesustainable developmeandenvironmental stewardshgnd theresponsibilities
of engineersn these areas, as you understand them.

Engagementin PS1,the students were askéd transition from theimperceptionsabout
sustainability to theiengagement/actiona SD and ES by highlighting what they are currently
doing and also looking back at how they might have engaged in the pRS2 Istudens were
asked to look forward and explore engagement in what they did inctheseproject and how
they might applySD and ESto their career goals going forwa(@able 5.4). For the PS1
statementswve categoriedthe types of SD and ES engagements describethd PS2 statements
we explored themes that emerged from the projeased reflectionand the affordances and
challenges through engagement with SD and ES in their ctrerfinally we compared student
engagement to observes changes ara/onectios (if any)between PS1 and PS2 engagement
again bycontentandreflection

Table 5.4: Assignment Instructions PS1, PS2 Engagement Reflections
Preliminary Personal Statement
AExampl es of h engdgediittethese resmonsibilities, boim school and
outsideof school (and note that yometdii e
considerthese responsibilitiesatdlland t hat 6s an i mport a
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Final Statement
A Analyze the projeebased action involved in your term project based on this
understanding of SD & ES. Here, you can reflect on how your team approached tH
alternatives, the choices that were made, and, perhaps most importantly, whether
feel yourteam went as far as they could with SD & ES considerations.
A Reflect on thgoalsyou have for your career pegtaduation and consider the
affordances and challeng®t path might have from SD & ES standpoint.

The studentresearchecompleted all the coding using Microsoft Excel and NviTbe
Sustainability in Engineering and Personal -Ertvironmental Actions frameworksidebooks
were used by thetudentresearcher in two prior studies where there were additional coders to
verify theutility of the deductive frameworks ampglality of the coding by thstudentesearcher.
Note that a single coder coded for reflection type, so the coding is open to interpretation and
uncertainty by the coder. While we did not use the automated outputs from Nvivo (they provide
broad strokes of the data and can code the same concept unifdemades), the generated word

clouds, are presented AppendixD.3.3

5.3.4 Frameworks for Deductive Coding

5.3.4.1 Sustainability in Engineering Framework

The Sustainability in Engineering framework comprises 4 pillars: Environmental, Society,
Economics and Profession@igure 5.3) [309]. Each pillar has sub themes (total 20), that we
consider currently important for sustainability, knowing that the framework awititinue to
evolve.The full codebooks are provided 8ection4.4.1 [309].

Sustainability in Engineering Framework

Environment Society Economic Professional

Sustainability in Design & Planning Cultural Integration Risk Assessment, Climate Change Justice, Policy, Legal (Law)
Adaptation, Resilient Infrastructure Government, Political

Land / Air Conservation / Protection Education Scholarship m Sustainability N
- Research, Development, Investment Safety, Regulations
Water Conservation / Protection Wellness / Wellbeing and Health : ’ .
- Economic Feasibility Ftbical / Moral
Renewable / Efficient Energy EDIA i - Responsibility / Obligations

(Equity. Diversity. Inclusion. Accessibility Trading, Markets .
Resource Usage . . . : Partnerships
- - Industry, Organizations
Climate Change o Leadership, Teamwork

Productivity, Growth, GDP Communication

Figure 5.3: Sustainability in Engineering Framewd309]
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5.3.4.2 Personal Pro-Environmental Actions Framework

The PersonaPro-Environmental Actions codebodkigure5.4) [333], [6] comprise actions
designated as high, moderate or low impact to regacsonakemissions (compiled from several
studies).The ull codebook provided iAppendixB.2.6[333].

s N s
1 fewer child Recycle fully
Car free Laundry cold water
Vegan diet Hang dry clothing
long haul flights Efficient HVAC
. J -
High
>0.8 tCO,eq 0.8 and >0.2 tCO,eq

Figure 5.4: Personal Actions to reduce Green House Gas Emis@bns

5.3.4.3 Reflection Framework

We presented several frameworks in the introduction that can be used to assess reflection. In
Hatt on and Sniil6glhhere aré threentypes of rekection: descriptive, dialogic and
critical with no hierarchy, meaning that each type of reflection is useful and one type is not
regarded as better than another type, rather the types of reflections represent developftsental sh
as one moves through the reflection typesThi s fr amework i s devel
ARef |l-enfAtcito o n 0 wh i c h aftery pituatian ltol learn fvoon ¢he experience or
deduce meaning. Note that Hatltuodne aShcdh oSnéi st hidRs
inrActi ono whi c hdutinggsituatepr dr ip practce ta aidsin decisioraking, but
the devel opmental nature of eachin-Agpieownd. riknm
study, we ar e expl eomRemegptiors ofuS,eES tarsd GespBrsibilityeand i o
Réflection-on-Action through past and projected engagement in SD and ES.

I n Hatton and Smithodés fr ame wo Déscriptifed\sitmgn i ¢ a |

is not considered reflection and is a reporting or description of events that could include higher

order thinking. Reflection begins wiescriptive Reflectiowhich moves beyond the describing

of events and provides reasoning, explanation, justification, alternate viewpoints and personal

judgement on an activityr event Reflection continues witBialogic Reflectiorwhich builds on
descriptive reflections and becomes more analytical by providing numerous alternative

perspectives or personal judgements #mefe may be an internal dialogue/discourse when

SherryAnn Ram 114 2024



Chapter5Changes in Engineering Studentsé Sustainability

considering these alternatives, judgements, or solutmigcal Reflectionfurther builds on the

prior two to include or consider the broader influence by social, cultural, political, historical issues

and perhaps the moral underpinninggy(re5.5).

Reflection Types

| I
C Descriptive ) ( Dialogic > *

T Tt @ &

Explanation, justification Internal dialogue/discourse Consider Social, cultural,
Typically one activity or event ~ Numerous alternative perspectives political, historical issues
Personal judgement Personal judgements Moral underpinnings

Figure 5.5: Graphic created based adapted descriptions of Reflection Types from Hatton and
Smith (1995)165]

For this study we chose Hatton & Smith due to the types of reflection getting broader, from

descriptiveto dialogic to critical. Applying the Hatton & Smith framework allowed us to assess

the degree with which students focused on broader systems context in their writing. Specifically,
a shift from descriptive to dialogic would indicate development of an internal dialog that censider
more perspectives and goes beyond a direct explanation or justification for actions taken. Likewise,
a shift from either desiptive or dialogic toward critical would indicate an attempt to reflect upon

the broader systems at play, which would show successful engagement with the holistic approach
required for sustainability in engineering education. Such consideration of syetelmsgider
influences might also suggest deeper engagement with the need to think about interactions among
the social, economic and professional responsibility pillars of sustainability that go beyond the
environmental pillar alone. These shifts do notessarily imply deeper reflections, as Hatton and
Smith notel that it is possible to have superficial critical reflection or profound, nuanced
descriptive reflection (and vice versa). However, we focus on the addition of context as a potential
measure for success in thinking about sustainability, that is develagdnstaps towards
ARef l-m-Att oono f orlnalditemn, this work is seminat, 3nd this framework has
been used continuously since publication. Whiékeuse Hatton and Smith as thain framework

in this study, Ri verads reconceptualization
needed330]. We also note some similarities with, and referencing of Hatton & Smith by Moon,
Ash and Claytoi328], [329]. Thefull codebookis provided inAppendixD.2.3
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5.4 Results and Discussion

5.4.1 Sustainability Perception Changes - Aggregate/Course Level
S3RQL Howdo¥year mechanical engineering student
on an aggregate levélom the beginning to the end of a core sustainabigtated course?

This section presents tiseistainability perceptions at the aggregate l&éeeh the deductive
coding process. We coded the 86 (43 pairs) personal statements and compared them using the
Sustainability in Engineering Framewahd the Personal Riénvironmental Actions Codebook,
both described in the methods sectemd presented in full iBection4.4.1 [309] and Appendix
B.2.6 [333] respectively We comparedhie frequency of the themes occurring between the
preliminary(PS1)and final statemen{®S2).Note that when compiling / quantifying the themes,
a theme was counted once for a statement regardless of whether the theme occurred multiple times

or only once in that statement.

5.4.1.1 Sustainability in Engineering Framework

The Sustainability in Engineering Framewockmprisesfour (4) sustainability pillars:
Environment,Society, Economic, andProfessionalResponsibility,andtwenty (20)themes. All
themesoccurred in the statementdowever, themes under tl®vironment pillar occurred more
frequently compared to the other pill{ggure5.6). Specifically, under the Environment pillar,
the topics of Sustainability in Design, Resource Usage, Renewable Energy, Land and Air
Conservation / Protection were more prevalent with fewer occurrences of the topics Climate
Change and Water Conservatidarbtection Figure5.6, Panel A).

In all but one of the 20 topics, the occurrences of the topics increatiesl final statement
(PS2),compared tdahe preliminary statement (PSThe most notable increases occurred under
Research, Development, Investm@itonomic pillay (Figure5.6, Panel B) and Partnershigsd
Stakeholder Engagemefftrofessional Responsibility pilla¢Figure5.6, Panel D) The source of
these increases in the PS2 coding may be linked to the LCA projects the students were asked to
complete involving a comparison of two alternatives of a product in PS2. As attespuk#ngaged
in extensive research and product cwstluring their projects and also needed to reflect on the
nature of sustainability in practice that invalveultiple team members, stakeholdetsugh

decisions they needed to make, and where they may have faced challenges.
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Environment (Panel A)

Climate Change (] o
Water Consrevation-Protection { N
Land Air Conservation-Protection [
Renewable-Efficient Energy [ ] ®
Resource Usage (]
Sustainability in Design and Planning [ ] [
0 10 20 30 40

Society (Panel B)

Education Scholarship in Sustainability (] ®
EDIA (Equity, Diversity, Inclusivity, Accessibility) oo
Cultural Considerations o o
Wellness and Health e o
0 10 20 30 40

Economics (Panel C)

Trading, Markets @
Productivity, Growth, GDP  @®

Risk Assessment, Climate Change Adaptation [ X}
Industry, Organizations ® ®
Economic Feasibility [ ] L
Research, Development, Investment o )
0 10 20 30 40

Professional Responsibility (Panel D)

Ethical/Moral Responsibility Obligations @
Justice, Policy, Legal, Goverenme®nt , Political ,h &
Leadership, Teamwork, Communication ([ ] o
Partnerships [ ] L
0 10 20 30 40

@PS1 @ PS2

Figure 5.6: Frequency of Topics from the Sustainability in Engineering Framework from the
Preliminary (PS1) and Final Statements (PS2) The green boxes highlight significant changes in
frequency from PS1 to PS2.

Other notable increases occurred in Climate change, Renewable / Efficient Energy,
Sustainability in Design (Environment pillafsconomic Feasibility Industry / Organizations

(Economic pillar), andLeadership, Teamwork, CommunicatigRrofessional Responsibility
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pillar). The additional increases in the Environmental pillar themes are likely because the LCA
process itself is part of the Sustainability in Design theme and some of the attributes the students
considered were global warming effecihate Change theme), smod dndAir Conservation
theme), and acidificationNaterConservation theme).

The exceptiomoticedis a decreasé Education and Scholarship in Sustainabi(iBocial
pillar) from PS1 to PS2.e.,the themeccurred more frequently in the preliminary statement than
the final statement~{gure5.6, PanelB). A possible reason for this change from PS1 to PS2 for
Education and Scholarship i n Suseutremtiamdafpast!| i t
sustainabilityengagement leaned towards their personal choices and inatudieshchand
educationwhile the in PS2, the focus changed to project based and career reflections which
potentially made this topic less prevalent.

The themes coded in the student personal statements in this study werheobesl with a
study that assessed the sustainability in the engineering curriculum at UofT where the MIE315
course was coded using the same Sustainability in Engineering FratigmnRam et al[309]. In
that study, the MIE315 course was evaluated in three stages, the course description (stage 1) anc
syllabus (stage 2) were coded, and the course instructor provided their perceptions (stage 3). The
course description returned few themes from the framework, the syllabi more themes than the
course description and the instructor perceptions returned all themmasthieo framework
(AppendixD.3.1). Thus, while all themes are represented after coding the student statements in
this study, similar to the instructor perceptions in the Ram et al. study, we attempted to associate
the frequency of the themes in this study to the depth of coverage @éatimathe instructor and
observed that for thEnvironment pillar, there is some alignment between the depth of coverage
by the instructor and the frequency of themes in the student statements from this study, but that
association is less so for the other pilladpgendixD.3.1). Samples ofquotes matching each
deductive theme aggrovided inAppendixD.3.2.1

We also compared how the themes coded changed from PS1 to PS2, i.e. if a certain theme
was coded for both PS1 and PS2 by a student, then that theme remasasdebiberwise, there
is achangefor that student. The themes that remained the same or had a change for each student
are summarized i(Table5.5). We calculated the percentage that remained the same or changed.
The themes can change in 1 of 2 wdliey were coded in PS1 but not in RB2YESA NO or
they were not coded in PS1 but was coded ind?8ID A YES. For most of the themes, theme
percentage was relatively high compared to ¢hange percentage. Notable differences are
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Education Scholarship in Sustainability which shows a relatively large decrease from PS1 to PS2
and Partnerships, Leadership, Communication and Teamwork and Research, Development,
Investment which showed relatively high increases from PS1 to PS2. The likely reasons for these
changes were discussed in the prior paragraphs.

Table 5.5: Comparison of statements that coded the same or had a change by theme for PS1 and
PS2. Same = % of students that coded the same, Change = % of students that coded differently.
YA N students changing from Yes to NOAN students changing from NO to YES

PS1, PS2| PS1, PS2 PS1, PS2| PS1,PS2
Same Change Change Change
% % YAN NA'Y
Environment
Resource Usage 98% 2% 0 1
Sustainability in Design and Planning 81% 19% 0 8
RenewableEfficient Energy 70% 30% 2 11
Land Air Conservatio#Protection 67% 33% 6 8
Water Conservatio®rotection 67% 33% 6 8
Climate Change 67% 33% 2 12
Society
Cultural Considerations 70% 30% 5 8
EDIA (Equity, Diversity,Inclusivity, Accessibility) 65% 35% 6 9
Education Scholarship in Sustainability 60% 40% 13 4
Wellness and Health 53% 47% 9 11
Economic
Trading, Markets 93% 7% 1 0
Productivity, Growth, GDP 88% 12% 2 3
Risk Assessment, Climate Chanygaptation 72% 28% 5 7
Economic Feasibility 60% 40% 4 13
Industry, Organizations 58% 42% 5 13
Research, Development, Investment 56% 44% 2 17
Professional Responsibility
Ethical/Moral Responsibility Obligations 72% 28% 5 6
Justice Policy, Legal, Government, Political, Safety Regulatio 67% 33% 5 9
Leadership, Teamwork, Communication 53% 47% 6 14
Partnerships 47% 53% 5 18

We also completed correlation analyses (Pearson, Spearman) between PS1 &iguRS?2 (
5.7). The key for the abbreviations on the correlation matrices can be fourabie5.6. The
correlation evaluates whether the occurrence oraoonrrence of a theme affects the occurrence
or nonoccurrence of another theme. A positive score (maximum +1) indicates that themes both
bot h

together. A score of 0 means the themes are independent. Generally, we see more correlations

occur , or dondt o c cllindicates that theamgsadb nhov azcurs ¢ 0
among themes in PS1 compared to PS2. For example, in PS1 we see a positive correlation betweer
EN2 (Land Air ConservatioRrotecton) and EN3 (Water Conservatidirotection). This means

that students who reflected about EN2 or EN3, also reflected about both EN2 and EN3 and for

students that did not reflect on EN2 or EN3, they did not reflect on both EN2 and EN3. Another
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example in PS1, we see a negative correlation between SO1 (Cultural Considerations) and EN5
(Resource Usage). The means that these themes did not occur together or students reflecting or
SO1 likely did not reflect on EN5. We see similar correlations d¢ tdacorrelations scattered
throughout theSociety, Economic andProfessionalResponsibility pillars. In PS2 we saw no
discernible patterns in correlation among the themes for PS2, mostly random distribution and a
few isolated instances of positive and aige correlations. This deviation of correlation in PS2
compared to PS1 can be potentially explained by several reasons. Perhaps this cohort of students
reflected about certain themes together at the start of the course in PS1 but due to the topcs covere
in the course, started to disentangle those connections by thinking about different themes, maybe
even more themes than the subsets of themes they considered in PS1, which manifested in a more
random set of correlations by the end of the course in P&&hAr reason could be the content

and length of the statements, with PS2 being longer than PS1. Additionally, the students were
asked to reflect on similar items (definitions, responsibilities) in PS1 and PS2 but also different

items (project and types ehgagement in PS2).

Panel AT PS1 Panel BT PS2
ENI1. _ ENI1. _
EN2. 00 — EN2. 01 —
EN3. 02008 — EN3. 01 02 —
EN4. 01 01 00 — EN4. 00 -02 03 —
EN5. 01 02 02 00 — EN5. 00 01 01 00 —
EN6. 00 00 02 00 01 — EN6. 02 00 01 01 01 —
801. 00 01 02 01 04 01 — 801. 01 01 01 01 01 02 —
$02. 01 01 00 00 01 01 02 — 802. 01 02 01 02 01 -01 01 —
803. 01 00 03 02 03 00 04 03 — %03. 02 00 01 01 02 02 03 02 —
804, 01 01 00 02 02 01 03 03 03 — S04, 01 03 01 02 01 01 03 04 02 —
ECl1. 03 00 01 02 00 02 01 01 02 03 — ECl. 02 01 00 02 01 03 02 02/ 05 01 —
Ec2. 01 01 04 01 01 01 01 02 02 00 00 — EC2. 01 00 02 02 02 01 ©3 02 00 01 00 —
EC3. 03 00 01 01 00 01 02 00 02 01 01 00 — EC3. 01 00 00 03 02 01 00 02 01 01 -01 00 —
EC4. 01 02 00 00 01 02 02 01 02 02 00 01 01 — ECc4. 00 01 00 01 00 01 01 02 01 02 04 -01 -03 —
ECs. 02 01 00 01 01 00 01 €3 02 02 03 02 01 02 — EC5. 01 03 01 02 01 01 €3 00 01 01 00 02 -01 02 —
ECs. 00 02 03 00 01 00 03 01 04 05 05 00 04 03 00 — ECé. 01 00 00 01 01 01 €03 00 02 00 04 02 01 -01 01 —
PRl1. 03 01 00 03 02 02 02 02 02 03 03 01 01 02 00 04 — PR1. 02 02 01 01 02 00 02 0O 02 00 03 -01 -01 01 02 02 —
PR2. 00 03 03 02 02 00 00 00 00 02 01 -01 01 00 00 02 -01 — PR2. 01 01 01 02 02 02 01 00 02 00 01 01 01 02 02 01 01 —
PR3. 01 00 00 01 02 00 03 01 02 03 01 02 01 03 00 04 03 01 — PR3. 01 02 00 00 01 02 01 00 01 00 02 01 02/ 04 03 01 01 01 —
PR4 0.1 01 01 00 02 00 01 00 03 02 03 01 02 00 01/05 02 01 03 — PR4 02 01 02 01 02 01 01 01 €1 00 00 00 €3 0.1 01 01 01 01 03 —
EN1 EN2 EN3 EN4 EN5 EN6 301 302 303 304 EC1 EC2 EC3 EC4 EC5 ECé PR1 PR2 PR3 PR4 ENI1 EN2 EN3 EN4 EN5 EN6 301 302 303 304 ECl1 EC2 EC3 EC4 EC5 EC6 PR1 PR2 PR3 FR4

Figure 5.7: Correlation Matrices: PS1 and PS2

Table 5.6: Key for abbreviations in the correlation matrices

Environment Economic

EN1. | Sustainability in Design and Planning EC1. | Risk Assessment, Climate Change Adaptation
EN2. | Land Air ConservatioiProtection EC2. | Research, Development, Investment

EN3. | WaterConservatiorProtection EC3. | Economic Feasibility

EN4. | RenewableEfficient Energy EC4. | Trading, Markets

EN5. | Resource Usage ECS5. | Industry, Organizations

ENG6. | Climate Change EC6. | Productivity, Growth, GDP

Societ ProfessionaResponsibility

SOL1. | Cultural Considerations PR1. | Justice, Policy, Legal, Government, Political, Safety Regulations
S0O2. | Education Scholarship in Sustainability PR2. | Ethical/Moral Responsibility Obligations

S03. | Wellness and Health PR3. | Partnerships

SO4. | EDIA (Equity, Diversity, Inclusivity, Accessibility) PR4 | Leadership, Teamwork, Communication
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A few general noteregardingthe frequency of themes. possible reason for an increase in
themes from PS1 to PS2 could be due to PS2 being a longer statement comparedsoPS1.
recall from the methods that if multiple topics from a theme occur in a statement, they are only
counted once under that theme. In addition, some themes in the framework have extensive
definitions while others have narrower definitions. These reasaysaccount for some themes

occurring more or less frequently than others.

5.4.1.2 Personal Pro-Environmental Actions Framework

Regarding the Personal PEmvironmental Actions, we found more occurrences of personal
actions around sustainability in all three categories (high, moderate and low impact) in the
preliminary statement (PS1) compared to the final statement (PS2) of/&yale’.8). A likely
reason for these changes is threPS1students werasked for examples afurrent and past
engagement whileS2asked students to provide details about #magagement in tHeCA project
andfuture engagement around theareer goalsThis means that perhaps in PS1 they were able

to express their thoughts about personal actions they choose to engage in.

High Impact (e.g. Active Transport, Food, HVAC) [ (]
Moderate Impact (e.g. Recycling, Reusable) ® ]
Low Impact (e.g. Lights, Water) (]
0 10 20 30
OPS10PS2

Figure 5.8: Frequency of Topics from Personal Environmental Actions from the Preliminary
(PS1) and Final Statements (PS2)

Some themes occurred the statements in this study that were not contained ihige
moderate or low impact actions |i&] but came up in a separate study at Uthfdt looked at
personal action$§333]. These include the significance of individual action compared to companies
(n=4) and reducing paper use in favour of electronic noteghmequently questioning that choice
(n=3). Additional topics that came up include practicing personal sustainability only when
comfortable or convenielfih=3) and not only actingersonallybut attempting tanfluence others
to do the samengEl). While we found little commonality between PS1 and PS2 in the actions
themselves from the codebook, we did find links to thrsg®al actions in PS1 and career goals
in PS2 which will be discussed 8ection5.4.2.1.4 Samples of texby categoryareprovided in
AppendixD.3.2.2
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5.4.2 Sustainability Perceptions Changes 1 Individual Level/Student
Matching Pairs

S3RQ2Z What was the nature of the change among the studiémaisy) in content and reflection
type? Was there an evolution of sustainability thinkimgperceptions and engagemdytthe
studentdrom the beginning to the endtbke ourse?

This section presents the results and discusses the comparisons between PS1 and PS2 at th
individual level. We present the comparisons bothcbgtent(themes found in PS1, PS2) and
reflectiontype (descriptive writing, descriptive, dialogic, critical reflection). We separate analyses
by studenperceptionsdefinitions of Sustainable Developme80)), Environmental Stewardship
(ES), and responsibilitiesand studergngagemenh SD and ES. Each stdection will delve into
more details around theontentand reflection types observed from the student statements.

However, before diving into the details, we present overall results for each.

5.4.2.1 Content Analysis
After comparing the 43 statements, we determined whether SD amtkfiE8ions were
samesimilar or changing These same/similar or changing designations are based on reconciling
specific comments by the students within the student statements between PS1 and PS2 with
observations from the coders. For example, if the student explicitly said in PS2 that their
definitions of these terms did not change and the coder observed that they were the same/similar
to PS1, then they fall under the categorgaine/simiar. Smilarly, if the students explicitly said
that their definitions have changed and the coder observed a change between PS1 and PS2, thel
they fall under the category changing When there was a discrepancy betw#en studerd s
commenand what the coder observed in the state
Counting both definitions of Sustainable Development (SD) and Environmental Stewardship

(ES), we found that 16 statements (~37%) had#medsimilar definitions between PS1 and PS2
(Figure5.9) of which 3 wereverbatim,while the remaining 13 had some small changes between
PS1 and PS2. Small changes refer to the coder observing that most of the words within the
statements remained the same between &81PS2. Therefore, the remaining 27 statements
(~63%) hadchanging definitions between PS1 and P3Agire5.9). The types of changes in
definitions in the statements include:

- Definitions for either SD and/or ES in PS1 that changed in PS2 (n=11),

- No definitions for SD or ES, or both in PS1 that then appearing in PS2 (n=11)

- Intertwined definitions for SD and ES in PS1 that separated out in PS2 (n=5)
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We separated statements sgme/similarfor only SD (n=20) and ES (n=19) astlanging
for only SD (n=23) and ES (n=24Figure5.9) . We al so categorized s
responsibility related to SD and ES by same/similar (n=12) and changing (Rfire6.9).
The nomenclature used in the subsequent sections include Student 1 = S1, Student 2 = S2, etc
as uniqgue anonymous identifiers for each participant.
Both SD & ES

SD only
ES only

Responsibility

Same/Similar ® Changing

Figure 5.9: Count of Same/Similar and Changing Definitions of Sustainable Development (SD),
Environmental Stewardship (ES), both and Responsibility
54.2.11 Perceptions of SD Definitions T Content Analysis (PS1, PS2)

Looking at tle statements witkame/smilar definitions(n=20)of sustainable development
(SD) (Figurebs.9) , some studentsdé definition of sust
Nations Brundt | and §2z/8] eehatimimeeing ahe nedds bfithe présend n
without compromising the ability of future generations to meet their own a@ed®) or had the
essence of this definitigm=6). In manycases, the students linked sustainable developm#ére to
engineeringprofession and the designing associated with engineering Ynsdd example S21,
while some students augmented this aspect with planning ftortgeéerm and/or incorporating
upstream and downstream details (n=8ee example S2las well as accounting for the
environmental, social or economic pillars of sustainability or a holistic approach by considering
all three (n=§, see examples S11, S21, and reducing environmental damage or conserving
resources (n96 see example S11, S21, also allowing growth and/or future forecasting ¢ee2
example S21Some students also discussed the concegjuity, social changer theplanetand
people(n=5), see example S21. Student statements S21 and S11 capture many of these themes anc
are provided as examples. Note that S21 has verbatim definitions for PS1 and PS2 so only a single
example is presented, while S11 illustrates the small change. Additiongblesaame presented
in theAppendixD.3.2.3

S21 PS1/ PS2 verbatim

My understandingf sustainable developmeista carefully planned strategy that accomplish
infrastructural development and urbanization while not contribute serious destruction to the
environment. In other word, achieving growth without compromising the space that will be lived by
the future genetions. It also means that economic and social development must be balanced with the
protection for the natural resources because ultimately it will affect people who share the resources
and future generations that will be sharing the space and resources.
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S11, PS1 S11, PS2

The first part issustainable developmenm which In my preliminary personal statement, |
the products and processes of our daily lives ar  definedsustainable developmeas the

not meaningfully limited by resources. products and processes of our daily lives n

Additionally, this development does not contribi  being meaningfully limited by resources an
to further environmental damage. The use of th  not contributing to further environmental
products and processes should be effectively damage. Essentially allowing for indefinite
indefinitethrough maintenance and recycling. use through maintenance and recycling.

Looking at thestatements witlshanging definitions(n=23) of sustainable developmenive
saw some of same topics discussed for the statementsamigsimilar definitions in PS1/PS2 in
the changing definitions PS1 statements In thesePS1 changing definitions, the students
sometimedinked sustainable development &mgineeringand/or design (n=11), discussed the
environment including reducing damage (n=15), menticoeetal considerations (n=6), thought
about longterm planning (n=3), and advised a holistic approach (n=2). A noticeable change
between the PS1 and PS2 statementsahighging SD definitions is the number of students that
focused on the environment pillar in PS1 but started to discuss SD as a holistic approach to include
the three pillars of sustainability: environment, social, econami&ing in unisorin PS2 (n=12

This change in definition to include a more holistic appraoaskee in exampleS19.

S19, PS1 S19, PS2

As the name suggesssistainable Currently, my definition ofustainable developmer
developmentefers to the development of is the development of products and processes w
products and processes which do not fully consider their soci@nvironmental impacts. It
infringe with the ability of future is impossible to separate financial, social, and

generations to live happy, healthy, and s¢  environmental issues from each otHake
lives. Additionally, sustainable developme  environmental stewardship and sustainable

requires minimizing the number of development, financial, social, and environmente
interactions within an enviranent so that issues form an interconnected web, and one can
there are no lasting consequences. be altered without the other.

Another noticeable trende foundin the statements witthangingdefinitions ofsustainable
developmentwvas that in some statements (n=14), there was s@mation in the definitions
among the students in PS1 while in P®2 definitions started to align with Engineers Canada
(reference was provided in the assignmeufitich cites thdrundtland Reportither exactly (n=R
see example S10r in essence (n=12Additional examples of evolving definitions are available
in theAppendixD.3.2.3

S10 PS1 S10 PS2
| believe environmental sustainability in practice My definition of sustainable development
signifies being conscious of the effects of a des  aligns with what has been formulated by the

on the environment at every stage of the desigr  International Union for Conservation of
process, from the moment of conception until Nature regarding ité
finalizing a proposed design. The environment Environmental sustainability refers to the
entail the physical area in which the design is responsible use and management of natural
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being utilized in, the people being directly resources in a way that meets the needs of 1
impacted by it as well as the social implications  present without compromising the ability of
has on communities and groups within its vicini ~ future generations to meet their own needs.

The key takeaways from the definition of sustainal@eelopment from PS1 to PS2 include
the total number of students who discussed an approach beyond the environmental pillar in PS2
(n=26, ~61%)compared to PS1 (n=8, ~19%), pointing to a holistic approach with consideration
of the three pillars of sustainability. This movement towards a more holistic approach is likely due
to the content covered in the course as the students themselves stagegblitily in some
statementsThese results align with studies discussed in the introduction around a more balanced
view of sustainability after experiencing a course that presents these cghb6htEL57]

Also noticeable is the usage of the Brundtland Commission in some form to define sustainable
development in PS2 (n=22, ~51%) compared to PS1 (n=8, ~19%). This alignment to the
Brundtland definition may be connected to the assignment instructions givilentuhe option
to consult the Engineers Canada National Guidelines for PS2. Other ideas that occurred frequently
in both PS1 and PS2 included sustainable development is important in engineering design (n=22)

and reducing environmental damage/protectimegenvironment (n=21).

5.42.1.2 Perceptions of ES Definitions i Content Analysis (PS1, PS2)

Looking at tke statements wittsamesimilar definitions of environmental stewardship
(n=19)manyst udent s6 definition of environment al
resources and protecting, caring or having reverence fontiementn=12), see example S15.

S15 PS1/PS2 verbatim
Environmental stewardship refers to tfesponsible handling and safeguarding of the natural
environment, including preserving natural resources and biodiversity.

Some students indicated that ES is the responsibiligyl tfumars (n=6), see example S22.
As an extension of humaasponsibility, some students mentioned influencing others (n=1), being
ethical (n=1), attempting to reverse damage and going above and beyond (n=1), and acting with
integrity (n=1) towards the environment.

S22 PS1/PS2 verbatim
Environmental stewardship is the responsibility of humans to keep the environment healthy as we do
impact it significantly and in a harmful way.

Looking at thestatements witlthanging definitions ofenvironmental stewardshign=24)
the most common topics occurring in either PS1 or PS2 or both were protectimyitbaraent
and resourceg=8 for PS1n=10 for PS2) and the role bimars in stewardship (n=5 for PS1,

n=7 for PS2). From the list of student statements, for the most part, if certain topics occurred in
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PS1, they did not tend to occur in PS2, see example S5. There are a few statements where the sam
topic occurred and, in those cases, the definition ES evolved from PS1 to PS2 (n=3), by adding
extra context and details in PS2 to showcase more thoughtthbaueaning of the definition for

those students, see example S14. Additional examples of evolving definitions available in the
AppendixD.3.2.3

S5, PS1 S5, PS2

| seeenvironmental stewardship as caring Previously, | defined environmental stewardship i
for the environment with the understandin¢  caring for the environment with the understanding
that we have a responsibility towards futur  that we have a responsibility towards future
generations. While, sustainable developme¢  generations. ES is not driven by a developmenta
is more about carefully analysing the effec  project or proposal. After learning about LCAs, th
of development and finding the sweet spot  role of he consumer has become even more
between creation and destruction, important to me. A consumer upholding the ideal:
environmental stewardship is more about ¢  ES can directly impact the use phase as well as t
responsibility that does not always needtc  endof-life phase for a product. ES, for me, is now
rely on development. It is about exhibiting an informed understanding of the influence and
stewardship over environmental resources  responsibility an idividual has over the overall

even while not developing something. environmental impact of commonly used product:
S14, PS1 S14, PS2

Environmental stewardshif Envi ronmental stewardship i s
means carefully utilize the resources in nature to produce the greatest benefit while maintaini
resources from the healthy environment for the f.
environment to get more which requires protecting the environméytcarefully utilize the
benefit while keeping the resources from the environment and ensure the health of the
environment healthy inthe  environment. The core of this concept is to protect the environmer
future. regardless the effect on other factors including development.

The key takeaways from the definition of environmental stewardship from PS1 to PS2 include
the total number of students who discussed the protection of environmental resources overall (n=20
PS1 and n=22 PS2) and human participation (n=11 PS1, n=13 P82 fHsults are similar to
SD in terms of caring for the environment but there is a shift from SD where there seemed to be

more of an emphasis on humans for ES and engineering design for SD.

54213 Perceptions of Responsibilities i Content Analysis (PS1, PS2)

The responsibilities for engineers with respect to SD and ES were sometimes clearly
differentiated from the definitions of SD and ES in the statements and at times they were
intertwined. Of the 43 statements a few waame/similatbetween PS1 and PS2 (n=12) and many
changing(n=31). In a few of thehanging statements responsibilities were present/developed in
PS1 compared to PS2 (n=6) or vice versa (n=2). We also found cases where students discussec

responsibility in other parts of their statements, lldeen discussing the course project or their
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career goals. There were also topics that occurred both in PS1 or PS2. For these reasons, we presel
the topics around engineering responsibility overall.

One of the topics the studemsnerallyassociated with engineering responsibilities and SD
and ES was its importance to the professidns topic also came up in prior stud[@$1], [315]
A couple prior studies also indicated that responsibility is a niceoaduat bonus rather than a
necessity152], [320] In this study, w attempted tecapture the sentiment of bon(rs=16 PS1,
n=6 PS2)s necessityn=16 PS1, n=26 PS2sing certain language. Note that explicit thoughts
around bonus vs necessity from the students are open to interpretation by th€reotierguage

we coded to mean a bonus included words I|i ke
Abe aware ofo, Aplay a roledo, while the | ang
Aensur eo, Amust o, ioob wWagaseddicriipi camil 9e ntidk,e
Acommit o, Apri maryo, A f ulm ekxample 8§24 aih BS1 thé studlentc o m

mentions that engineers fAmust be cognizant
| anguage changed to fAare obligatedo and dnit
a necessity in PS&tudents thinking SD and ES are bonuses reduced from PS1 to PS2 and those
thinking itds a neces sheiefgre, wagetrasense ¢hdt reSpoliyilon P S ]
in SD and ES are more along the line of being necessary rather than optional or a bonus towards

the end of the course.

S24 PS1 S24 PS2

A large part of the work engineers do is Engineers specifically are obligated to design a
improving the efficiency of a product or syste  implement systems that achieve a balance bet
which results in less resource consumption. the needs of people atitk protection of the
They are also responsible for the design anc  environment. Considering the entire lifecycle of
implementation of energgfficient and product from the prenanufacturing to disposal
sustainable technologies such as waste phases is crucial to minimizing its impending

management and recycling systems. Engine  environmental impact. While it may be difficult t
must be cognisant of the environmental imp:  maximize financial and social benefithile

of their designs and should integrate minimizing environmental impact, it is vital for
sustainable methods when required to engineers to practice this type of development
minimize their overall environmental footprin  the sustainability of future generations.

Another concept was the responsibility to include all the pillars of sustainability through
protecting the environment and resources and considering humans émellbalancing and/or
prioritizing sustainabilityover cost/economics (1¥). The students also highlighted the role of
engineers in the design process across the life of the prdigmissing early intervention,
forecasting for the future and its uncertainty, designing for efficiency anetéong(n=10), while

upholding the ethics of the practice and ensuring safe designs (n=3).
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Engineering responsibility also included advocating/lobbing for SD arahBSetting policy
(n=5) which also came up often in engagement either through past engagement, current
engagement in project or future career goals (nH3. topic of advocacy occurred a number of
times and it should be noted that this was mentioned in the assignment instrdd¢tetspic of
transparency (no greenwashing) also caméaip under responsibility (n=9) arduring the
discussion of the course project=@). Students lao indicated engineering responsibility in
collaborating, educating, and aiding in the decisiaking related to sustainabilityn£3).
Studentsadditionallymentioned that SD and ES responsibility for engineers should be in both the

professional and personal capaciiyd). Additional examples are presentedppendixD.3.2.3

54214 Engagement in SD and ES 1 Content Analysis (PS1, PS2)

After coding engagemem iPS1 we categorzed thetopics into five areagersonal actions,
academic, extracurricular, professional, and otlbaxsed on oupbsenations Engagement in
per sonal actions were highest among the stuoc
community, reflection and mentorship) was the least occurring (~23%). The personal actions were
coded using the Personal FHEavironmental Actionsramework and results presented at an
aggregate level iBection5.4.1.2 In academic engagement students expressed how they engaged
or did not engage iangineering ononengineeringcoursesandmechanical engineering design,
(n=25, ~58%), with some considering SD and/or ES in past cowk#s others not.The
extracurricular category relates students participatingn clubs, team®r other activitiesat the
university (n=14, ~33%). These clubs include automotive racing using efficient or renewable
energy vehicles and community engagement through the clubs. The Professional category relates
to studentéengagement via internships or seeking employrnartheir Professional Experience
Year (PEY) year (n=11, ~26%). The PEY year is where students work for a year after their third
year then come back to complete thé&iyéar in the program. The engineering program thus spans
5 years, including the 1 PEY year.

In PS2, the students engaged in SD, ES through their LCA project (comparison of two
products) and were asked to think about challenges and affordances in engaging in SD, ES in their
career post graduation. Regarding their current engagement in SD, Eghttivewcourse project,
they discussed a possible affordance through gaining research{rskify and critical thinking
going further in the project, in some instances with advanced questiorihd), and challenges
around making LCAassumptions (n=115imilar sentiments around the complexity in applying
sustainability in practice was acknowledged by students in prior sfa8@s[320] For the career
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goals, nany students discussed their upcoming PEY roles (n=31, ~72%) which were in residential
energy (including HVAC) (n=12, ~28%), transportation (private, public) (n=11, ~26%), or other
categories like mining, construction, data science, climate changegal estate. Note the large
portion of students with energy related PEY (transportation, residential energy) may correspond
to the higher number of students in the Energy and Environment S8eatio(5.3.2 providing
permission to use their personal statements. When discussing affordances in their career
specifically, the knowledge gained in the course and the ability to apply that knowledge was
prevalent (n=11). Regarding challenges in their career and goals, the students expressed the
difficulty of balancing the pillars of sustainability and changing the statusregrasy. In addition,
another possible challenge is overcoming the power differential as a new gradhadatehile
advancing for SD, ES may be thatent,thatmight not be possible at their current stage in their
career (n=17).

We compared the studentsd engagements in |
changes or connections among them. What we observed in PS1 is perhaps the freedom to
personally choose activities to engage in SD, ES while in PS2 restrictions in engaging
professionallyin a similar way post graduation due to the nature of the industry and lack of
seniority/ confidence. The lack of confidence is also something that has been uncovered in prior
studieq315], [319] Utilizing theconscious competency modelraise awareness of the different
stages may assuage studentsd concerns and in
professional sidg322].

In some statements, studenkplecitly indicated that sustainability forms part of their lives
both personally and professionally (n=7), while in other statemwstfound less explicilinks
between PS1 and PS2 (n=34, ~79%) that we categorized under personal, extracurricular and
academic/professional. Tipersonal connections related to students having certain viewpoints
in their personal liféhat they want to continue in their professional life @x1or examplesome
students discussed ethical views, advocacy or godigtracurricular connectionis related to
students who are currently involvednonacademic activities that are associated with SD and ES
and also forms part of their future interest 18k academid professionalconnectionis relatel
to students who chose certaiourses (when able to in the programpsweamge.g.energy and
environmet) in the mechanical engineering program and ihiterpursue that area in their career

(n=8). These connections will be explored further in the engagement reflection assgsen
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5.4.2.2.3 Additional information and examples for each of these categories are presented in
AppendixD.3.2.4

5.4.2.2 Reflection Analysis

We present a comparison of the reflection types for the Perceptions (SD, ES, Responsibility)
and Engagement iRigure 5.10. The summary diagram showlsatthe SD and ES definitions
sections comprise mostly descriptive writing and descriptive reflection, while responsibility and
engagement comprise mostly dialogic and critical reflections. Note that when there were multiple
types of reflection for a given stant in a particular section (SD, ES, Responsibility, Engagement),
the convention we chose for reflection type was in the direction of critical reflection. For example,
if a section had dialogic and critical reflection, we chose critical reflection tesepttie section.
This trend shows that students are thinking more broadly about responsibility and contributions to
sustainability personally and professionally, by considering several alternative and/or the social,
cultural, historical and political coexts in their responsibility and engagement sections. Specific

possible reasons for these patterns will be discussed in each section.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

PS1 SD
PS2 SD

PS1 ES
PS2 ES

PS1 Responsibility
PS2 Responsibility

PS1 Engagement
PS2 Engagement

Descriptive Writing Descriptive Reflection Dialogic Reflection m Critical Reflection

Figure 5.10: The change of reflection types from Preliminary Statements (PS1) to Final
Statements (PS2) for each of the definition of Sustainable Development (SD), Environmental
Stewardship (ES), Engineering Responsibility associated with SD and ES and Engagement
relaed to SD and ES.

Furthermore, a check was completed for each student to determine the percentage change in
reflection from PS1 to PS2 for each type of reflectiigre5.11). For example, students whose
SD definition coded as descriptive writing i
The same criterion was used for each of descriptive, dialogic and critical reflection to designate
Afino changeo betwéénaPStudedtBS2refl ection t)
then the change was designated as fdteflesti@ar ds ¢
depending to the type of change. The r1ul es
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descriptive wr i Tablem7oTheagraph irgicatey thad studlents were already
critically thinking about their responsibil]
changeo percentage for that category. There
type of eflection as the students moved through the assignment from definitions of SD, ES and
how they have already engaged or plan to engage in the future with SD, ES.
100%
80%

% 60%
Student
Statements 40%

20%

0%
SD ES Responsibility Engagement
No Change Descriptive Writing No Change Descriptive Reflectionm No Change Dialogic Reflection
m No Change Critical Reflection m Towards Descriptive Reflection  m Towards Critical Reflection

Figure 5.11: The Nature of the change in Reflection from PS1 to PS2 for each of Sustainable
Development (SD), Environmental Stewardship (ES), Engineering Responsibility associated
with SD and ES and Engagement related to SD and ES

Table 5.7: Description for the designations ghifts inreflectiors

A Critical Descr!pt!ve WritingA Despriptiye Reﬂec.tion, D!e}logic Reﬂe_ction, Critical Reflection
Reflection Dgscrlptlve Ref[ecﬂorA _plalog|c Reﬂectlon, Critical Reflection

Dialogic ReflectionA Critical Reflection

Descriptive Reflectio® Descriptive Writing

Dialogic Reflectiond Descriptive Reflection, Descriptive Writing

Critical ReflectionA Dialogic Reflection, Descriptive Reflection, Descriptive Writing

54.2.21 Perceptions of SD, ES Definitions i Reflection Analysis (PS1, PS2)
For SD and ESwe see a prevalence of descriptive writing and descriptive reflection compared

A Descriptive
Reflection

to dialogic and critical reflectionF{gure 5.10). This prevalence in descriptive writing and
reflection may be due to the students providing the meaning an/or explanation of SD and ES
without going further and perhaps the definitions having less variation from PS1 to PS2 and
starting to align with th&rundtland Commission definition. Looking at the nature of the changes
in reflection by student from PS1 to P$2gure5.11), ~46% and ~58% had no change for SD and
ES definitions respectively and the majority of these were descriptive writing or descriptive
reflection. We observe an increase in the critical reflection of SD in PS2 compared to PS1. This is
likely explained by the students moving towards a more holistic SD defitayiancluding the
three pillars of sustainability (see content anal$&stion5.4.2.1.), social being one of them.

A few statements saw movement towards critical reflection from PS1 to PS2 for both SD and

ES, see example S9. In PS1 we coded descriptive writingefledtion for both the SD and ES
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definition as the student provided mostly descriptions but an explanation at the end. However, for
PS2, we coded criticakflection for the SD and ES definitions as the student discussed socially
conscious designs, relating to vulnerable communities, but note that although we coded critical
reflection for ES there are elements of dialogic reflection as the student proketadteves and
discussed competing interests. The student attributes these changes to learnings from the course
which perhaps incluadkconsidering sustainability in the full life cycle and the broader implications

of environmental stewardshiin PS2 thestudent retainedspects otheir definition of these terms

from PS1but provided more depth and layers in the meaning, understanding, and relevance of the

terms after experiencing the course

S9 PS1

In the context of engineering
| believe that sustainable
development involves
studying the longerm
resource consumption and
environmental interactions o
an engineering product or
process to minimize its
negative future
environmental impacts while
meetng presentay project
requirements.§D
Descriptive Writing

A key aspect of sustainable
development is environmenti
stewardship, which |
personally define as actions
that an engineer can take to
protect the natural
environment from
degradation and harmES
Descriptive Writing

As both sustainable
development and
environmental stewardship
require a longterm outlook,
there is a degree of
uncertainty which engineers
must account for, and | hope
to learn more about how to
perform this uncertainty
analysis through this
cour s e@.6D,ES o |
Descriptive Reflectioh

SherryAnn Ram

S9PS2

In the context of engineering, | believe that sustainable develop
is the implementation of socially conscious design choices to el
the conservation of natural aretonomic resources for future
generations while fulfilling the functions, objectives, and
constraints of a given engineering project. A key difference fron
initial definition is the understanding that economic and societal
factors also play a role in stainable development, whereas |
initially focused on defining sustainable development from an
environmental lens. Through the economic and societal analysi
portions of the course project, | have learned about the
interconnectedness between the enviroriaheeconomic, and
societal factors that affect design decisions. For example,
environmental inequality is very often closely tied to societal an
economic inequality. Namely, the poorest, most vulnerable
countries and populations in the world, which produhe least
greenhouse gas emissions, will be the most negatively impacte
the events of climate change [3§[ Critical Reflectior).

Unlike my preliminary statement, | now believe that environmer
stewardship is a distinct concept from sustainable development
define it as the personal and professional actions that an engin:
can take to prioritize the health of the natural enviremnt. This
can quantitatively be achieved by conducting a life cycle asses:
to understand the impacts of an engineering project on key
environmental categories. Through the course project, | have
experienced balancing the competing interests between th
functional, economic, and societal aspects of a project (sustain:
development) with environmental concerns (environmental
stewardship), so | believe the principles of sustainable developi
and environmental stewardship may sometimes conflict with ea
other. Regardless of competing interests, all engineers must
practice sustainable development and environmental stewardst
by conducting a thorough environmental, economic, and societ:
analysis on potential engineering projects while balancing the
unique functional requirements of the project.

(ES Critical Reflectior)
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54222 Perceptions of Responsibilities i Reflection Analysis (PS1, PS2)

For Responsibility we see an increase in critical reflection and decrease in descriptive writing
and descriptive, dialogic reflectidrom PS1 to PS2Figure5.10). Looking at the nature of the
changes in reflection by student from PS1 to PBgufe5.11), ~60% had no change and the
majority of these were in descriptive and critical reflections. Where there was no change in critical
reflection were instances of students looking at the broader impacts both in PS1 and PS2 while the
increase towards criticaleflection were students changing their perceptions to the wider
implications of sustainability from PS1 to PS2. It should be noted that some instances of critical
were more nuanced while otheedher superficial. For example, in S7 the student moved beyond
the protection of the environment and started to ponder the responsibility of engineering to the
broader society and equal opportunities for future generaaodsin S11, while the student does
refer to societal responsibilitié®mth in PS1 and PSthere is less detail compared to S7 R3ze
possible reason for this trend in the reflections could be the assignment length. While the students
did have a higher word limit in PS2 compared to PS1, we did notice at times there were shorter
excerpts for SD, ES and responsibility in some statesrterdillow for more room to discuss the
other components of the PS2 reflection.

S7 PS1 S7 PS2

Engineers must think critically about the When you plan to create a new technolog
environmental impacts of their actions because (in whatever field) there are two paths on
almost everything we do will have some effect or can take to design it. One is to maximize
As engineers, it is our job to make the world a the practical or financial gain without care
better place through science. This means limiting for the impacts that inight have on future
the amount of dution we release during the generations, and the other is to design th
manufacture of products. That means maximizin future in mind. The biggest portion of this
the extent to which our products can be sustaina is, as | 6ve mentio
disposed of at the end of their lives, using recycli subsequent generations should have the
or biodegradable materials. That means paying same opportunities that we do whether tt
attention to the environmeal impact and means access to certainmarals, or the
acknowl edging that we right not to have environmental disasters
were done 40 years ago because of developmental negligence.
(Dialogic Reflection). (Critical Reflection).

S11PS1 S11 PS2

Engineering activities will always have As a result, it is up to engineers to evaluate desi
complex impacts on multiple facets of holistically. To be able to progress with sustainal
society and the environment. So, itisupt  development in mind, it is important to look at
theengineers to decide what to prioritise every life stage of a product or process, and to
and when environmental costs outweigh consider the complex and fe@aching societal
other benefits.Gritical Reflection. impacts that it may havecCfitical Reflection).
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5.4.2.2.3 Engagement in SD and ES 7 Reflection Analysis (PS1, PS2)

The reflections for theengagement did not comprise any descriptive writing, unlike the
reflections for the SPES definitions and responsibility, had the largest percentages of descriptive,
dialogic and critical reflections in PS1 compared to the other categamthe largest movement
towards critical reflection from PS1 to P@Agure5.10). There was a lower percentage of student
reflections that had no change (~42%) compareddse that changed (~58%,)igure5.11).

For the reflections that had no change from PS1 to PS2, just over half was dialogic reflection
and just under half was criticdfigure5.11). This meant that many students starting reflecting on
their engagement atlmoaderevel at the start of the course, and this continued at the end of the
course.This type of reflection is evident ipersonal connectioa (Section5.4.2.1.4 and are
related to students having certain viewpoints that they want to continue in their professional life.

An example is advocating for sustainabilggeexample S8 PS1 and PS2.

S8 PS1

As an engineering student
have begun to work
towards fulfilling these
responsibilities. Through
my involvement with the U
of T chapter of Engineers
Without Borders, | have
engaged in extensive socic
political advocacy around
climate change. For two
yeasn , | 6ve se
Learning Lead and Conten
Developer for the Policy
and Advocacy portfolio,
where | lead monthly
discussions surrounding
various social and
environmental issues.
(Critical Reflection)

S8 PS2

In my future career, my main involvement in SD & ES will be thrc
political engagement. Because my planned career lies in biomed
engineering, | will likely not directly contribute to the design of
sustainable technologies, though SD & ES remainsiaruden it
comes to manufacturing products regardless of industry. As suct
plan to involve myself in political efforts where | can advocate for
appropriate policies to enable and encourage SD & ES. | already
participate in projects related to sustairilly through Engineers
Without Borders and intend to continue similar work after my
graduation. A major challenge in the political domain concerning
& ES is lobbying. In advocating for certain policies, one always fe
challenges mainly from corporatis, special interest groups, and
NIMBYs (not in my backyard) who want to impede progress bece
they feel it goes against their interests. Dealing with political
opposition and effectively conveying messages to the public and
policymakerss a crucial wg to overcome such obstacles.
Sustainable development and environmental stewardship are ke'
aspects of every engineero6s ¢
(Critical Reflection)

For the reflections that moved towards critical reflectidfigyre 5.11), there was

approximately equal movement from descriptive to dialogic reflection as there were dialogic to
critical reflection. These students started broadening their perspdatiaeother example, in
personal connectiongSection5.4.2.1.4 in moving from dialogic to critical reflection, we sae
student expressinthe possibility to change the company culture from witiirough policy
changessee example S18r practicing sustainability in their daily lives like usexgive/ public

transportationand workng in that sectofor their PEYto advance the fielcsee example 35
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S18 PS1

A big portion of climate change
action must come from governmer
and policy makers. | am a firm
supporter of science informed
policy, and engineers have the
ability to contribute to developing
policies that enforce SD&ES. Ever
S0, | believe we have theibiy to
make meaningful impacts as
students and | hope to be able to
explore this intersection of policy
and technology in my future careel
(Dialogic Reflection

S18 PS2

In terms of SD&ES, there are many challenges nuclear
energy faces due to misconceptions and lack of
understanding from the public. Nuclear waste is perceive
be much bigger risk than in reality [4] and the risk of carb
emissions from traditional formaf energy production are a
much greater threat than nuclear waste generated from
energy production. However, the interest in nuclear ener
is growing due to increased research and need for clean
energy in Ontario which will hopefully grow the industrg.
| mentioned in my first personal statement, | believe scier
informed policies will be a major driving force in the clima
movement and | O0m excited
science and society intersect next yé@ritical Reflection)

S35 PS1 S35 PS2
One more positive exampli For my career path, | want to go into engineering consulting.
where | 6ve e More specifically, | want to go into transportation consulting.

these responsibilities is
living downtown in a
walkable area close to a
transit hub. | live
equidistant from 4 major
subway stations in the core
of downtown Toronto, and
dondét own a

h as n 6 aprablene n
Living downtown means |
can walk to school every
day, and it means | can
commute to various places
around the GTA without
creating additional
emissions. Furthermore,
when | do need a car, | opl
to carpool with someone
else which results in less
emissions overall.
(Dialogic Reflectior)

This has been a passion of mine for a long time because of th
expansive complexities associated with transportation plannin
In my PEY | am pursuing this career path and want to go into
the future. In the near term, a key project is the Ontario line
subway, and choices are being made about methods of
construction. While an affordance is greater development in
underdevelopedraas, a challenge is balancing disruptive and
quick vs long and minimalistic construction methods that have
potential to be more polluting, so a key suitability balance will
at play here (financial and social). From a client point of view,
goal will be to get the project finished as quickly as possible
because this mitigates potential political turmoil and cost.
However, in line with sustainability and environmental
stewardship the social aspects this causes could resultsinar
negative impact osurrounding areas. Without adequate
stakeholder consultation and process planning, quantifying the
effects to make possible alternatives comparable is extremely
di fficult. However, as engi.l
and estimate outcomes toigte up possible alternatives while
recognizing these insurmountable limitations.

(Critical Reflection)

In the extracurricular connection(Section5.4.2.1.4, we can see the reflection types from
somestudents tended to move from descriptive to dialogic as they described their choices in PS1
but highlighted the challenges with these choices id BSme examples include participating in
the aerospace team (UTAT) and want to / will pursue a career in the aerospace industry, being a
part of racing clubs (with renewable energy and fossil fuel) and wanting/starting a career in the
automotive industry robeing in an association focusing on sustainable projects like sustainable

energy and completintpeir PEY in the energy sectpsee example S16
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Student so

S16 PS1

As well, | joined the Engineers without
Borders Sustainability and Environmental
Justice section and led a project called
Green Policy that investigated the
sustainability of the Ontari®owerGrid We
compared Ontariods
regions in the world and suggested green
policies that Ontario can implement to sect
and incentivize a fully renewable power gri
by2040 consisting of hydroelectric, wind, a
solar power (Descriptive Reflectioh

S16 PS2

| plan to work in the energy industry as a
technical manager. This will introduce significal
challenges with respect to SD&ES, as | will nee
to consider the stakeholder equities and the
budget of the project in mind when analyzing ai
aiming for the bestnvironmental outcome of the
project. In the energy industry, many fossil fuel
based facilities will need to get phased out ovel
the next decade which will result in high capital
costs for installing greener energy production
systems(Dialogic Reflectior)

Sustainability

In theacademic connectionéSection5.4.2.1.4 we present a reflection that is shifting in the
opposite direction, from critical to dialogiStudentsin the academic connection include those
who chose the energy and environment straadplan to pursue a career in green energy industry
like working atthe nuclear plants in Ontari®ecall that many students opting in to use their
statements were enrolled in the energy and environment stream and these students went on ta
accept PEY positions in the residential energy sector. In example S34 PS1 the student critically
reflects their fathcoming appointment to work at Ontario Power GeneratiorG)CGihd detailed
some reservations about taking the job around their morals and the suitability of this type of energy
for Ontario (society)However, h S34 PS2, the student continues with dialogic discourse about

this opportunity but keeps the conversation along the technical challenges.

S34 PS1

| would say that | have a particular interest in
sustainability and how to use my engineering
degree to develop sustainable technologies. Tt
interest lead me to the energy and the
environment stream of mechanical engineering
and guided me through my PE¥arch. A
personal moral consideration that | had was wkt
| was in my job search and my interest in
sustainable energy caused me to apply for a jol
Ontario Power Generation. Their postings were
somewhat vague so in applying | was not sure
exactly whee | was stationed, but it eventually
became clear that if | wanted a position in the
GTA, it would be in nuclear energy. When | got
my acceptance letter with two days to accept tt
position, | was not 100% sure that | would take
the job because of the rdption that nuclear
energy has and the repercussions that its wast:
products have. After some deliberation, |
ultimately took the job as | believed it to be an
overal/l asset to Onta
produces less air pollution that fossil fsend
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S34 PS2

| will personally be immediately applying tt
necessity for a carbon neutral grid to my
own career as | start my job for Ontario
Power Generation in May. While imperfect
the lack of carbon emissions associated w
the nuclear power plant that | will be
working at would be a better alternative th:
fossil fuel plants as found in California. Thi
will be particularly important as | will be
aiding in the decommissioning of the
Pickering nuclear power plant.
Transitioning away from this plant would
leave a siable gap of energy production to
fill, and | would be exposed to the thought
process behind how it might get replaced.
the short term, there are challenges relate:
to the fact that it will not be a permanently
functional plant. In the long term thereea
concerns of nuclear waste material that wi
remain an environmental hazard for the
entire foreseeable future. In terms of
affordances in the short term there remain
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has fewer reliability concerns than renewable source of carbon emission free power. In t
sources. Despite this, | am not firmly rooted in t long term, a precedent is created for the si
belief that nuclear energy will always be the be: and timely decommissioning of a nuclear

option for Ontariobs power plant which allows for the relatively

look forward to the challenge of improving upor safe use of its energy, which is important f
the stamlard that it sets further into my career. 2 environmental stewardship. Theme a few

| embark to such future challenges, continuing of the considerations available in my
keep sustainable development and environmer upcoming job at the Pickering Nuclear
stewardship in mindCritical Reflection) Power Plant(Dialogic Reflectior)

Engagement in SD and ES is a movement from reflection on perceptions to reflection on
engagementagtiong or projected action (intent to act) in sustainability, not just from the
environment pillar but also balancing society, economics and professional responsibility towards
the greater good as evidenced by the number of dialogic and critical reflections in this section
compared to the definitions of SD, ES, and responsibility. Some of the themes emerging align with
prior literaturelike grappling withthe application of sustainability in practice, either due to lack
of confidence or uncertainty in how to navigate the complexity. However, what is promising is
that the reflections revealed these thoughts processes by the studeoks can encourage
innovativepedagogical approaches to advance sustainability in engineering education.

Further, there may be a link between the developmental stages of reflection and the stages of
the conscious competency mofi22] in that the goal of both is to have some sort of automation
in professional practice. For exampCoescioust ud e
i ncompetenceo of the conscious competency mo
this | evel of competence at this sotra@tei o mo,t h
they move through their career, they can attain sBage€ornsciousc o mpet enceo or
Aunconscious competenceo, anflfirtehfel emtnisawheroiurs &«
thereareat times consciouseflectionand other times unconscious reflectauring practice and
continuous adjustmeniis the momenbased on that reflection. Together, these tools might allow

students to engage with sustainability at a level commensurate of the complexity involved.

5.5 Conclusions, Reflections, Limitations

5.5.1 Sustainability in Engineering Frameworks

For the sustainability in engineering framework, the most frequently occuinengesn the
statementsvere underthe environmental pillam both PS1 and PS2, although we did see a
broadening of perspective by the students due to the increased frequency in most of the themes.

Past studies have had similar results, echoing some of the discussion in the introduction, where the

SherryAnn Ram 137 2024



Chapter5Changes in Engineering Studentsé Sustainability

studenté perceptions about sustainability were leaning towards the environmentalapitize
beginning and a somewhat broader perspective at theo#imith engineering and nangineering
contexts[156], [157], [166], [167] We did see some correlations between some themes in PS1,
but these correlations seemed to disappear in PS2, potentially due to the students learning new
themes and no longer associating certain themes as they did at the beginning of the course, and
likely because the course covers all themes in the Sustainability in Engineering framework,

according to the MIE315 instructor.

5.5.2 Perceptions SD, ES and Responsibilities

The students were asked to define sustainable develop(B&jtand environmental
stewardship(ES) for both the preliminary and final statememtsd describe the engineering
responsibilities associated with these definitidf the sustainable development definition, we
observed a shift from the environmental pillar in PS1 to a more holistic approach in PS2. The
studentsod6 definitions also began to converge
lines (this refeence was provided to the stutl®n For environmental stewardship, we did not
observe a clear trend from PS1 to PS2 in the definitions but there was discussion in both statements
about environmental protection and human participati@n.responsibility there was a shift in
students6 perceptions from SD and ES being a
studieq152], [320]

In terms of reflection in SD and ES, we also observed more instances of dialogic and critical
reflection in PS2 compared to PS1, perhaps due to the shift by students thinking more broadly and
holistically about sustainability. For SD and ES responsitslitiee observed more nuanced
language from PS1 to PS2 with reflections becoming more dialogic and critical as the students
discussed the many components of responsibility including incorporating and balancing all pillars

of sustainability, while dealing witthe complex nature of SD and ES.

5.5.3 Engagement in SD, ES

The students were asked to the reflect on their SD and ES engagement up to now in PS1 and
current and future intent to engage in PS2. One noticeable change between PS1 and PS2 was tha
in PS1 the students had freedom of choice to engage or not in thasevaieh could include
personalacademic, extracurricular or othggrspectivesHowever, there was a shift in that they
did not feel they could engage with the same level of freedom from the professional perspective

given the complexity involved in sustability, their seniority being low in the company they
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would work for and thus not having the same ability or power and perhaps having to deal with
certaincompanycultures that might have a focus that is not necessarily sustainability ceéasic.
studies did allude to students havingek of confidencg315], [319]and professionalncertainty
[152], [320]when tackling sustainability issues. Furthermore, in a recent study conducted at UofT,
undergraduate engineering students indicated hesitancy towards sustainability professionally due
to limited training and knowledg@34]. This limited knowledge in sustainability mentioned by
the students may be linked to the findings presented in Study 2 (Chapter 4) of this dissertation.

For the personal environmental actions, we observed almost a reversemtsutiore
personal actions in PS1 compared to PS2, likelyause the final reflections had diverted focus
away frompast engagemeatttions and more towarfigure engagement, specificathyeir course
project and career goals.m8ls ever al emerging t hemesidentdygan t
We see some examples that point to students engaging in sustainability for a long time and being
part of their | ives and/or thinking that it
describing engaging with sustainability in higthsol or university clubs, choosing comfort or
convenience over sustainability, and questioning whether individual sustainability actions make a
difference compared to industrjgle types of reflection ranging from descriptive to critical

After coding the projeebased reflectionye found that when the students were analyzing the
course project, they described where they could have gone further, conducted more research or
made alternative choices. The students thought about the results in context of the engineering
industry and theneed to continuously innovate and the balancing act required once thei
engineering program is completénlthe galitative study by ClarkL64], the only study we found
that included sustainability, engineering design and reflection, the students focused on design
thinking and completed journals midway and at the end of the course, While the course content
was somewhat different in this study gprar ed t o Cl ar kdés study, th
environment components in both courses and a common outcome is that the engineering students
from both studies are leaning towards deeper thinking about design and incorporating more social
aspects in adtlon to the environment.

These observations in the statements poididatmgic andcritical type of reflective practice.
The students provided many examples on current engagement with context, reasoning, justification
and opposing viewpoints and when we analyzed the affordances and challenges in their career
prospects, the students discussed applying knowledge and lemmnBig and ES and technical
challenges in scaling for sustainability and also delved into heavier topics like power relationships,

SherryAnn Ram 139 2024



Chapter5Changes in Engineering Studentsé Sustainability

company culture and making hard choices for their future prospects, all filling the critical reflection
criteria These student reflections are nuanced comprising multiple dimensions and characteristics
of the reflective practice in type (dialogic / critical), perspective (intertwining personal, academic
and civic duty), and criteria (emotional, salflareness and fute planning). The students were
getting deep into their thought process, what they believe, and how they were assessing their future

and thei place in it.

5.5.4 Overall Reflection

We used three deductive frameworks for this study. We used two of the frameworks
(Sustainability in Engineering andPersonalPro-environmentalActions) in prior studies with
additional coders to test the frameworks. However, with one framevrafkettion type) the
experience of coding for reflection was not straightforward and only one coder completed the
analysis. Thus, there may be errors in how the codes were assigned because there was no secon
coder to discuss aréconcile the coding.

Choosing which examples to present in this study was a struggle when multiple options
existed. We also grappled with presenting themes that occurred in multiple seclibas.
statements were separated into different sections for comparison purposes and when there were
instances of multiple types of reflection in a particular section, the concern with representing the
type of reflection in the direction of critical refleatiovas that in some cases, the critical reflection
was superficial with just minor méans and reasoning around society while in other cases the
reflection was more profound and nuanced. This is also the case for the dialogic reflections.
However, in the reflection framework, there is no protocol for judgement of depth of reflection.
Note that there are layers to reflexivity and no set benchmark that could be used for everyone.
Some students mgyovide more details han ot her s, thenlavel of debatdbut| e s s
rather that thelevelopmentaprocess is happening. There are factorsonsider including the
personal aspect of the practice, students each coming from different backgrounds or starting points
for the exercise, and language barriers for-native speakers of EnglisNevertheless, given all
these concerndhére is evidence from the statements that students reflégties shifted toward
including more contextual and systems thinking (i.e., critical reflection), particularly in the
engagement sections of the statements

One other reflection is regarding the topics that emerged from the inductive coding process.

We found some recurring themes that could potentially augment the Sustainability in Engineering
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Framework and the Personal FEavironmental Actions framework for future use. Saimgcs

from the personal side like not only acting{@mvironmentally but attempting to influence others,

or practicing personal sustainability only when comfortable or convenarit be added to the
Personal Pr&nvironmental Actions framework. Other topitisat emerged from SD, ES,
responsibility and engagement around power relationships and lack of confidence can be
considered for the Sustainability in Engineering Feamork, but additional reflection will be
required on its suitability for thSustainability in Engineerirfgamework.

This study adds an additional layer of information by going deeper to uncover netlatly
changed buhowthe change took place through the student reflections. While we quantified the
frequency of the themes and showed that students considered more of the sustainability pillars
towards the end of the course compared to the beginning of the course, th®mnsfiexplored
the broadening of their thoughts and how the pillars interplay with each other, which can make
sustainability a complex issue that uegs many unexpected decisioRsirther, vhile this study
focused mainly oneflection on actionvia the future engagement (career and goals), we were able
to glimpse someeflectionon projectedaction perhaps leading teeflection in action While we
cannot determine causation, we did glean fro

perspective and perhaps modified action or some thinking about it.

5.5.5 Limitations and Future Work

There are several limitations in tlsgidy. The entire class did not provide permission to code
their preliminary and final statemente., the students had to ept for this study This is a
selection bias in that perhaps the students who already have an affimptedispositiorfor
sustainability or wanted to take advantage of the incentive chose to provide permission. That said,
the sample size was ~22% which is relatively large for any study, quantitative or qualitative.
Another limitation could be the assignment itself. Theas a wed limit which was lower for the
preliminary statement and higher for the final statement which is a possible reason we identified
more themes in the final statement compared to the preliminary statement. In addition, the common
aspect for both statementgere the definition of sustainable development and environmental
stewardship. While both statements asked for sustainability engagement, the final statement
specifically mentioned the course project and career goals, which the students could not comment
onin the preliminary statement since that part of the assignment was not yet coniiplatieiition,
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certain topic presented in class or written in the assignment may have influenced some of the
responses.

As mentioned in sectioh.5.4 a single codecompleted all the coding for the statements in
this study.There are advantages and disadvantages to having a singleH&dag more than
one codebringsmultiple perspectiveto interpret the textespecially if the coders have a variety
of disciplinary backgroundsvhich in turn can aid in clarifying meaning in the text amdimize
personal biases when codinihis may help with coding consistenspencalculatng inter-rater
reliability [298]. Conversely, there are concerns around the emphasis on having more than one
coder and measuring consistency with an traer reliability in qualitative coding in that multiple
coders may introduce superficial coding that is less nuanced and reduceptthearid rigor
involved. A single coder would reflect and create memos during the coding process, achieving
more profound analysis, particularly if intimately involved in the subject [8%%]. Due to the
volume of data to be coded and the number of cyiflesding completedo account for some of
the concerns with a single codemaar to Study 2 (Chapter 4¥ection4.5.1, | coded steadily,
completed memos consistently, and paid attention to fatigue. Having multiple coders for Studies
1 and 2 helped with confidence in coding using the frameworks from those studies respectively.
However, while the reflection framework from titan and Smith is seminfl65] the differences
among descriptive writing, descriptive reflection, dialogic reflection and critgfhdction were
not always clear in the paper and there seemed to be some overlap. A study baB)deped
in clarifying these definitions. To assist further with clarification, the research advisor and coder
both read the Hatton and Smith and Rivera studies and discogsathderstandings of the
definitionsin the reflection framework in the context of coding the statem&hts was a similar
type of conversatioraround defining codethat would typicallyhappen wh multiple coders
Nevertheless, having an additional coder would have helped alleviate some uncertainty in coding
the statements, partieuly for reflection

While the findings from this studwre promising to establish a change in thinking in
engineering education which can be advantageous in sustainability challenges, it is not apparent
what the longterm effects might be. This was highlighted by some students within the reflections
themselves, lthough studies may have associated sustainability education with long term impact
in practicg131], [137] A recommendatiofor futurework would be then to continue having these
types of exercises within engineering education to foster the competencies needed for successful

sustainable development and environmental stewardshiging toreflectionin-action The
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results showedhiftsin all areas of the reflection framework from the reflection types (moving
from descriptive to dialogic to critical). The reflective practice pedagogy need not be limited to
individual graded assignments and include journals, class discussions, etq aoteodally be
included in capstone projects that are meant to culminate the learning throughout the program as
this may encourage even more competencies for sustainability.

Another possible area of future work could be around the conscious competency model.
Rai sing the studentsd awareness of this proc
they feel that stages 1 and 2 is normal and necessary to being parsattion rather than the
problem. In addition, there could also be the inclusion of bringing hope and empowerment within
education for sustainable development in enginedi®3®]. Acknowledging that small steps
towards a larger goal can be inspirational and advance transformational change towards

sustainable development and environmental stewardship in engineering.
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Chapter6:Concl usi on

6.1Di ssertation Summary and Study

The purpose of the research in this dissertation was to gain a deeper understatiting of
knowledge actions and relationshgspects of sustainabilifyom the personal and professional
domainswithin undergraduate engineeriogingthe Faculty of Applied Science and Engineering
at UofT as a case studyhe research achieved this objective by conducting three (3) stuies
contributing to research opportunitieslinMeasuringoro-environmental actionsarbon literacy
and the relationship between the;Providing a framework, methodology and assessment of
sustainability in curricula; an8. Analysing student reflective writing at the beginning and end of
a core sustainability relatedtourse to understand their perceptioasd engagemenbf

sustainability The studies in this dissertation are summarized below.

6.1.1 Study 1 (Personal Perspective)

Study 1 Chapter 3) investigated the relationship between carbon literacy (knowledge) and
pro-environmental behaviour among undergraduate engineering students at the University of
Toronto (UofT).For t his study we esti mat e-<nvitohnentad t ud e
behaviour using amstrument designed to collect information about their personal actions (rated
as high, moderate or low impact) and their view on how impactful these actiomsaresearch
in Study1 was inspired by the miscondems about the personal actions to reduce emissions in
prior studies, Canadabés relatively high per
developing countries and the potential raEsngineering students towards personal sustainability

stewardship.

Research Questions:

S1RQL Are students knowledgeable about the level of impact consumption choices have in
reducingGHG emissions?

We calcul ated carbon I iteracy based on th
moderate and low impact actior@@arbon literacy wagenerally more accurater higherimpact
actions with a mix of acuracy andanisconceptions appearing in relation to the moderate and low

impact actions

S1RQ2 What are the preenvironmental actions of treurveyparticipants?
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Pro-environmental behaviour was operationalized througlipeesonal carbon footprint
measureWe estimatedite st persomalcasbon footprint using a life cycle assessment
approach (LCA) with emissions being augmented by upstream factors and manufadtuging
average carbon footprint of the students estimated as4.8 tCQ. This valuewas lower than
theaverage for Toronto residents, Ontario and Canada oVEmgllreB.26). This relatively low
averagecarbon fodprint is due tostudentgoutinely performinghigh impactpro-environmental

actiors like using active and public transport and having low animal products in their diet.

S1RQ3 Howis knowledge about consumption choices rellaig ar t i cpiopant s 6
environmental actions in reducifgHG emissions?

The overall relationship between peavironmental action and carbon literacy was weak.
However, the relationship between fovironmental action and carbon literacy showed that for
high impact actions, there was a slight positive correlation in carberady and pro
environmental actions whereas for moderate and low impact actions, there was a negative
correlation.In general, belieng an action was high impaceven if that belief was incorrect,
correlated with lowepersonal carbon footprifidr thatspecificactivity.

The contributiond madewith this studyinclude creaing a surveyinstrument tocapture
appropriate data f @ersoma satbonnotprintdeyelopinga methddetm t s 6
calculatepersonakarbon footprint by utilizing a life cycle assessment approaoth augmenting
the current literature with findings about carbon literacy;gmeironmental behaviour (including
misconceptions) and the relationship between them within the engineering community. The survey
instrument in this study and methodgy to estimate carbon footprint could be used in the future

studiesat UofT for longitudinal tracking or extended to other institutions Gaseion6.2.1).

6.1.2 Study 2 (Professional Perspective)

Study 2 Chapter 4)examired sustainability in undergraduate engineering curricula through
developnentof a framework and procedure for assessing the sustainability content in engineering,
and then apptation of these artifacts to the curricula in the Faculty of EngineeaimayApplied
Scienceat the University of Torontdl he research iStudy2 was inspired by the potential roles
and responsibilities engineers have in advancing sustainability efforts; understanding how future
engineers are being trained to fulfill these rolesrasgonsibilities; and the challenges in defining

sustainability in engineering and assessing the training engineers receive.
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Research Questions:

S2RQL: How can sustainability be defined fooursebasedengineeringorogransin
academia?

For this study] first developed a new framework and codebook to define sustainability for
engineering around four pillarGnvironment Economig Society andProfessionaResponsibility
comprising 20 themed developed the framework by collecting themes from prior research,
classiying the themes, providing a detailed definition / list of tofacseach themand obtaining
feedback from sustainabilitexperts. The framework was developedecause the existing

frameworks wer@ot recently updated dully includedall sustainability topics.

S2RQ2: What can we learn from the different curriculum materials in assessing sustainability
content? Are there differences in what we can learn about sustainability content from course
descriptiongCDs), syllabi(SYL) and instructor survey (13)

| developed a method to assess sustainahliitgg multiple datanputsand triangulation.
Then,l usdthe developedrameworkand methodo qualitatively analyseurriculum via course
descriptions (n=556) and course syllabi (n=170). We also administered an instructor survey
(n=125) that included the same concepts as the framewdidk chose these three sources to
progressively delve deeper into the curriculum. We then triangulated results across all three
sources. The results indicdtéhat theEnvironment pillar is most prevalent in the curriculum,
followed by ProfessionalResponsibility, Economic andSociety. We observed an increase in
sustainability content ase moved fromcoursedescriptions to syllabi tmstructorsurvey. We
also observed an increase in sustainability content as the year of program increaSed| Jine
Mineral Engineeringdepartmenthad the highest sustainability content whidkectrical and

Computer engineerindepartmenhad the lowest.

S2RQ3: What relationship exists among the key sustainability pillathe engineering
curricula at the University of Toronto?

The results indicatéthat sustainabilityillars tendto be taughin a standalone manneather
than connecting the pillars to one another in a holistic matriee course description stagéis
trend became less prominent as we progressed in analysis KHtagever, thelatter stages

analyzed a subset of the data (syllabi, instructor survey) compared to the course descriptions.
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The contributiond madein this studyincluded developng a Sustainability inEngineering
frameworkto help define the term; a methodology &msessg sustainability inthe engineering
curriculumby content and depth, using the framework developegeogtessively more detailed
data inputgcourse description, syllabi) and an instructor sureeyl a case study to demonstrate
the use of the framework and methodology by applying the procesisetandergraduate
engineering curriculum at UofTThese frameworks and methodology could be applied in the
future at UofT for benchmarkingurriculum from prioryearsor extended to other institutions (see
Section6.2.9.

6.1.3 Study 3 (Blended Perspective)

Study 3 Chapter 5) explored whether sustainability perceptan engagemeichangedn
engineering students from the beginning to the aftdr exposure to aeorecourse focusing on
sustainability.For this studyJqu al i t ati vely anal ysedreflsctions) ent s
on sustainable developmergnvironmental stewardshigesponsibility and engagemeni.
analysed the statememtsductivelyusing theSustainability inEngineeringFramework(Study 2,

Chapter 4) the Personal Pro-Environmental Ations Framework (Study 1, Chapter 3and
Reflection Type (descriptive, dialogic, critica]l65]. | also codedinductively to uncover
emerging themes and patterAgter coding deductively and inductiye | compared between the
beginning and end of the courdesought permissiorand colleced a total of 86personal
statements, 43 pairs, representing ~22% of the classresearch iStudy3 was inspired byhe
opportunity to study the | mp dahontbefpersonamed ur s e
professionatomains

Research Questions:

S3BRQLHow do 3rd year mechanical engineering s
on an aggregate level from the beginning to the end of a core sustainedidityd course?

The results from the deductive coding show that themes iBrthigonment pillar were the
most prevalent compared to the other three pillars and overall, themes increased from the
beginning of the course to the end of the course in all four pillars PrafbessionaResponsibility

showing the largest increase.

S3RQ2 What was the nature of the change among the studi€aisy) in content and reflection
type? Was there an evolution of sustainability thinkimgerceptions and engagemdytthe
studentdrom the beginning to the endtbke ourse?
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For the nature of the change in conteffie tresults indicate thdbr the definitions of
sustainable developme($D), the studentstarted todiscuss sustainability in a more holistic
manner at the end of the course compared to the beginning of the Ragarding environmental
stewardship(ES), students discusseithe protection of environmental resources and human
participation. For responsibility, there was a shift towards students thiakiagt practicing
sustainabilityas a bonus from the beginnid the course to aecessityat the end of the course
For the naire of change in reflectiorthere were more instances of descriptive writing and
descripive reflectionfor the definitions (SD, ES) and more instances of dialogic and critical
reflection in responsibility and engagemertiese differences are likely due to students thinking

about their broader contribution to sustainability in responsibility and engagement.

The contributiond madein this studyincludeadding to the literature that looks at howne
mi ght wuse studentsd refl ect andegpropdngsome insightst o
intothenatureoé ngi neer i ng devaodmenatesb@ingtexposadgoaisustainability

related courséseeSection6.2.3.
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6.2Fut Wo e &n d
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This section of theissertatiordiscusse$uture options for each study

Figure 6.1 summarizes the various options. The options for each study will be presented

below.
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Figure 6.1: Future work options

6.2.1 Study 1 Future

6.2.1.1 Expanded Exploration of PEA and CL (Subsequent Surveys)
Study 1 wasextended based on a grant received from Climate Positive Energy/Campus. The

Study 1 surveywasenhanced anddministeed to all three campuses of UofT in fall 2023
additionalfuture goalcould be tosurvey undergraduate engineering students at other universities
within Canaddo see how they comparedtudents at UofT and determiwbether misconceptions

vary andif there are additional opportunitiésr GHG emissions reductioRossiblecriteriaare
schools infigreen cities schools inplacesthat may be seen as politically beholden to fossil fuels
or schools where studies on sustainability have been done on more general student populations.
few suggestion®f universitiescould bethe University of Guelph, Universities of Alberta and
Calgary andhe University of British Columbia. The city of Guelph is considered a "green city",
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with Mike Schreiner being the only member of the Ontario Provincial Parliament that belongs to
the Green Party. The Universities in the Province of Albestdd be good choicedue to their
high enrollmen{4] and the political nature of Alberta being driven by fossil fuels. The University
of British Columbia could also be included to augment studies already conducted with
undergraduate students to add granularity by selecting engineering sfdtlents

Anothemossibility couldbea longitudinal componert UofT comprising a followup survey
to see if garticular studentsCL or PEAchangedver time with or withoutan interventior(see
Section6.2.1.3, or due to the courses taken or minors selected at,ofd observing whether
the sustainable streams are increasing or decreasing in participation by the .sfudebtet of
sustainablaninors and ertificatesavailableat UofT for currentengineeringundergraduateare
Certificate in Renewable Resources EngineeriBgstainable Energy MinpiEnvironmental
Engineering MinorMinor in Environmental Engineering + Minor in Sustainable Ené2§4].

6.2.1.2 Student Motivations, Intervention, Interviews
Additional data and analyses from the 2021 survey administration that were not presented in

the peerreviewedarticle for Study 1 and ispresented irSectionB.3.6. Due to the rich data set,
the associations among carbon literacy, -gmgironmental actions, values, beliefs and
demographics are additional research topics that can be considered dsrilell astaking a
deeper look at motivations

Development and administration afi @ducation interventidoampaignto inform students
and then question their future intent toiaalso an area for future workhe groupcouldbe both
engineeringnd norengineering student$he intervention participants may be students attending
existing undergraduate engineering courses at the University of Toronto, to account for selection
bias, and/or may comprise the students who volunteered as part of the survey adminiStration
optimize the development ofdhnterventionthe content, design and delivery metloodldtake
into consideration results from the analyses of the survey fromSthdy 1, pedagogical
approachesuch asactive learning, UDLetc.and environmental psychological aspesish as
barriers, co-benefits, etc.(Sectiors 2.3.1, A5, A.6). To measure the effectiveness of the
intervention a follow-up with the participantsould be inthe formatof a repeatedurvey(see
Section6.2.1.1, mobile phone application, interview or focus group. There may be a single, or
multiple contact(s). The idea is ttesign a study that mawpclude pre, post control groups,
longitudinal aspesf repeated measuresic. to determine whetheshifts occurredin carbon

literacy and preenvironmental behaviouand the relationship betweethem or to compare

SherryAnn Ram 150 2024



Chapter 6 Conclusion

whether the type of intervention has influence or implications for the study désigrxample.
This process incurs complexity an@stoo broad / large for the scope of the PhD.

Possible pathwaysould also bearound participant food choices air travel (ground
transportation infrastructure and actions seem to be covered by engineering students if. Toronto
Since flyingmay not happeron adaily basis then food would be theptimal choice since it is a
relatable topic. This choice may not be appropriate for three main reasons. First, it would be hard
to make an argument about any action change being because of the intervention. The cultural piece
is very profound and hard to contrdlhere could also be personal reasons for food choices that
may be related to health or medical conditions. It is likely that an intervention will not laag to
immediate change.

In addition, here are a few notable observations and questions that arose from the results.
Exploring this effect further would be important to determine if there is a maximum number of
actions one is willing to do regardless of CL, perhaps to sustain a certainfleveifort Another
observation is that CL increases with year in the engineering program, and it is curious as to why
this happens. Does the engineering education curriculum at UofT advance CL or are there other
factors? Are there reasonsyhigher CL do not translate to higher PEA? Do the transportation
habits of the students continue after graduation, and is the PEA due to CL or is it due to

circumstance, financial or otherwise? These questions could be addressed with further research.

6.2.2 Study 2 Future

6.2.2.1 Triangulation
As an extension to the course content analaiglitional triangulation methods can be

explored Options include coding materialsuch aslectures, assignments, tutorials, course
information sheetsstudentnputor classroom observatiofisterviews with engineering facylto
augment the results fro®tudy 2. Class observationsr interviewscould get the etic and emic
perspectives or verify the results of ttading tocomplement researdimdings ifa mixed method
approach is taken.

Another option iscoding the curriculum contentith Natural Language Processing (NLP)
Semantic Text Analysisising artificial intelligence (AI)[303] to determine the degree of
difference between human coding and machine cod@iog to large number of course$59) in
the UofT FASE curriculunthis could be a practical choi@nd if codingbetween human and

machine codingire somewhat alignednay offer an efficient method of content analysi$is
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could also help with scaling up to include all materials rather than a sabdetliow for
comparisoramongprograms at different schools

Finally, amixed methods triangulation/embeddicguld be designed teee the alignment of
this study with theCEAB attribute mappingself-reporting by professoyssfocal pointswith the
UN SDGs as support to see how sustainabilitemesented in the curriculufihe comparison
would be important because meeting the CEAB attributes in engineering practice is the focus for
graduates in Canada, while planetary survival potentially rests with fulfilling the SD&g the
engineering course map for eaiscipline that is provided to the CEAB, the presence of each
CEAB attribute within the curriculum can be calculated to see the relative weightings. It may also
be worthwhile to map which CEAB attributes are related to sustainability and determine the

representation of these attributes within the engineering curriculum.

6.2.2.2 Comparison at Other Institutions
There could be assessment within otln@rersities andnstitutions, commensurate with the

broader comparisons suggested in the future work Set#o? anddescribed in Sectio6.2.1.1
The framework and assessment method can be applied to gauge the level of sustainability. After
assessing, the institution can make judgements around future pathways that can be adopted for
updating the curriculum to address sustainabilityndertaken, it may be beneficial to be specific
in the selection criteria, perhafpsample resources are not available

- A few engineering disciplines froselectinstitutions

- A single engineering discipline from several institutions for comparison

- Some other combination, rather than analyzing the entire curriculum for each institution.

These comparis@tould elucidate the differences among particular disciplinary practices and

perhaps couldl®w institutions to learn from each other about sustainability practices.

6.2.2.3 Benchmarking
Another option could bednchmarking fronprior years.The course calendars fropmior

yearscan be assessed to see the quantity of courses that are still taught today with the same or
different course descriptions and which courses have been removed/replaced. Thisyoalcess
highlight the differences from then to now amtkcan evaluate how the sustainability content has
changedand in what way.
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6.2.3 Study 3 Future

A possible area for future work coutbe looking deeper at the course materials for MIE315
or perhaps interviewing the instructor MdfE315 to furthercorrelatethe content coded twhat is
taught or what the students choose to include in their reflectidasign reports and projects,
map the outcome with the student personal statements. In addigidea of using reflective
practice in engineering educati@ould be extended to other courses and disciplines within
engineering to investigate thesults. Finallythe pedagogical approach can be used in different
ways to determine how effective they are and perhaps add longitudinal consgponexplore
long-term viability.

6.3 Recommendations

6.3.1 Study 1 Recommendations

From the finding after the survey analysisthe overallcorrelationbetween carbon literacy
and preenvironmental actiowas weakwhich perhapsligns withsome studiesdicatingmore
information does not lead to actif80]i [32] . But students @l actpro-environmentallybased on
their belief of the impact of the actignvhich tested this theory by Friokt al.[8] andaligns with
Truelove et al[97] and contradicts studies around the information deficit mi@33) [34] in that
belief that an action was high impact correlates to performiktpitiever, thifinding my be due
to certain factors and reduction of barristech as easy access to public transportafidre
recommendation therefore would be determine whether their actions are intentiopal
situationalwith a greater focus on motivation and barriers rather than exclusively on knowledge
In this study and other recent studibat surveyed neengineering and engineering university
students in North AmericaybWynes et al. and Milovanovicet al. [7], [70], there were
misconceptions among the students whacimgs another recommendation through correcting
these misconceptiaro potentially advance prenvironmental actions.

6.3.2 Study 2 Recommendations

From thefindings after analysing theourse descriptiorsnd syllabi, it would appear that the
curriculum could benefit fronmore integration othe sustainabilitypillars. The suggestion by
Sheppard et a[10] of networkingis not apparent in the current curriculum assessn@me.
recommendation therefore is thadfT might want to consideiocusng on better integrabn of

sustainability pillars into the curriculum.
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Regardimg sustainability knowledgel. Consider the inclusion of sustainability themes earlier
in the engineeringrogram 2. Incorporate gstainabilitywithin all in the final year capstone design
project for all departments. Address thealifferential coverage of sustainability topics across
departmentsThe results indicate relatively low sustainability content in the core courses in earlier
years. Instructors commented that year 1 acol@2ses should have sustainability embeddelle
core course structur@as well as havevider and morenter-disciplinary approachefom the
undergradate program tagyraduateresearch However, instructors in the undergraduate core
design course at year 1 indicated théiile the course would like to cover contefitdesign
matters as core aspedb&tween thgrocessbasedengineering design proceasdprinciples of
communication and teamwaqrkhere is notlot of lecture or assignment space to buitd
sustainability aspects.ifferent aspects of sustainabilitgay be integrated via team projects, but
this isvariable Integrating content from foundational courses and requsimstainability in the
final design sends the message that sustainability is not an option but a necessary addition to desigr
for any engineer. Literature does suggest t
course$337]i [339]. There isalsopotential for the departments with less covem@gristainability
to review and better integrate sustainability contéathapshe departments with lower coverage
canlook atdepartments that have more coverage and learn.

Considerassessinthe way sustainability is taught in the progrdrhere is an opportunity to
augment engineering education with sustainability with careful consideration of both curricula,
students and other contributing factf#%1], [272], [340] Some holisti@pproachemcludea mix
of formal and informal learninggmpowering students as agents of chaimgeducing reflection
positive messagingand gamification [336], [341) [345]. These approachesay connect the

sustainability pillars together.

6.3.3 Study 3 Recommendations

From the finding of the content analysis aatlective practiceit would appear that a holistic
sustainability course is able to shift the students thinkang adding the reflection component
allowed the students to deeply think about what it means to engage in sustainability both positively
and negativelyT hi s al i gns with Hatton and Smithoés r
shifts as students move from one type of reflection to angié&. Including other reflection
frameworks that allows students to think about community and civic duty can also be considered
like Rivera et. al[330], Ash and Claytor}328]; and [828]orhetukimate goal being for
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students tdbecomepracttioners ofS ¢ h o[blpfsr e f |-iea d ti iafen graduatiorwhile
thinking about sustainabilityThe recommendation therefore could be partnering with my
recommendation fronstudy 2 and further, more widespread integration of reflection in the

curriculum.

6.4 Final Reflection

The researchonductediia the three studidsr thisPhDhas allowedhe research community
to start to understand the state of sustainability at the University of Tdrontothe student,
instructor and curriculum perspectiv&ghile Study1 had limited responsesd the survey could
not capture all the components to fully calculate carbon fooprives still able to gleaimsights
about engi n diteracy ang act®nstodnake & codparison with other prior stoglies
Wyneset al. and Ipsof6], [99]. The resultshowing that students carbon literaane relatedto
pro-environmental actions based on the impact of the action, as suggest iy$ricikd e c | ar a
model[8], can be used as a example thattainability can advance from the personal Sitie.
results of the enhanced survey that was administered in falM@028low for the comparison of
theengineering and other disciplinegslofT to inform further action to reduce emissions

Study 2 focused on the curriculum contemhich is onlypart of the story of sustainability
educationputin the study,| presentediseful information as a starting point for futaealysis,
andit would be interesting teee how the generalized framework and methods can be used at other
institutions.In addition, thdindings around the lack of connection among the sustainability pillars
will be useful information for the university to potentially update the teaching practice and
incorporate more sustability in a manner suggested by Shepperd ¢1@].

The observationgnadein Study 3about the change in sustainability perceptimnsontent
and reflection typdrom the beginning to the end of the courseealedthe broadening of the
studentsé view at t he e nahdholistic petsgectiecbased an the t o
Hatton and Smith framewofi65], and the intent to acAdditional outcomes that catome from
using reflective assignments in other engineering aveasld likely benefit the research
community regarding this pedagogical approach towards sustainabligye are many areas for
future work proposed and | am hopeful thaan continue to learn about sustainabiityUofT

and other institutions.
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Chapter 6Conclusion

6.5 Graphical Representation of Research

Sustainability :

Personal Engineering Education glg{a{=LT.1Y
Knowledge Actions
Environment - @ @ .~ Professional

Society | @ @ Economic

Relationships

' | take public It's impossible to .
fransport, bicycle separate financial,
environment, .

or walkinstead of
driving social issues.
We have solar panels . Engineers are
connected to supply . S‘l'U d e n‘l' obligated to achieve
balance between
people and protection

power to the grid, we .
produce more VO ices
electricity than we use of the environment

. . It may be necessary
to challenge the

| fry to limit the
number of times | fly status quo and drive
In agivenyear change in industry

Key: @ Different Engineering Disciplines @ Strive for Networks to Achieve Sustainability
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Appendix A:

A.1 CrediT te

Appendices
Chapgs e2Suppl ementary |

rms and definitions [14]

Term Definition
Conceptualization |ldeas; formulation or evolution of overarching research goals and aims
Methodology Development or design of methodology; creation of models

Programming, softwardevelopment; designing computer programs; implementation of
Software . . ) ) L

computer code and supporting algorithms; testing of existing code components
Validation Verification, whether as a part of the activity or separate, of the overall replication/

reproducibility of results/experiments and other research outputs

Formal analysis

Application of statistical, mathematical, computational, or other formal techniques to &
or synthesize study data

Investigation

Conducting a research and investigation process, specifically performing the experim
data/evidence collection

Resources

Provision of study materials, reagents, materials, patients, laboratory samples, animal
instrumentation, computing resources, or other analysis tools

Data Curation

Management activities to annotate (produce metadata), scrub data and maintain rese
(including software code, where it is necessary for interpreting the data itself) for initig
and later reuse

Writing - Original
Draft

Preparation, creation and/or presentation of the published work, specifically writing th
initial draft (including substantive translation)

Writing - Review &
Editing

Preparation, creation and/or presentation of the published work by those from the orig
research group, specifically critical review, commentary or revisiocluding preor
postpublication stages

Visualization

Preparation, creation and/or presentation of the published work, specifically visualizat
data presentation

Supervision

Oversight and leadership responsibility for the research activity planning and executid
including mentorship external to the core team

Project administratig

Management and coordination responsibility for the research activity planning and ex

Funding acquisition

Acquisition of the financial support for the project leading to this publication
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A.2 Sustainable Development Goals (SDGS) [17]

@ oevecorvent GLIALS

1 NO IERD GOOD HEALTH QUALITY GENDER CLEAN WATER
POVERTY HUNGER AND WELL-BEING EDUCATION EQUALITY AND SANITATION

fvidit

DEGENT WORK AND ‘ 1 REDUGED SIETAHII.EIII'B 12 RESPONSIBLE
ECONOMIC GROWTH INEQUALITIES COMMUNITIES CONSUMPTION

o Eéa

17 PARTNERSHIPS
FORTHE GOALS

CLIMATE LIFE LIFE PEACE, JUSTICE

13 ACTION 14 BELOW WATER 15 ON LAND 16 AND STRONG &)
INSTITUTIONS

SUSTAINABLE

DEVELOPMENT

GOALS

T 3 |y
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A.3 GHG Accounting Data

A.3.1 Nomenclature for GHG Emissions Accounting

Termsused to quanty GHG emissions include production, consumption, direct and indirect
GHG emissionsProduction(territorial) GHG inventories are linked to a specific country and
result fromactivities such aburning fossil fuelsprocess emissions (e.gement productionand
land use change@on-exhaustive list).Consumption based GHG inventories are linked to a
country's economy and includes emissions from goods and seuicésised or consumed within

a country EquationA.1 illustrates the relationshigsimplified) [63], [65].

Equation A.1: Production, consumption emissions relationship

=t P <«

for Voo mamr o e

Direct and indirect GHG emissions can be calculated using Life Cycle Assessments (LCA)
from products or services during material extraction, manufacturing, transportation, storage, sale,
use and end of life disposal. Direct (scope 1) or Indirect (scomesd Z3) emissionsan be
guantified using the greenhouse gas protocol from the corporate and community scale standpoints
[346]i [348]. Direct GHG emissions are produced from sources wahiertainboundary while
indirect GHG emissions are all other activities associated with upstream and downstream

processes

A.3.2 Greenhouse gas emissions by province and territory, Canada

Table A.1: Greenhouse gas emissions by province and territory, Canada {®)i26], [67]

Total Emissions Per Capita Emissions Population
(MtCOze (tCOe)
Year | 1990 2005 | 2021 | 1990 2005 | 2021 1990 2005 2021

Province or territory
Alberta (AB) 171.8 235.5]| 256 | 67.03 70.37 | 60.06 2,563,142 | 3,346,754 | 4,262,635
Ontario (ON) 180 205.7 | 151 17.40 16.35| 10.62 10,344,678 | 12,578,931 | 14,223,942
Quebec (QC) 86.4 876 | 77 12.31 11.53| 9.06 7,019,039 | 7,598,887 | 8,501,833
Saskatchewan (SK) 43.3 67.8 | 67 43.12 68.26 | 59.16 1,004,214 | 993,288 1,132,505
British Columbia (BC) 51.8 63 59 15.59 14.95| 11.80 3,322,896 | 4,212,666 | 5,000,879
Manitoba (MB) 18.6 206 | 21 16.83 17.47 | 15.65 1,105,098 | 1,179,086 | 1,342,153
Nova Scotia (NS) 19.6 23.2 | 15 21.50 24.71 | 15.47 911,749 938,753 969,383
New Brunswick (NB) 16.3 20 12 21.97 26.75| 15.47 741,981 747,672 775,610
Newfoundland and Labrador (NL) | 9.5 105 | 8.3 16.46 20.44| 16.26 577,113 513,740 510,550
Prince Edward Island (PE) 1.9 2 1.6 14.57 14.48 | 10.37 130,367 138,130 154,331
Northwest Territories (NT) .. 1.6 13 .. 36.76 | 31.65 .. 43,526 41,070
Yukon (YT) 0.6 0.6 0.65 | 21.41 18.68 | 16.16 28,023 32,128 40,232
Nunavut (NU)[A] .. 0.6 0.63 | .. 19.73| 17.09 . 30,407 36,858
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A.3.3 GHG Emissions by Sector and Sub-Sector: World and Canada

Table A.2: World: 2020Share of global greenhouse gas emissiond2%j) [28]

Share Share Share
Sector (%) Subsector (%) Subsector (%)
Energy 73.2 Energy in Agri & Fishing 1.7
Unallocated fuel combustion | 7.8
Fugitive emissions from energ| 5.8 Coal 1.9
Oil & Natural Gas 3.9
Transport 16.2 Pipeline 0.3
Rail 0.4
Ship 1.7
Aviation 1.9
Road 11.9
Energy in buildings (elerc
and heat) 175 Commercial 6.6
Residential 10.9
Energy in industry 24.2 Machinery 0.5
Paper, pulp & printing 0.6
Non-ferrousmetals 0.7
Food and tobacco 1
Chemical & petrochemical
(energy) 3.6
Iron & Steel 7.2
Other industry 10.6
Chemical & petrochemical
Industrial processes| 5.2 (industrial) 2.2
Cement 3
Waste 3.2 Wastewater 1.3
Landfills 1.9
Agriculture, Forestry|
& Land Use
(AFOLUV) 184 Grassland 0.1
Rice Cultivation 1.3
Cropland 1.4
Forest Land 2.2
Crop Burning 3.5
Agricultural Soils 4.1
Livestock & Manure 5.8
Table A.3: Canada2020Share of global greenhouse gas emissiongZ%) [28]
Sector Share (%) | Subsector Share (%) | Subsector Share ¢)
Energy 71% Transport 38% Road 34%
Rail 1%
Ship 1%
Aviation 0%
Off-Road 2%
Energy in buildings (elerc
and heat) 22% Commercial 10%
Residential 13%
Energy in industry 11% Paper, pulp & printing 2%
Chemical &petrochemical
(energy) 2%
Iron & Steel 3%
Other industry 3%
Industrial processeg 25% Cement 1%
Mining , Quarrying, and Oil
and Gas Extraction 17%
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Smelting and Refining 2%
Petroleum Refining 3%
Forestry 0%
Construction 1%

Agriculture,

Forestry & Land

Use (AFOLU) 4%

A.4 Supplementary Pathways to Sustainability

| proposehigh-level pathway t@dvancing sustainability in engineering education, both from
the personal and professional perspectives, depictadduneA.1. There are 4 quadrants that each
represent aonceptuatluster othumansgased on their level aglustainability knowledgeaffinity
to proenvironmental actiorHumansin quadrant With strongsustainability knowledgand are
prone to preenvironmental actionsnight likely continue to acquire knowledge or learn and act
pro-environmentallyFor human$elonging to quadrant 2, whosestainability knowledges low
but would like to act prenvironmentally, perhaps path forwardcould bestrengthening their
sustainability knowledgeHumars belonging to quadrants 3 andwvho are less prone to pro
environmental actions potentially needs a diffegmtroachbeyond knowledge acquisitidike

understanding motivations thrdugsychology socialand cultural factors

More Sustainability Knowledge

© @

Less More
Pro-Environmental -« » Pro-Environmental
Action Action

@ @

v

Less Sustainability Knowledge

Figure A.1: Conceptual model of clusters showing the interplay betwastainability
knowledgeand preenvironmentahction
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A.5 Role of Psychology

Co-benefitsare most often used within the specific domain of GHG mitigation and are thus
particularly relevant to Study 1 (Chapter )t could be extended conceptually more broadly
across other prenvironmental actions, with relevance to Studies 2 and 3 (Chapters 4 and 5).
Within the climate change space,-lenefits refer to additional gainsn performing pro-
environmental actions, beyond those that aid in climate change and/or reduce GHG emissions
[219]i [222]. Co-benefits can encourage students who do not have an affinity-empr@onmental
action to still benefit while reducing GHG emissions. A few examples diecefits will be
provided for transportatioand buildingsfood and food wasttor the personal and professional
domainsin the personal domaimif transportatiorijving without fossil fuel cars can significantly
reduce GHG emissions (Appendsxl.1.3. A few examples of cdbenefitsin the personal domain
wereprovided for transportatigiuildingsandfood in section3.3.2 These examplediscussed
the cebenefits of usin@ctive / public transportaticand reducing meabwards improving health
[220], [223]) [227]; and the cebenefits ofutilizing electric appliances areffective insulation in
buildings towvards cleaner atowarddowering costg349], in addition to reducing GHG emissions
and other environmental impacgsdditionally for the personal domairgrffood waste, reduction
can lead to savings in money and reduced food inse¢880), [351] In the professional domain,
designing for the environmemthich includesconducting Life Cycle Assessmearend thinking
about social and economic gaimovide cebenefits. Forexample procuringmaterials that are
locally sourceatan reducéransportatiortost(economic) analso help retain jobs locally (social)
and can reduceGHG emissiondrom transportation by reducing the distance traveligdhe
materialand depending on the material itself, reduce embodied caBaamng closer insight into
an individual 6s mot i-beaefits may e a psythologitdl methbd ©i n g
encourage prenvironmental action for those who are mdherwiseimmediately inclined to
prioritize sustainablactions.

Social norms refer to actions that are collectively adopted by a communitywarkers[52].
It could be someone performing an action because everyone else is doitgfit in or someone
talking about something they dand another person being influenced by this action and wanting
to try the actioralso. For example, if a company starts encouraging employees to cycle to work or
if a group of employees decide to cycle to wimksustainability reasonshis activty may have
a multiplicative effecton other people who are not necessarily performing this activity for

sustainability reasongshich could inadvertently benefit the environment.
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Removirg barriers for an action may also encourage people to aamiconmentally[51],

[54]. Examples could include physical removal of barriers like having more vegetarian or vegan
options cycling infrastructure that is perceived as saferemoval of systematic barrieasound
cultural practices in an office setting.

One other factor that may influence performing-pnvironmental actions is climate change
anxiety. Studies have shown that there may be two reactions to climate change anxiety, propensity
to act more preenvironmentally or the reverse effd852], although in Canada the effect is
negative among young adu[B53]. This study did not explore climate change anxiety and pro
environmental actions. However, another study conducted at the University of Toronto
investigating this phenomenon indicated that undergraduate engineering students showed a
positive association ih climate change anxiety and peavironmental action$334] which
perhaps could be a contributor to the lower Personal Carbon Footprint (PCF) calculated for this

study.

A.6 Social and Cultural Influence/Factors

There aresocial and cultural factothat influence gerson's pre&environmentahctiong354].
These factors include, but are not limited to, values, culture, gender, geographic location, belief in
climate change, political affiliation, religion and income. These factors and how they influence
pro-environmental behaviour are discussed below.

Bouman et.al[354] identified certain aluesthat may beelevant for personal climate action
as: biospheric (relating to environmental concern), altruistic (reldttige happiness of another),
egoistic (relating to personal possessions) and hedonic (relating to personal pleasure and comfort).
The values associated most closely to-gmeironmental attitudes were biospheric and altruistic,
however, persons with egoisand hedonic values may adopt fgavironmental actions if there
is alignment with personal benefit, dilsaving money or living a higlaier life, also associated with
co-benefits The values a person possesgeertaining tesustainabilityare linked to influences from
their family and peers in addition soistainabilityeducatior{355].

For gender,Zeleznyet.al. [356] linked womento greater social concern and as a restlt
higher concern for environmental stewardship, althoXigio et.al.[357] indicated thathis link
is becoming less prominent. In terms of culture and geographical loc@tanalkowska et.al.
[358]u s e d t mmascutin® culturesto refer toinstancesvhereindependenceachievement

and material possessions are highly valued;gmmaronmentalactionstend to be less likely,
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compared to "feminine" cultures where collaboration, teamwork, quality of life and concern for
others are of higher value.

Scholarsalso observedonnections among climate change belief, political and religious
affiliations.Hu mans donodt rhropogenis cliate Ichamgpolkicalaaffiliation has
been linked to skepticism abdudthclimate change anglistainability knowledgg], [89], [359],
[360]. Several studies show thaireservativesegmentin the population tend to be more skeptical
about climate change and have lowasstainability knowledgeHowever, may act pro
environmentally if actions benefit the society or themselves persoAadiybset of studies also
found that certaindligious affiliations are also connected to +grvironmental behaviof7],
[361], [362] A study by Morrison et al. reported thatslarist an@uddhists had the most concern
about climate change and believed to be anthropogehile Christians had the least concern and
felt climate change may nbeanthropogeni¢362]. However, whether persons skeptical about
climate change, may not necessarily affect their propensity to agirsmenvironmental manner
[359], [360]

Studies about income, affluence and relatedgmnaronmental behaviour show mixed results.
On the one handemmelmeieletal. [363] indicated that if there is material comfort, then people
can engage in prenvironmental behaviour compared to those who are concerned about basic
needs and ability to survive and are unable to engagmistainabilitycauses. Conversely,
Hoornweget.al.[208] mention that affluence, especially in densely populated urban communities
is associated with more consumerism and correspondingly higher GHG emissions. The
relationship between income and fmavironmental behaviour seems to be more complex and
there maybe additional factors to consider rather than making a definite claim about income and

how it affects a person's ability to act in a4provironmental manng864.

A.7 Brief History of Reflective Practice
The inception of reflective practice began with John Dewey in [3&5. Dewey emphasized
the importance oftudents participatini reflectionandposited that reflection after an evenais
process that ithoughtfulanddeliberate Deweybelieved thateflecting onour experiencemay
allow personal growth and céead to weHinformed decisiormaking inmany contextsin 1983,
Schonll]lex panded on Deweyds mode of reflection
- Reflectionin-action Thinking and adjustinguring the practice orexperience.

- Reflectioronaction Processingfter a situation oevent,to analyz and learn.
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In 1995, a seminal work by Hatton and Smitl5] e | abor at ed Sc-bmenos
Act i on o0 theoincldsiors abotls & process and content of reflection, defining technical
rationality (descriptive writing not reflection) andhreedifferent types of reflection (descriptive,
dialogic, critical). In 2016, Riveraet §830]ir econcept ual i zedo Hatt on
a continuum which | argely mapped to Hatton a
some focus on cultural and linguistic context to aid in classifying the reflections.

In 1995, Brookfield[12] discussed the notion of critical thinking in teaching and expanded
reflection to include not only oneds own eve
Brookfield also encouraged pemflections. Other popular models of reflection indud Mo o n 6 s
[329] stages of reflectionRrereflective not aware reflection is needeSelf-reflective aware
reflection neededDialogic Reflective dialogue with oneself and otherGyitical Reflective
guestions and consi der s c 0o[328] process flordaeilgating anad d A s
assessing reflection where studerdsatibe and analyze experierican personal, academic, and
civic perspectives theméntify and activate learningn attempt to summarize the cycle critical

thinking, assessment arevaluation and reflective practice is depictedrigureA.2.

Reflective Practice:
Personal, Professional Experiences

[

Assess/Evaluate: Critical Thinking:
Revisit Bias, Question Actions,
Assumptions, Values, Solve Problems, Seek
Beliefs, Attitudes ~ Alternatives

Figure A.2: Reflective Practice, Evaluation, Critical Thinking Cycle
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A.8 CEAB Attributes [111]

1 A knowledge base for Demonstrated competence in university level mathematics, natural sciences, engine
engineering fundamentals, and specialized engineering knowledge appropriate to the program.

2 Problem analysis An ability to use appropriate knowledge and skills to identify, formulate, analyze, ang
solve complex engineering problems in order to reach substantiated conclusions.

3 Investigation An ability to conduct investigations of complex problems by methods that include
appropriate experiments, analysis and interpretation of data, and synthesis of inform
in order to reach valid conclusions.

4 Design An ability to design solutions for complex, opended engineering problems and to deg
systems, components or processes that meet specified needs with appropriate atten
health and safety risks, applicable standards, and economic, environmgnted) end
societal considerations.

5 Use of engineering tools| An ability to create, select, apply, adapt, and extend appropriate techniques, resourc
modern engineering tools to a range of engineering activities, from simgpbeniaex,
with an understanding of the associated limitations.

6 Individual and teamwork| An ability to work effectively as a member and leader in teams, preferably in a multi
disciplinary setting.

7 Communication skills An ability to communicate complex engineering concepts within the profession and
society at large. Such ability includes reading, writing, speaking and listening, and th
ability to comprehend and write effective reports and design documentaticio, gined
and effectively respond to clear instructions.

8 Professionalism An understanding of the roles and responsibilities of the professional engineer in soq
especially the primary role of protection of the public and the public interest.

9 Impact of engineering on| An ability to analyze social and environmental aspects of engineering activities. Suc
society and the ability includes an understanding of the interactions that engineering has with the
environment economic, social, health, safety, legal, and cultural aspects of society, theintiesria

the prediction of such interactions; and the concepts of sustainable design and deve
and environmental stewardship.

10 | Ethics and equity An ability to apply professional ethics, accountability, and equity.

11 | Economics and project | An ability to appropriately incorporate economics and business practices including p
management risk, and change management into the practice of engineering and to understand the

limitations.

12 | Life-long learning An ability to identify and to address their own educational needs in a changing world
ways sufficient to maintain their competence and to allow them to contribute to the
advancement of knowledge.
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AppendixB:Chapt,erSt3uSduyp pl ement ary | nf c

B.1 Supplementary Literature 1 Study 1

B.1.1 Pro-Environmental Actions
B.1.1.1 Summary of High, Moderate and Low Impact Actions

There are high, moderate and low impact actions one can personally perform to reduce GHG
emissionsFigureB.1 shows the average energy savings in #£foom eachype ofaction[6].
High impact actions save more than 0.8 $€@er person, per year, moderate actions save between
0.2 and 0.8 tCe®, while low impact actions save less than 0.2,:80he red lines show the

savings for Canada specifically.

59

58 High Impact Actions
(>0.81COse)

Moderate/Low Impact Actions
> (<0.81COze)
57
Emisions
Savings
(1C02e)
per year 7 g

L5
1.0
11
0.0

have fewer Livecar  Avoid Buygreen Increase  Switch Adopt  Replace Wash Recycle Hang dry Upgrade
children free  transatlantic energy fuel from  plant-based gasoline laundry in clothing light bulbs
flight economy electriccar  diet  with hybrid cold water
to no car

Figure B.1: Emissions savings per year (te&pfor individual actions to reduce GHG emissions
in developed countrig$]. The histogram bar heights represent the mean of all studies for each
action, red lines indicate mean values for Canada (identified by ISO codes). Note the break in the
y-axis at 2.5 tCee.

To provide additional contexgjgureB.2 shows per capita GHG emissions for North America
in 2022 and a scenario of the cumulative effect high, medium and low impact actions may have on
reducing personal GHG emissions in North America. In the scenario, the transportation action
chosen was living car free. Emissions savings due to having one fewetroohdverage was
omitted due to scaling on the grapiigureB.2 indicates that simultaneously embracing four high
impact actions: living car free, avoiding a transatlantic flight, buying green energy and adopting a
plantbased diet, may reduce personal GHG emissions by ~57%. Data tables can beTabiel in

B.1.
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total ermssions . .
Live car free

pet capita
o . Avoid transatlantic flight
eImnissions savings
per action . Buy green energy

Adopt plant-based diet
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. m Medium and Low Actions
tCOze

Figure B.2: Comparison of North America total GHG emissions per capitagLénd
cumulative emissions savings per year (#€)dor individual actions to reduce GHG emissions
in North America (USA and Canada) for 2022.

Table B.1: Emissions savindggear (tCQe) for individual actions to reduce GHG emissi{8is

Emissions Savings tCOe
Have fewer children 58.6
Live car free 2.4
Avoid transatlantic flight 1.6
Buy green energy 1.5
Increase fuel economy 1.19
Switch from electric car to no car 1.15
Adopt plantbased diet 0.8
Replace gasoline with hybrid 0.55
Wash laundry ircold water 0.247
Recycle 0.213
Hang dry clothing 0.21
Upgrade light bulbs 0.1

Similar studies invegjating GHG emissions mitigation align closely with the findings of the
metaanalysis and the personal actions suggested to reducee@tkSions, and point toward
changes in energy supply, transportation methods and[2B¢t [366] [368]. However, |
acknowledge that the specific savings from each action will depend heavily on céfgext
examplejn the transportation context, esions will depend owhich gasoline car gets replaced
by which hybridandhow oftena specific person driv&to begin with In addition there may be
substantialchanges over timad.e., the efficiency of cars has increasggnificantly sincethe
Wyneset al.study.While these factors are important to considlee, numbers discued in this
PhD are representative averages at the times the studies were condibetéollowing sections
will elaborate on the personal shifts individuals can make to reduce GHG emissions with varying

levels of effectiveness.

B.1.1.2 Family Planning

Family planning is often overlooked as a measure to reduce GHG emissions due to the
sensitive nature of the topi¢iowever, about three quarters of emissions are attributed to

population growtt{369]. Based on historic records, reducing the number of children in a typical
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family can greatly help in reducing GHG emissi¢869]. FigureB.1 indicates that having one
fewer child can save an average of 58 #€@lobally and this increases to about 117 #0r the

USA [6]. The model used to attribute GHG emissions from reproduction activities is based on
fertility and mortality rates andescendants of the individual who reprodu@®]. While the
fertility rate for the USA is higher than Canada, the life expectancy for Canada is higher than the
USA. Thus, implications of having one fewer childCanadas likely similar to the USA due the
minor differencesn fertility/mortality rates and the relative similarity in current per capita GHG
emissions between both countri@3'1], [372] Although population growth will come mainly
from developing countries and total population may stabilize this cef&dgji [375], Canads
population may double by 2068 under the highwth scenari@and theUnited States of America
could exceed 400 million, an increase of ~21%, by 2686]i [378].

B.1.1.3 Transportation

The opportunity to reduce GHG emissions through personal and household transportation
choices remainsignificant Figure2.4). Transportatioremissions are largely due to the burning
of fossil fuels for ground and air transportatibligh impact ways toeduce GHGemissionsy
individualsincludeliving car free increasing fuel economyeplacing a gasoline car with a hybrid
for ground transportatiomnd avoiding transatlantidlights for air travel Ground and air
transportation will be discussed in the context of personal GHG reductions inaCanad

Personal gasoline transport vehicles are a major source of GHG emissions in Canada as a
whole and in particular, Toronto and its surrounding afeasOntario in 201844% ofthe total
GHG emissionsvere from thdransportation in th&reaterTorontoand Hamiltorarea (GTHA)
amounting tg55.5 MtCQe) [253]. About 34% ofGHG emissions in the GHA are attributed to
transportation and 78% of ahtransportation emissions are from gasoline burned in personal
vehicles[253]. Downtown Torontdypically has lowermer capita transportaticBHG emissions
than the surrounding GIA and as population density increases by municipatigr, capita
transportation GHG emissions decref@&s], [379] implying that improving transit infrastructure
and increasing population density may decrease GHG emisbiof@onto, large scale reduction
in GHG emissions from personal vehicles is possible based on a report done at the University of
Toronto [380]. Ganiji et al. neasured emissions at 25 intersections in Toronto during a period
before the COVIB19 lockdown in the fall of 2020 and just after the lockdown in the spring of

2021 GHG emissions after COVH29 lockdown substantially reduced when transportation,
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including personal vehicles, were limitethis reduction is an indication that living car free, as

residents were forced to do during the lockdown, can impact emissions reduction if collective.
Globally, air travel accounts for about 2% of emissions associated with fossil¥ag&]sin

CanadaannualGHG emissions from air carriens 2018were 22 MtCQeq., twaothirds resulting

from international flights and orthird from domestic flights[382]. Therefore, reducing

international air travel can reduce personal GHG emissions and aligns with findings presented in

at this beginning of this\ppendixSectionB.1.1

B.1.1.4 Household Energy

There are areas to achieve household GHG emissions reduction thignghmoderate and
low impact actionsindividuals can reduceesidentialemission througtenergy usesaving via
building upgrades, setting the thermostat to moderate heatdwpoling temperatures during the
winter andsummer months, and laundry (washing in cold water and line dri@hd23].

In Canada, residential GHG emissions contribute aboufiftheof all GHG emissionsn
2021 [383]. Residential GHG emissions include those derived from energy to heat homes and
transportation emissions such as gasoline for personal vehtitese B.3 (left) shows the
variation of household GHG emissions across proviteegories(2015) and although Ontario
and Quebec are not the highest in terms of per capita emissions, they lead in the proportion of

emissions due to household activities at abouitbind [29].

Emissions

I 3.10

Emissions

I 6.3

" »,
)

© GeoMames, Microsoft, TomTom © GeoNames, Microsoft, TomTom

Figure B.3: Estimated 2015 residential per capita GHG emissions @ tals (left),
electricity consumption (righ{R9], [384]

Looking at the GHG emissions froatectricity consumptionprovinces and territories where
electricity is derived from burning fossil fuels, like Alberta and Saskatchewan, have significantly

higher GHG emissions compared to provinces where electricity comes from nuclear or hydro, like
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Ontario and Quebee€igureB.3 (right) [385]i [387]. Although Ontario's electricity mix is mostly
fossil fuel freg[90], resulting in lower GHG emissions for electricity, natural gas is still used for
heating. Inthe GTHA,buildings (residential and commerciafntributed 43% of GHG emissions

in 2018, largely due to space heating from natural gas sources, and up frankF@00aronto,
buildings contributed the highest proportion of emissionsb8%-{253]. Therefore, household
energyconsumptionremains an area where individuals can reduce their GHG emissions. Data

tables are available ifableB.2.

Table B.2: Canada stimated per capita 2015 GHG emissions @€Oresidential totals (left),
electricity consumption (righfR9], [384]

Province ResidentiaEmissions tC@e | Electricity Emissions tCee
Nova Scotia (NS) 5.9-6.3 3.10
Nunavut (NU) 15-3.1 3.00
Saskatchewan (SK) 4.9-5.9 2.45
Alberta (AB) 4.9-5.9 2.25
New Brunswick (NB) 4.9-5.9 2.18
Northwest Territories (NT) 3.1-3.9 2.17
Prince Edwardsland (PE) 6.3 0.43
Newfoundland and Labrador (NL) 6.0 0.27
Yukon (YT) 3.1-3.9 0.20
Ontario (ON) 4.0 0.15
British Columbia (BC) 3.1 0.07
Manitoba (MB) 3.5 0.03
Quebec (QC) 3.9 0.01
B.1.1.5 Food

Worldwide, food is directly or indirectly responsible for about one quartgtatifal GHG
emissiong233]. Poore et al. completedmaetaanalysisin 2018to determine the environmental
impacts associated with food by harmonizing LCAs previously {@88]. The metaanalysis
comprised 500 studies (more than 1500 were considered) and included 139 contributing authors,
38700 farms in 119 countries and 5 environmental indicators (GHG emissions, land use,
acidification, eutrophication, and scarcityeighted freshwater withdrawaldyigure B.4 breaks
down the GHG emissions per kg of food across the food supply chain, categorized by food types:
proteins, dairy, oils and other foof#33] (datain TableB.3). FigureB.4 shows that beef reared
for meat produces the highest GHG emissions at close to 60.kg@D kg while fruits and
vegetables are the lowest emitter at less than 1 kg@€ér kg. For beef, about twbirds of the
GHG emissions are from the farm indicator due to methane)(@idduction from cows. Beef
herded for dairy has a lower GHG emissions due thgreducts of both dairy and meat. Lamb,

mutton, cheese, dark chocolate and coffee are also high emitters producing between 17 and 25
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kgCOee per kg. Pig and poultry proteins sources are not ruminant (animals with-éhéouber

stomach) and do not produce £Hereforeresult in lowertGHG emissions.

Bovine Meat (beef herd) I [ |
Lamb & Mutton |
Bovine Meat (dairy herd)
Pig Meat I a
Proteins (Fish & Crustaceans (farmed & capture) |
Poultry Meat S
Tofu N
Nuts & Groundnuts Il

Cheese N 1
Eggs B |
Milk, Butter, Cream & Ghee [l
Dairy Soymilk [

Palm/Soybean Oil I
Oils Other Oils [ |
Dark Chocolate N |
Coffec I ||
Rice |
Cane Sugar N
Other | Other grains and cereals Ml
Fruits and Vegetables Ml

-50 00 50 10.0 15.0 200 250 300 350 400 450 500 550  60.0
Emissions (kgCO,e)

® Land Use Change Ammal Feed Farm Processing W Transport ®Packging MRetail

Figure B.4: Global GHG emissions per kg of food product across the supply chain £&gCO
categorized by food groJg33]. Graphic created from supplementary material provided with
article from Poore et.al.

Table B.3: Global GHG emissions per kg of food product across the supply chain (kgCO2e)
[233]

GHG Emissions (kg C&®)
Product Land Use Farm Animal Processin Transport Packagin Retail Totals

Change Feed g g
Bovine Meat (beef herd) 16.3 39.4 1.9 1.3 0.3 0.2 0.2 59.6
Buffalo 9.6 29.0 2.2 1.2 04 0.3 0.2 42.8
Lamb & Mutton 0.5 19.5 2.4 1.1 0.5 0.3 0.2 24.4
Bovine Meat (dairy herd) 0.9 15.7 2.5 1.1 0.4 0.3 0.2 21.1
Pig Meat 15 1.7 2.9 0.3 0.3 0.3 0.2 7.3
Fish & Crustaceans 0.2 4.8 1.1 0.0 0.2 0.2 0.1 6.6
Poultry Meat 25 0.7 1.8 04 0.3 0.2 0.2 6.1
Tofu 1.0 0.5 0.0 0.8 0.2 0.2 0.3 2.9
Nuts & Groundnuts -0.8 1.8 0.0 0.2 0.1 0.1 0.0 14
Cheese 4.5 13.1 2.3 0.7 0.1 0.2 0.3 21.2
Eggs 0.7 1.3 2.2 0.0 0.1 0.2 0.0 4.5
Milk, Butter, Cream & Ghee | 0.5 15 0.2 0.1 0.1 0.1 0.3 2.8
Soymilk 0.2 0.1 0.0 0.2 0.1 0.1 0.3 0.9
Palm/Soybean Oil 3.1 1.8 0.0 0.8 0.3 0.9 0.0 6.9
Animal Fats 2.0 1.2 24 04 0.3 0.3 0.2 6.7
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Other Oils 0.5 2.7 0.0 04 0.3 0.9 0.0 4.8
Rice 0.0 3.6 0.0 0.1 0.1 0.1 0.1 3.8
Other grains and cereals 0.1 0.9 0.0 0.1 0.2 0.1 0.0 1.5
Fruits and Vegetables 0.1 0.3 0.0 0.0 0.1 0.1 0.0 0.7
Cane Sugar 1.2 0.5 0.0 0.0 0.8 0.1 0.0 2.7
Sweeteners & Honey 0.0 0.0 0.0 0.1 0.7 0.1 0.0 1.0
Dark Chocolate 14.3 3.7 0.0 0.2 0.1 0.4 0.0 18.7
Coffee 3.7 10.4 0.0 0.6 0.1 1.6 0.1 16.5
Stimulants & SpiceMisc. 6.0 4.9 0.0 0.3 0.1 0.7 0.0 12.1
Wine -0.1 0.6 0.0 0.1 0.1 0.7 0.0 1.6

Foods with higher GHG emission numbers per kg can be put in context of the individual
portions consumed. As an example, in North America, a typical beef burger measures around 114g
(quarter pounder) while a typical cup of coffee (200ml) would require 16gffee and a classic
Purdy's dark chocolate bar is 5[B88]i [390]. Using these weights for a typical burger, cup of
coffee and a dark chocolate bar, one burger would emit about the same as 40 cups of coffee or 10
chocolate bar§233]. The wide range of food varieties available and methods to analyse GHG
emissionsattributed to food, may result in conflicting findings among studisvever, it is
generally agreed among scholars that reducing meat intake, particularlynbeed¢'s diet, can
reduce GHG emissionf891]i [394].

In the Canadian context, food accounts for one quarter of indirect GHG emigg3gns
Ontario, dietary patterns, based on LCAs of data collected from 10,000 residents in 2004 Canadian
Community Health SurvefCCHS) indicated that 93% of household meals included meat or fish
in their diet and 67% contaad beef[395]. In addition, household food spending from 2015 to

2019 indicate that for both Canada and Ontario, money spent on meat, fruits and vegetables
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increased from 2017 to 2019 after being steady in previous yagusdB.5, item 1)[396]. Also
notable is thalightly higher household spending on fruits and vegetables for Ontario compared to
Canada overallHigure B.5, item 2).The higher spending may be associated with increased cost
for food in Ontario in 201897] and could also be due to an increase in the number of vegetarians
and vegans in the province, particularly in young adults, according to a University of Dalhousie
report in 2018 including more than 1000 Canadians over the age of 1§3@&ji$400]. Note

that no data was available for 20Dta tables available ifableB.4.

8.000
7,000 1 2 1 2 Cereal and Bakery
6.000
Average Fruit and Vegetables
= 5,000
Household
Expenditure 4,000 Meat
(dollars)
3.000 Fish and seafood
2,000
Dairy and eggs
1.000
0 Non-alcoholic beverages
2015 2016 2017 2019 2015 2016 2017 2019 and other food products
Canada ON

Figure B.5: Household food spending for Canada (left) and Ontario (right) from 2Q03.9,
categorized by food groyB96]. Number "1" indicates the household spending trend on meat,
fruits and vegetables per household from 202819 and number "2" shows the household
spending comparison for fruits and vegetables between Canada and Ontario @raphe:
created from StatCan dd&06].

Table B.4: Household food spending for Canada and Ontario from PQ@IHE 9[396]

Average food expenditure per household (dollars)

Canada ON
Year 2015 2016 2017 2019 2015 2016 2017 2019
Food purchased from stores 6,126 6,176 6,364 | 7,536 | 5,658 | 5,922 6,167 7,603
Bakery products 574 578 588 687 517 563 578 673
Cereal grains ancereal products 341 347 360 420 315 329 319 416
Fruit, fruit preparations and nuts 755 781 795 930 733 793 800 1,057
Vegetables and vegetable preparations 710 718 787 974 698 693 778 1,023
Dairy products and eggs 903 888 914 1,049 783 830 775 998
Meat 1,194 1,163 1,165 1,481 1,079 1,079 1,151 1,500
Fish and seafood 213 203 219 274 228 201 200 304
Non-alcoholic beverages and other food product| 1,437 1,499 1,536 1,721 1,305 1,435 1,565 1,630
Food purchased from restaurants 2,502 2,608 2,604 2,775 2,817 2,825 2,932 2,816
Restaurant meals 2,222 2,303 2,284 2,458 2,494 2,486 2,572 2,469
Restaurant snacks and beverages 281 305 320 316 322 339 360 347
Totals 8,629 | 8,784 | 8,968 | 10,311 | 8,475 | 8,747 | 9,098 | 10,418

The demand for and consumption of beef has been dec[ddig However, this is related
to the increased cost rather than a decrease in prefdditjeIn addition, therere efforts to

engage in more sustainable farming practices to reduce the GHG emissions associated with beef,
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like regenerative methods, although it is uncertain whether thesiGf@d in the soil can offset the

CHa production from the cows, afiidso, by how much403]. Nevertheless, opting for a vegetarian

or vegan diet or continuing to choose pork or poultry over beef, may be paths to lowering GHG
emissions the most in Cang@35], [404], [405]

B.1.1.6 Food Waste

Before discussing food waste, the terms food loss and food waste will be described. Food loss
occurs during production and right after the crops are harvested (handling, storage, processing,
manufacturing stages) while food waste occurs during the distriband consumptions stages
[406]. In Canada, about 58% of all food produced is lost or wasted (FLW) producing 56.6
MMtCO2e of GHG emissions. About 2986the 58% (~17%is attributed to food waste and about
50% (~8.5%)of the wasted food are from househdI885], [406]i [408]. In addition to the GHG
emissions associated with the food production, the 8% food waste from households produce further
GHG emissions when it is sent either to landfills where anaerobic decomposition takes place and
producesmethane CH4) or composted where aerobic decomposition takes place, producing
carbon dioxide €O,) [116]. Note that thel00 and 20 yeaglobal warming potential (GWP) for
biogenicCHais about 3 and 84without climate carbon feedbackspes that of CQrespectively
[409]. A 2011 report showed that fbanada-61% of households compost howevier Ontarp
~75% of households engage in compostthgir organic wastékitchen or yard)410]. If food

waste is diverted to compost instead of landflBsl{G emissions (measur@WP) reduceg411].

B.1.2 Carbon Literacy

A report published in 2021 by Ipsos including more than 21,000 participants from 30 markets
globally, between the ages of 16 and 74, indicated that 69% of participants (65% for Canada) are
confident they know the personal actions they can take to redeidemplacts of climate change
However, the results revea misconception$99]. Participants were given a range of actions to
select the ones that would reduce GHG emissions the most in wealthier coleagsing,
buying renewable energy, replacing a gasoline car with a hgbedectriccar andswitching to
Compact Fluorescent (CFL) or LED bulaere selected most frequently by participaadsthe
most effective actioswhile having one fewer child, eating a ploased diet and living without a
ca were less frequently selectd®hsed onadence provided i\ppendixSectionB.1.1, for the

most part, the reverse is true.
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In Canada, a studyy Wynes etl. [6] involving a survey of 414 undergraduate students at
the University of British Columbiaand 515 North American adults recruited via Amazon
Mechanical Turkjnvestigated opinions about the most effective action to reduce GHG emissions
as well as compared tradéf activities to reduce GHG emissiofidgureB.6 shows the results of
the study, categorized in terms of transportation, tyfigds, family planning, energy and other
activities. Thestudy participantorrectly identified that driving less, living car free, public
transport and active transport can have major inspaateducing personal GHG emissions but
missed family planning and air travel, and overemphasized the impact of recycling. Also, when
asked about tradeffs, their ability to correctly calculate those activities with high impact GHG
emissions initially reirned a low percentage of correct answelswever, wherprovided with
additional datand contextknowledge/education) answers improved. These redeitonstras
thatknowledge/educationan help with understanding of the impact of personal action to reduce

GHG emissions.

Drive less
Bike/wally/take trams T
Live car free noo—
Reduce air trave] —mm
Travel less wm
]
.|
]
|
|
n

Eat less meat
Plant-based diet

( Have smaller families

Conserve energy
Install renewables
Green energy

[ Recycle |
Consume less
Raise awareness
Minimize waste

(=]

50 100 150 200 250 300
Figure B.6: Frequency of response to opended question asking about the single most

effective personal action to reduce GHG emiss|@hscategorized by transportation, diet type,
family planning, energy and other actions (Graphic created from data in Wynelgpt.al.

211



Appendix B:Chapter 3, Study 1 Supplementary Information

B.1.3 Relationship PEA and CL

Table B.5: Subset of studiesxploring the relationship between peovironmental knowledge

and actions
Study Study Year | Country Participants Outcome
- Is there a relationship between environmental
V. Brinia et knowledge and prenvironmental behaviour The cag 2020 | Greece 253 adults CLA PEA+ve,
al. . limited
of a Greek island
How does environmental knowledge translate inte g
P. Liu et al. environmental behaviors?: The mediating role of 2020 | China 2824 adults CL A PEA, indirect
environmental attitudes and behavioral intentions
G. Liobikiene The importance of environmental knowledge for
et'al private and public sphere pemvironmental behavior:| 2019 | Lithuania 1007 adults CLA PEA +ve
) Modifying the ValueBelief-Norm theory
The relationship et ween uni ver si 299 universit
A. Freed environmental identity, decisiemaking process, and| 2018 | USA students Y | cL A PEA +ve
behavior
Environmental knowledge and other variables
Vicente affecting preenvironmental behaviocomparison of .
Molina et al. | university students from emerging and advanced 2018 | Spain 1,089 students | Gender related
countries
Examining the relationships between factors . .
J. Kukkonen influencing environmental behaviour among univerg 2018 | Finland 674 university CLA PEA +ve
etal. students
students
Influence of environmental knowledge on affect,
Kim et al. nature affiliation and prenvironmental behaviors 2018 | South Korea | 304 adults CLA PEA +ve
among tourists
Hong et al. The effects ofegional characteristics and policies | 2018 | China 2,997 adults CLA PEA +ve
. . ) . T CLA PEA +ve,
M. Pothitou L|nk_|ng energy behgwor,_e_lttltude and habits with 2017 | UK 68 adults negative for energy
etal. environmental predisposition and knowledge . .
saving behaviour
—— - —
A. Meyer Do_es education increase pgavironmental behavior? 2015 | EU 53,555 adults CLA PI_EA +ve,
Evidence from Europe economic reasons
P. DiazSiefer Humanenvironment system knowledge:carrelate 2015 | Chile 95_0 adults (age CLA PEA +ve
etal. of pro-environmental behavior 18i 86)
A.D. Osman Exploring The Relationship Between Environmental 50 universit
- Knowledge and Environmental Attitude Towards-Pr{ 2014 | Malaysia Y CLA PEA +ve
etal. ; - students
Environmental Behaviour
) Greening due to environmental education?
A. Zsbka et Envnro_nmental knowledge, at_tltudes, consumer 2013 | Hungary 2,998 university CLA PEA +ve
al. behavior and everyday pemvironmental activities of students
Hungarian high school and university students
M. A Environmental knowledge and other variables USA. Spain
S affecting preenvironmental behaviour: Comparison \ >Spain, 2,226 university| CL A PEA +ve.
Vicente . : . 2013 | Mexico, :
: university students from emerging and advanced . students Cultural differences
Molina et al. - Brazil
countries
H.B. Perceptions of behaviors that cause and mitigate 112 universit
Truelove et global warming and intentions to perform these 2012 | USA Y | cL A PEA +ve
. students
al. behaviors
D. S.Levine Envnro_nmental attitudes, knowledge, intentions and 2012 | USA 90 university CLA PEA +ve
et al. behaviors among college students students
| Tilikidou | T he effects of knowledg ;571 Geece 400 adults CLA PEA+ve
pro-environmental purchasing behaviour
K. Coyle Environmental Literacy in America 2005 | USA 1,500 adults SEQ PEA, limited
Environmental knowledge and conservation CLA PEA
J. Frick et al. | behavior: exploring prevalence and structure ina | 2004 | Switzerland 2,736 adults inconclusi\;e

representative sample
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B.2 Supplementary Methods i Study 1
B.2.1 Survey
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