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Abstract

South Africa has a history of poor performance on process plant acquisition projects

in the process industry that apply chemical processes within large processing facili-

ties to convert raw materials such as crude oil into fuel and by-products. The most

recent failures include the highly publicizedMedupi and Kusile projects. This research

is based on the acquisition or expansion of large process plants within petrochemi-

cal, mining, and energy, typically Systems of Systems integration projects. A significant

component of their failings can be attributed to poor systems engineering and systems

engineering management capabilities. Acquisition in the context of this study refers to

all processes within the stage-gate project development model from project inception

to the beneficial operation of the acquired facility. Due to a lack of systems and tools to

guide thedevelopment of systemsengineers and systemsengineeringmanagerswithin

the sector, this research was undertaken to develop an industry-specific framework

based on the INCOSE framework to support development and recruitment processes.

A conceptual model derived from a literature survey was validated and improved with

qualitative data gathered using structured open-ended interviews with industry spe-

cialists and experts from organizations within the petrochemical, mining, and energy

sectors. Insights regarding current recruitment practices and development processes

were analyzed to validate the need for a tool and develop an appropriate model for

its application. Finally, the analysis and general causes of project failures validated the

contents of the framework by highlighting critical competencies and traits required to

succeedwithin the sector.
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1 INTRODUCTION

The systems engineering manager (SEM), which is the final line of pro-

gression within the systems engineering (SE) field, directs the design,

development, synthesis, and creation of a system based on customer
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needs, acting as a “chief designer” of the system rather than just being

the system analyst.1 Although research and development in the field

of SE have improved our abilities in the interpretation, design, devel-

opment, implementation, and management of single systems over the

past 50 years, we still face significant challenges with the relatively
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newphenomenonof systems of systems engineering (SoSE), that is, the

integration of multiple complex systems.2

Carlock and Fenton3 highlighted that SE handbooks frequently

describe the development of individual stand-alone systems, that is,

systems that are identical and deployed similarly at any site loca-

tion. In such instances, the user has little influence on the design and

development of the system, for example, an aircraft. Developing sys-

tems of systems (SoS), particularly systems that involve integration

with several existing (legacy) systems, is a far greater challenge than

developing stand-alone systems. Each system has unique capabilities,

constraints, budgets, schedules, and interface requirements that must

be considered during development and integrated to work effectively

as a synergistic whole. The SoS is generally a heterogeneous system,

implying that each systemor subsystemof the SoS is generally custom-

built ordeveloped to suit-specific site conditionsof the regions inwhich

they are deployed.3

Complexity is further exacerbated by the fact that the integrated

SoS is a consolidation of independent systems developed by numerous

organizations. Although substantial research has been undertaken to

address risk, uncertainty, and schedule urgency, the complexity issue

has received limited attention. This is surprising given the extreme

demand for organizational capabilities required to manage complexity

in the megaproject environment. In most instances, poor megapro-

ject performance was attributed to a lack of prior organizational

experience and capabilities.4

Most organizations manage the risk associated with acquiring such

facilities by transferring the risk to an engineering consultant who acts

for and on behalf of the owner. Irrespective of how the project is con-

tracted, SEMs with robust systems thinking (ST) and SE capabilities

are essential to facilitate the system interface integrationmanagement

necessary to achieve the desired outcomes.

SEMs in this environment require broad-based interdisciplinary

and multidisciplinary engineering skills at a level considered to be

a specialist amongst generalists to manage interfaces and complex

integration between teams of domain specialists.5 Acquiring such

knowledge will require meaningful multidisciplinary exposure and a

commitment to remain in the field for a long time. As a guideline,

the SE “T” model for career progression suggests that more than 20

years of appropriate experience is required to acquire the breadth of

domain knowledge necessary to progress into program lead or project

engineeringmanager roles.6

System engineering managers (SEMs) must develop such capabili-

ties since the success of a project, from a SE management (SEMgmt)

perspective, is not measured based on quality, cost, and schedule in

the short term but also on plant performance over its total opera-

tional life.7 Failure to develop these skills leads to cost escalation,

schedule overruns, and performance implications. In many instances,

performance issues do not show immediately, but as operational costs

escalate over time.

This has been a constant challenge for South African organizations,

withmanymegaproject failures impacting the economy in recent years.

Primeexamples are theMedupi andKusile plants atEskom.8 Somegen-

eral causes of poor performance were late approval of contracts and

design drawings, design errors, poor scope definition resulting in late

scope changes, and poor technical management capabilities.9 A sig-

nificant component of the project’s failings can be attributed to poor

SEMgmt capabilities during the project lifecycle. An engineering man-

ager from a functional background or operations support role does not

possess the appropriate experience or skillset to perform the role as a

technical track lead of large complex SoSE projects. That is the function

of an SEMwho is considered an expert inmanaging complex interfaces

and integration.Where do these individuals come from, given that they

are so challenging to develop?

This research aimed to identify gaps in the development of SEMs

and apply these findings to propose a framework to support the

improvement of SEMgmt capabilities within the sector through inter-

nal development of resources or direct recruitment. A model to

support the application of the framework was also developed. This

paper includes the outcome of the literature review, the conceptual

model and the methodology used. Research findings are presented

under results, a new development framework, and a model in the

discussion section, followed by a conclusion with recommendations.

2 LITERATURE REVIEW

The literature review used draft research questions that informed

phrases and keyword searches as subsection headings. Search ques-

tions were designed to explore literature from a broad range of fields,

such as SE, ST, engineering management, project management, and

construction management, to identify relationships with poor perfor-

mance in SEMgmt. An overview of research with analysis applicable to

the search questions is provided. The entire process is depicted in the

mindmap in Figure 1.

2.1 What is the influence of systems thinking on
systems engineering?

ST is a major high-order thinking capability that allows individuals to

view systems as a whole, enhancing success in performing SE tasks.10

Educators and practitioners have acknowledged the value of ST and

its positive influence on successfully designing large-scale complex sys-

tems. It plays a vital role in mitigating several problems resulting from

the increasing complexity of large-scale engineered systems.11 The

ST paradigm, which supports a holistic approach to evaluating solu-

tions to complex problems, will prevent teams from solving the wrong

problems precisely. Holistic systems thinkers must resolve complex

multidisciplinary problems requiring collaboration.7,12 There is no one-

shoe-size-fits-all approach to ST. Systems engineersmust possess skills

and experience to apply a “systems view” or display a high ST capability

to be successful in SE roles.10,13

Monat and Gannon14 used examples of major project failures

to highlight how the application of ST in early SE project develop-

ment processes could have prevented adverse outcomes. Applying

the outward-centric ST in SE enhances the ability to identify external
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F IGURE 1 Mindmap of researchmethod.

factors such as environmental factors (temperature,wind, rain, sources

of resonance), social factors, esthetics, maintenance, and disposal to

ensure that the developed system is both technically and commercially

successful.14 The broad-based ST approach identifies and interprets

relationships between components, their global impact on the system,

and how they interact with the external environment.15

Monat andGannon14 argued that although there is an awareness of

the synergistic relationship between ST principals and SE, limited lit-

erature is available to guide how to apply ST to SE. ST in engineering

had been understudied due to a limited group of authors contributing

to publications in engineering.11

Gaps—Several scholars have raised gaps regarding the lack of

research in ST associated with SE or frameworks on how to develop

and apply ST within SE over the life cycle of process plant acquisi-

tion projects. Given that some scholars question whether ST can be

developed combined with the absence of a framework applicable to

this context, it is difficult to screen individuals with the potential to

perform effectively in SE, which requires ST capability. Given that a

few scholars have highlighted that ST capability improves a systems

engineer’s ability to apply the lifecycle approach of designing systems,

one would assume that the skill is developed and improved in individu-

als through sufficient project lifecycle exposure on a range of complex

projects.

2.2 What is the role of the systems engineer
during the lifecycle of process plant acquisition
projects?

The systems engineer is the individual within the project team who (a)

evaluates the solution to problems considering a broad range of rele-

vant scenarios, (b) delivers a well-balanced technical solution, and (c)

manages the integration between technical domain resources and spe-

cialists within design, safety, reliability, and constructability to develop

the solution to complex SE projects.16

The dynamic nature of large complex construction projects com-

prises a variety of subsystems, such as design, procurement, contract

management and administration, safety management, and risk man-

agement. Each subsystem performs a specific function, for example,

the design team translates Users’ requirements into design drawings

and specifications for construction. These subsystems interface and

interact with every other subsystemwithin the system. Changes in any

subsystem generally directly affect others, causing the project to devi-

ate with time. A typical example is a design change that affects the

design subsystem but also affects construction, procurement, and risk

management subsystems. Changes in procurement may impact con-

struction. Procurement may need to supply alternative materials and

equipment. New risks may materialize, such as schedule impact due
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to changes in material, equipment, or fabrication requirements. The

final configuration of the project may differ significantly from its orig-

inal concept, highlighting the dynamic nature of complex construction

projects.17

Three competencies associated with knowledge and experience

critical to a systems engineer’s success include (1) an expert level of

experience in an engineering discipline, for instance, process, electri-

cal, or industrial engineering; (2) multidisciplinary and interdisciplinary

technical knowledge of other engineering domains relevant to the

work environment; (3) sufficient work experience as a domain engi-

neer and systems engineer on several complex projects. SE experience

in the industry is role-specific, for example, marketing versus integra-

tion lead in complex project development roles. The systems engineer’s

role depends on his level and experience within the project structure.

The highest level of performance is the ability to analyze a situation,

define the problem, develop a solution, and plan the implementation of

the solution.18 Such individuals will typically perform lead roles within

the project structure.

Multidisciplinary knowledge does not imply a broad range of aware-

ness or knowing a little about a lot. Although the level of multidis-

ciplinary knowledge required by systems engineers need not be at a

specialist level, a significantly high level of understanding is required

to effectively manage interfaces and integration between specialists

fromsupportingdomains. Finally, basedon their study, the authors pro-

claimed that the systems engineer’s general field of specialization is

electrical, electronic, or computer engineering.19

Gaps—Systems engineers and SEMs tend to be employed as techni-

cal track leads.20 However, literature does not reference the generic

engineering manager or engineering management role in SE project

structures. Since process plant acquisition projects, such as a petro-

chemical plant, are defined as complex SoSE projects, it stands to

reason that systems engineers and SEMs should perform the technical

track leadership roles within project structures. Industries must start

applying the correct terminology in the project delivery environment

to avoid contaminating such structures with inadequate experience in

project leadership roles.

Process plant acquisition projects are generally dominated by

mechanical, civil, and structural hardware. A typical example of such

a facility is a petrochemical plant, oil and gas facility or power plant.

The technical team on such projects will generally consist of engineer-

ing representation from almost all engineering domains, for instance,

environmental, geotechnical, civil and structural, process, controls and

instrumentation, electrical, mechanical, metallurgical, and fabrication

specialists. Systems in such facilities will typically consist of utility sup-

ply systems, feedstock, and raw materials handling systems, energy

supply systems, control systems, production systems, and inventory

management systems. Although control rooms, electrical substations

and additional electrical and control artefacts can form a significant

portion of the overall scope, it is generally dwarfed bymechanical, civil,

and structural artefacts. An electrical or control engineer’s background

may not provide the broad exposure required to effectively perform

the systems integration role in projects by applying the whole lifecycle

approach accustomed to SE.

Zhu andMostafavi17 highlighted an example of a late design change

that affects the design sub-system but also affects construction, pro-

curement, and risk management subsystems. Such changes generally

impact an array of interfaces, including metallurgy, the design team

(modeling, mechanical and piping, process, controls and instrumen-

tation, civil and structural), fabrication, procurement, construction

management, risk management, and planning. Identifying the impact

of change early is essential to effective change management, a critical

skill in a complex, and largeproject environment. This further questions

the electrical or electronic engineers’ suitability to perform this role.

A computer engineer does not apply to this context. Industrial engi-

neers are commonly deployed in manufacturing industries, focussing

onensuring the efficiency of industrial processes. Theymaynot be suit-

able to lead integrated project delivery teams as domain or systems

engineers for plant acquisition projects.

The experience of process engineers in applying thewhole life-cycle

approach to design in this study is also questionable since many orga-

nizations limit process engineers to conceptual development exposure.

On the other hand, the mechanical engineering degree is offered from

a generalist perspective, covering electrical, electronics, fluids, ther-

modynamics, heat andmass transfer,metallurgy, vibrations (dynamics),

mechatronics, hydraulics, the strengthofmaterials aswell as thedesign

of physical artefacts as core elements.21 Given that themechanical and

piping role on process plant acquisition projects overlaps the broadest

range of domains, mechanical engineers are better suited to develop

into and perform the role of the systems engineer and SEM effectively.

2.3 How are systems engineering management
competencies and traits developed to improve
systems of systems engineering project success?

Given the criticality of the SE role, the screening process for shortlist-

ing candidates should be stringent to ensure that only applicants who

are likely to succeed are accepted. One of the key traits to enhance

success in SE positions is a keen interest and strong will to be a sys-

tems engineer.22 Placing the wrong candidates in SE positions can be

an expensive error, given the cost of development and errors on SE

projects.18

Gaps—Since domain-specific skills are critical to systems engineers’

performing roles in process plant acquisition projects, industries lack-

ing screening tools or frameworks are often guilty of applying poor

selection processes for SE roles. Scholars, communities, and orga-

nizations develop frameworks from a general or specific industry

perspective. None of the literature or existing frameworks provides

guidelines on how these skills can be developed or applied as part of a

competency development program. An example is the INCOSE frame-

work, which prescribes skills and competencies applicable to SE.23

Although INCOSE does well to isolate the core competencies appli-

cable to SE, it does not provide a criticality ranking for these skills,

which might benefit large industries undertaking large-scale acqui-

sition projects. A criticality ranking will guide the development or

acquisition of a systems engineer from a risk perspective, ensuring
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that development and acquisition are based on skills deemed essential

for effective performance in the role. Since SE and SEMgmt compe-

tencies are context-dependent, and extant literature suggests that a

systems engineer and SEM should be an expert in a field and have an

overarching knowledge of all other domain engineering fields applica-

ble to his application context, INCOSE’s prescribed list of core skills

may be inadequate. The latest INCOSE framework excludes domain-

specific skills since this is industry-specific, which introduces other

challenges. Since domain-specific skills are critical to systems engi-

neers performing roles in process plant acquisition projects, industries

lacking screening tools or frameworks are often guilty of applying poor

selection processes for SE roles.23

2.4 What is the general cause of poor
performance in executing megaprojects in South
Africa?

Surveys with quantity surveyors, engineers, and project managers

who participated in South African megaprojects (Medupi and Kusile)

revealed that poor planning, slow decision-making, inaccurate esti-

mation, increased material costs, and late contract awards were

the primary causes of cost and schedule overruns. Poor manage-

ment resulted in design changes, late approval of design draw-

ings, design errors, and late scope change (on-site) during these

design and construction projects.9 Planning, decision management,

procurement and contract management, risk management, concur-

rent engineering, design integration, and interface management are

all roles and responsibilities of systems engineers and SEMs.24

These failings indicate poor SE and SEMgmt performance on these

projects.

Applying a one-size-fits-all approach to the execution of projects

in Africa is another underlying cause of poor performance. Although

there were several issues with the Medupi project, items captured

under management and organizational problems were poor consid-

eration of water availability (water scarcity), health implications for

nearby communities and challenges with local services and capabil-

ities within the project design phase.25 This indicates a failure to

apply the ST paradigm, which supports a holistic approach to eval-

uating solutions to complex problems during the project’s design

phase.12

Medupi, Eskom’s most significant single investment in 60 years,

intended to supply 10% of SA’s electricity demand, generates more

emissions than 63 of the lowest-emitting countries combined.26 Based

on increasing coal costs and emission constraints, Kusile and Medupi

will operate at reduced load factors from 2026.8 This indicates failures

to apply the holistic approach of ST and the life cycle design approach

from SE. This also highlights failings in multidisciplinary and cross-

functional interface management, which is a responsibility of the SEM.

ST, SE, and SEMgmt capabilities appear to be gaps in project delivery

structures in the sector.

3 RESEARCH METHODOLOGY

3.1 Ontology and epistemology

The nature of the research problem, questions, and propositions were

aligned with a relativist ontology and a constructionist epistemology,

that is, many truths apply to this topic or questions.27 However, not

all were relevant to the context of this study. For instance, no sin-

gle reality or issue impacts the development of systems engineers

and SEMs in South Africa. Examples are socio-economic conditions

within the country, resulting in limited resources to fund projects

to support development and encourage staff retention, and corrup-

tion which also constrains resource availability. Such issues are not

directly within the control of tertiary institutions or industries and

have little relevance to a framework for developing system engineers

and SEMs. Furthermore, the viewpoints of the individuals regarding

barriers to performance will vary based on their perspectives and

experience.

3.2 Outcome of secondary research (literature
review)

The literature review combined a structured narrative method with

a critical review. Open-ended search questions based on research

questions were designed to allow a rich data pool to be gath-

ered. The primary focus of the research was highlighting gaps in

the development and capabilities of SEMs in process plant acqui-

sition projects in South Africa. Peer-reviewed journal articles were

preferred. The number of citations was also used to measure the

quality of the source data. Old, outdated material was generally

discarded.

The literature reviewhighlighted theneed for a development frame-

work to improve SE and SEMgmt in South Africa. Findings from the

literature review were also used to develop the preliminary compe-

tency framework based on the INCOSE framework for the indus-

try context. Domain engineering skills, which included metallurgical,

welding, mechanical, civil, structural, control, electrical, process, envi-

ronmental and geotechnical engineering competencies, were added

as an additional column to the proposed framework. Although the

framework was developed for SE, it is also relevant to the field

of SEMgmt, which is the most advanced role in the SE career lad-

der. The approach was to identify critical competencies that can be

considered a risk, that is, competencies that cannot be generically

developed. These critical competencies should be used to screen appli-

cants who are most likely to be successful in the SE field applicable

to the industry context. This ensures a strong pool of candidates with

the capabilities to develop the characteristics required to progress

into SEMgmt roles successfully. The second area of interest was the

critical competencies required to be successful as an SEM in this

sector.
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3.3 Primary research design

The primary research design was aligned with a qualitative research

paradigm to develop theories and foundations to validate or

reject the research propositions proposed based on secondary

research.28

Research questions were designed to validate the need for a frame-

work, establish the most effective way to apply the framework as a

resource development or resource acquisition tool within the sector

and determine the critical competencies required to be successful in

the SE field. Research propositions derived from the literature review

and aligned with the research questions and content of the proposed

framework are outlined below:

➢ Effective screening for SE roles—SE roles in complex SoS con-

struction projects are among the most demanding in the SE

field. Progression to the roles of senior systems engineer and

SEM requires high intelligence, resilience, and strength of char-

acter to shoulder the overall responsibility and accountability

that comes with such positions. Not everyone can be effec-

tive in this role; for instance, domain engineers from large

projects and maintenance may not be interchangeable. SE errors

in the construction industry represent not only a significant

cost risk in the short term but a long-term risk due to poor

plant performance or being beaten to the market by competitors

because of schedule delays. This leads to the following research

proposition:

P1: Stringent competency screening tools for SE roles will assist

in improving SE and SEMgmt performance.

➢ The long road to success—Gaining skills to perform at higher lev-

els within the project hierarchy requires patience and a desire to

remain in the field for a long time. This is because of the broad

rangeof competencies required to be effective in these roles. It also

requires exposure to suitable environments to develop the range

of knowledge required to be effective at interface management

and integration. Although a career in SE may not be ideal for those

pursuing instant gratification, organizations need to be wary of tal-

ent and implement effective reward strategies to retain system

engineers. Systems engineers are specialists with context-specific

skills requiring a long turnaround time to replace lost capability. In

some instances, lost capability cannot be replaced. This leads to the

following propositions:

P2: Individual capability and prior experience impact knowledge

adoption rate and performance in SEMgmt roles.

P3: Context-specific experience is directly linked to effective

performance in SEMgmt roles.

P4: Interdisciplinary, multidisciplinary, and cross-functional

knowledge is directly linked to effective performance in SEMgmt

roles.

➢ Core skills of systems engineers for process plant acquisition

projects—Some skills are more important than others in SE roles,

considering that few individuals can acquire all the competencies

before performing the role or within his/her career. An example

would be interpersonal skills or people skills. An individual scoring

high on people skills and low on technical skills will not necessarily

be capable of developing the technical skills. This leads to the final

proposition:

P5: Some skills are more important than others to perform

successfully in SEMgmt roles.

3.4 Primary data gathering and analysis

Primary data were gathered using one-on-one structured interviews

as opposed to focused groups. This helped manage bias and ensured

that the collected data represented the respondents’ views. Open-

ended interview questions were designed to test the relevance of the

research questions and propositions.

Interview candidates were selected to achieve diversity in age

groups, experience, various roles (systems engineers and SEMs), users

(client organizations), and consultants. Users considered were organi-

zations in the petrochemical, energy, and mining sectors, and consul-

tants were employees from subsidiaries of international consultancies

based in South Africa. Some had experience in the aerospace and

defense industry to compare data from the process industry to an

industry where SE was already established as a field. The sample

consisted of 19 participants with an average experience of 25 years

in the field. Gathering data from diverse sources allowed the prob-

lem to be evaluated from different perspectives to improve data

triangulation.

Data were analyzed using ATLAS.ti software with a combination

of deductive and inductive coding methods to achieve data trian-

gulation. Themes were the common topics under which groups of

interrelated codes were consolidated and discussed. Criteria used

for the selection and discussion of results (codes) under relevant

themes were (a) the number of individuals who cited codes related

to the research context, (b) the frequency that a code was cited

in transcripts in a variety of contexts relevant to a research ques-

tion or proposition and (c) the importance of codes or responses to

the research topic and questions/propositions. A few extracts from

transcripts are presented in this paper to strengthen arguments and

validate results. Transcript codes were provided with quotations for

traceability.

The relevance of the research propositions was validated based

on the data analysis outcomes from primary research (interviews),

that is, the primary research was used to validate the outcomes of

secondary research. Research propositions that positively impacted

SE/SEMgmt and project performance validated the relevance of the

content of the proposed competency development framework. The

research propositions originally proposed were not exhaustive, that

is, research propositions were modified based on new findings that

emerged from inductive research methods. The final SE/SEMgmt

competency development framework proposed in this paper is the

outcome of an iterative process.
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4 RESULTS AND ANALYSIS

4.1 Awareness of the systems engineering field,
availability of systems, and tools

From a sample of 19 interviewed individuals, 17 respondents demon-

strated an appreciation of SE alignedwith definitions developedwithin

the SE field and applicable to SE/SEMgmt in the project execution con-

text. In South Africa, SE is recognized and defined in the aerospace

and defense industry. Organizations within this sector have tradition-

ally supported growth within the function by developing courses to

enhance the competency of SEMs. Interviewees from the aerospace

and defense sector demonstrated a stronger appreciation of the field

and familiarity with its terminology, role requirements, development

opportunities, systems and tools, including bodies of knowledge avail-

able to guide the development and improve performance in SE. All

aerospace and defense industry candidates are active members of

INCOSE.

Respondent T016—“I am one of the contributors to the INCOSE

competency framework. So, I’m familiar with the descriptions.”

Although most candidates from the petrochemical sector demon-

strated a strong appreciation of SEMgmt, this was primarily gained

through experiential growth and self-development over time, as

opposed to organizational awareness, systems, and tools available to

guide candidates through the development process. Respondents from

this sector were less familiar with terminology from the SE field. Can-

didates were not active members of INCOSE and lacked awareness of

systems, tools, and bodies of knowledge available to support devel-

opment, contrasting with their counterparts from the aerospace and

defense sectors.

Respondent T005—“In terms of the experience and performance in

the role, I don’t think this was clearly defined upfront in terms of what

is the requirement, and what are the competencies required. It was

basically up to the individuals tomake this work or not.”

Respondent T001—“The responsibilities of system engineers. I don’t

have contexts for systems engineers. I need to just ask that clarification.”

Organizations and individuals within the energy sector demon-

strated a lack of familiarity with the roles and responsibilities of

systems engineers and SEMswithin the project delivery environment.

Respondent T015—“So system engineering managers, they do not get

involved in the technical interfaces.”

Findings indicated a general lack of awareness of the SE and

SEMgmt field amongst individuals and organizations within process

industries. This often contributed to a poor or no definition of require-

ments for SE roles anda lackof systems, tools, andprocesses to support

individual development. A consequence is poor SE and SEMgmt capa-

bilitieswithin project delivery, poor deployment of resources, and poor

project performance at individual and organizational levels. Addition-

ally, some individuals within the sector interpreted SE to imply main-

tenance of engineered systems (maintenance management). These

findings are aligned with the literature review, which indicates that SE

only started to grow as a field in engineering in the 1990s.2 The field

is still in its infancy and has yet to be adopted by organizations in the

process industry, within project delivery. A development framework

for this sector will not only provide a guideline to individuals looking

to identify development needs but will also support resource acquisi-

tion by indicating competencies and traits of individuals most likely to

succeed in SE and SEMgmt roles. This validates research proposition

P1:

P1—Stringent competency screening tools for SE roles will improve

SE and SEMgmt performance.

4.2 Poor deployment and development practices

Some important issues highlighted by respondents within the petro-

chemical and energy sector regarding SE and SEMgmt capabilities

or performance within organizations included a lack of support and

knowledge transfer through coaching and mentoring and a lack of

functional support and tools to guide development and performance

in the role. Many respondents within the sector attested to having

a poor understanding of the role requirements upon appointment

into the position. Organizations rely on experiential learning (self-

development) with little or no guidance.

Respondent T004—“There was a function called engineering man-

agement in the past. . . . Unfortunately, when I came into the space, the

function was drastically scaled down and development plans were not

in existence . . . . A lack of development significantly effects howwe per-

form in this role. . . . Consideringwhat I had to learn as part of on-the-job

training, some of those learnings came at the expense of errors.”

Rigid matrix structures within large organizations hinder the devel-

opment of broad-based engineering knowledge and project lifecycle

experience. Respondents within large organizations highlighted chal-

lenges associated with acquiring multidisciplinary engineering expo-

sure. Training within functions is limited to developing and performing

domainengineering skills.However, it is not adequately geared toallow

the appropriate development of broad-based engineering skills due

to limited exposure to interface and integration management across

disciplines and project functions. This contrasts with smaller orga-

nizations that are more flexible with resource movement and role

interchangeability.

Respondent T001—“What would have made me more comfortable in

that role (SEM) is to have a brief overview of what the other disciplines do.”

Some respondents from theprocess andmining industryhighlighted

that individuals frommechanical andprocess engineering backgrounds

held a distinct advantage in progressing into the SEM roles due to

the greater number of interfaces between the two functions in pro-

cess plant development projects. A few highlighted the view that the

broad-based structure of the mechanical degree presented an advan-

tage to those of mechanical origin, in understanding the interfaces

and integration between disciplines necessary to lead large complex

projects.

Respondent T012—“Better engineering managers are always

mechanically trained. In the South African context, mechanical
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engineers are exposed at the university level to structural design,

mechanics of materials, strengths . . . as well as electrical and control

systems.”

In general, findings highlighted a lack of structured development

as a major barrier to the effective transition from domain engineer-

ing to SEMgmt roles. The issue is greater within the process industry,

where the SE field is yet to be adopted in project delivery. The biggest

obstacle was a lack of exposure to multidisciplinary project inter-

faces and requirements in domain engineering roles as part of career

progression. Some participants highlighted that mechanical and pro-

cess engineers held a distinct advantage in acquiring this knowledge

within integrated project teams. Given that the SEM performs the

technical track leadership role on complex SE projects24 and that sys-

tems engineers and SEMs are part of the same career ladder,29 the

basic understanding of multidisciplinary and cross-functional integra-

tion requirements should be acquired as a systems engineer (domain

engineer), prior to progression into the SEM role.24,29 This was also

highlighted by Frank and Kasser,18 who indicated that multidisci-

plinary and interdisciplinary technical knowledge of other engineering

domains relevant to the work environment was critical to a sys-

tems engineer’s success.18 The progression of domain engineers into

project engineeringmanager or SEMroles,with significant gaps in their

understanding and exposure to interface and integration requirements

necessary for delivering the integrated solution, exposes weakness in

developing project lead engineers within large project organizations

in South Africa. Findings supported literature which indicated that the

general causes of poor performance in large infrastructure projects are

late approval of contracts and design drawings, design changes, design

errors, poor scope definition resulting in late scope changes, as well

as poor technical management capabilities.9 These findings are aligned

with research proposition P3:

P3: Context-specific experience is directly linked toeffectiveperfor-

mance in SEMgmt roles.

4.3 Experiential requirements and critical
competencies for systems engineering management
roles

Critical competencies and traits viewed as necessary for develop-

ment and performance in SEMgmt roles were based on the number

of respondents who highlighted its importance during interviews and

the number of times it was cited in relevant contexts. Results were

grouped under three themes: broad-based engineering knowledge,

general competencies, and personality traits.

Figure 2 indicates that broad-based engineering knowledge is crit-

ical to success in SE roles. ST was considered a critical competency

by 95% of the respondents, followed by interdisciplinary and multi-

disciplinary domain knowledge mentioned by 89%, cross-functional

interface and integration management highlighted by 74% and finally,

understanding multidisciplinary risks and project lifecycle experience

mentioned by 53% of the pool.

F IGURE 2 Broad-based knowledge essential for success.

Besides broad-based engineering knowledge, additional competen-

cies deemed essential for career progression in SEMgmt roles were

grouped under general competencies, illustrated in Figure 3, and

include project framing, requirements engineering, context-specific

experience (large project exposure), contracting and contract man-

agement. Project framing was highlighted as a critical competency

by 68% of the interview sample, followed by requirements engineer-

ing by 63%, context-specific experience by 42% and contracting and

contracts management by 32%.

Figure 4 illustrates respondents’ views on personality traits neces-

sary for success in SEMgmt roles. Sixty-eight percent of the respon-

dents indicated that the role is unsuitable for discipline specialists such

as static equipment specialists, hydraulic specialists, and heat transfer

specialists who prefer to focus on detailed design and analysis aspects.

Forty-seven percent indicated that leadership traits were important.

This was followed by people management at 32%, the need for an

assertive character at 26% and the need to be performance-driven at

21%.

Findings indicated that a broad range of knowledge and experience,

which included multidisciplinary, cross-functional exposure, risk man-

agement, project lifecycle experience, and ST, are essential elements

for effective performance in SEMgmt roles. Lifecycle experience and

ST play an essential role in project framing, requirements definition,

and scope development since they allow the project engineering

manager/SEM to plan the technical strategy based on a futuristic

snapshot of project development. It also allows the SEM to apply this

experience to optimize solutions that balance capital and operational

expenditure, that is, develop solutions optimized for short- and long-

term cost benefit. Other competencies that were viewed as critical

to enable success included the need for context-specific experience,
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F IGURE 3 General competencies.

project framing, requirements engineering, as well as knowledge of

contracting and contracts management.

These skills are essential since the success of an SEM is not mea-

sured based on quality, cost, and schedule in the short term but also on

plant performance over its operational life (typically decades).7 Recent

highly publicized failures ofMedupi and Kusile highlighted shortfalls in

technical leadership capabilities within large, complex projects. Both

Kusile and Medupi will be operated at reduced load factors from

2026, based on a combination of increasing coal costs and emission

constraints.8 This indicates a failure to apply the ST paradigm and

lifecycle approach to engineering design.

Some personality traits deemed critical for the role included lead-

ership, people management skills, an assertive character, and a natural

inclination to drive self-development and performance. Interestingly,

qualitative feedback revealed that broad-based engineering skills

(technical skills) were ranked higher than personality traits (soft skills)

as an enabler to success in SEMgmt roles. This alignswith extant litera-

ture, where scholars suggest that soft skills are the least significant for

screening suitability for effective performance in SE roles.30 Findings

also emphasized the specialized nature of the role, its lack of suitability

to domain engineering specialists and the need for specific character

traits to be successful as an SEM. These findings support literature

findings and research propositions P2–P5:

P2: Individual capability and prior experience impact knowledge

adoption rate and performance in SEMgmt roles.

P3: Context-specific experience is directly linked to effective

performance in SEMgmt roles.

P4: Interdisciplinary, multidisciplinary, and cross-functional

knowledge is directly linked to effective performance in

SEMgmt roles.

P5: Some skills are more important than others to perform

successfully in SEMgmt roles.

4.4 A Competency development framework and
its application within the sector

Respondents were asked to share their insights on how to apply the

framework as a development tool within the process industry. Most

found it challenging to outline competency development as a chrono-

logical or sequential process given the structure of large project orga-

nizations within the sector and the integrated project environment in

which development occurs. A valuable insightwas that SE and SEMgmt

competency development should be viewed as a three-dimensional

processwithin large project environments. Although all engineers start

developing within their domain or engineering designation of origin
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F IGURE 4 Personality traits.

as part of a graduate development program, a significant component

of their competency development occurs in parallel through expo-

sure and experiential learning within integrated project teams in large

projects. This exposes domain engineers or project lead engineers to

interface management and integration at the SE level; however, the

extent of the exposure is dependent on the number of interfaces appli-

cable to the domain, based on project definition or complexity, that is,

some domains, for example, mechanical and process designations gain

greater exposure than others.

Respondent T007—“So, maybe my view is a little bit more 3D as I

start from my specific discipline. But as I am learning my specific disci-

pline, I’m starting to learn some aspects of all these other columns as

well. Maybe just on a very small scope.”

Findings indicated that domain engineers are passively exposed

to interfaces and integration management, verification and valida-

tion, project lifecycle exposure, planning, concurrent engineering,

and the like through active participation and experiential growth

within an integrated project environment. In this environment, ST

skills are developed and improved with experience, growing stronger

amongst individuals with a natural inclination for big-picture thinking.

Experienced individuals highlighted that developing professional and

management competencies is an ongoing process that matures in indi-

viduals as their capabilities improve. A fascinating insight was that the

development of professional competencies starts when one’s career

starts and ends when an individual retires.

Most interviewees highlighted the importance of developing a

solid foundation of domain engineering competencies, including mul-

tidisciplinary engineering exposure and system engineering technical

and core competencies, before shifting focus to developing manage-

ment and integration competencies. Similar sentiments were shared

regarding applying the framework as a recruitment tool. Experienced

professionals highlighted the importance of screening candidates for

demonstrated experience in elements that form the foundation of the

SE field when considering appointments within higher levels of the

SE hierarchy. The general view was that professional competencies,

although important, are considered equally important and applica-

ble to many other fields and functions. SE competencies to perform

at higher levels within the systems hierarchy, such as SEM roles, are

scarce skills that are difficult to acquire. The broad range of com-

petencies required is often beyond the capabilities of the average

engineer.Managing higher level appointments with a high emphasis on

professional and management competencies but major gaps in tech-

nical competencies was raised as a high risk to project performance.

Individuals may not necessarily possess the natural propensity or
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TABLE 1 Competency development framework.

SE core competencies

Professional

competencies

Technical management

competencies

SE technical

competencies

Project integrating

competencies

Domain engineering

competencies

Systems thinking Ethics and

professionalism

Planning Requirements

definition

Project management Mechanical

engineering

Lifecycles Technical leadership Monitoring and control System architecting Finance Civil engineering

Capacity engineering Negotiation Decisionmanagement Design for: Logistics Structural engineering

Critical thinking Team dynamics Concurrent

engineering

Integration Quality Control engineering

Systemsmodeling and

analysis

Communication Business and enterprise

integration

Interfaces Electrical engineering

Contracting and

contract management

Emotional intelligence Acquisition and supply Verification Process engineering

Coaching and

mentoring

Information

management

Validation Environmental

engineering

Facilitation Configuration

management

Transition Geotechnical

engineering

Risk and opportunity

management

Operation and support Metallurgy and

welding

capability to address those gaps. Furthermore, the fast-paced andhigh-

pressure environment within complex large projects is not suitable for

addressing such gaps.

Findings regarding experiential requirements, critical competen-

cies and traits, and insights on how to apply the framework were

consolidated to develop an industry-specific competency develop-

ment framework illustrated in Table 1. General engineering, which

was proposed in the INCOSE template, was removed since these

aspects are covered under domain engineering development. Con-

tracting and contract management, which were considered critical

competencies in this research, were included as core SE competencies.

Critical competencies highlighted in bold font must be comprehen-

sively screened when recruiting for higher-level roles within the SE

hierarchy.

Consolidated findings from the qualitative feedback regarding the

importance of the approach and the most practical way to apply

the competency development framework within large project orga-

nizations in the sector were used to develop a practical model

presented in Figure 5. It indicates that development starts as a

domain engineer focusing on developing solid interdisciplinary and

multidisciplinary domain engineering skills applicable to the project

organization.

Through exposure to integrated projects of varying sizes and com-

plexity, SE technical and core competencies are developed concur-

rently as part of experiential growth as a domain engineer. As one

progresses to higher levels within the hierarchy, as a domain engineer,

one should consider external courses and management programs to

cement one’s theoretical grounding in the SE field. Findings indicated

that domain engineering and SE technical and core competencies were

deemed essential, forming the foundation to progress into SEMgmt.

Management and integration competencies associated with project

management become essential as one progresses to higher levels

F IGURE 5 Model for the application of the development
framework.

within the SE hierarchy. Professional competencies are required at all

levels in SE roles butmature in individuals as experience and capability

improve.

The “T” model for systems engineer career development illustrates

that the higher the role within the SE career hierarchy, the greater

the breadth of domain knowledge required to perform successfully.

A general guideline was 9–12 years of appropriate experience to

perform as a systems engineer and 13–20 years of experience to

perform the role of large project lead.6 Based on this, one would

recommend pursuing engineering management-related degrees in

preparation for large project lead roles, approximately 9–12 years

into continuous career development as a systems engineer on large

projects. This ensures that individuals invest in further development

within a career where they have demonstrated the propensity to

succeed.
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5 DISCUSSION

The study indicated that a framework for developing SEMgmt within

the process industry would assist in improving SE and SEMgmt per-

formance within the sector. These findings aligned with the literature

survey results indicated that an improvement in SEMgmt will improve

interdisciplinary, multidisciplinary, and cross-functional interface inte-

gration in projects. This, together with the application of project lifecy-

cle considerations and ST, improves the quality of requirements engi-

neering, ensuring that aspects such as geographic and environmental

requirements, legislation, codes and standards, owners’ specifications,

operations, maintenance requirements, construction requirements,

and gaps or project-specific requirements are accurately defined. This

results in higher quality scopes, reducing scope change. Concurrently,

this improves risk management capabilities, quality of project man-

agement support (project framing, planning, execution and quality

assurance/control), and ensures effective contracting strategies and

informationmanagement.

Effective contract management and information transfer during

design development improves the quality of concurrent engineering,

that is, the interfaces and information flow between teams responsi-

ble for developing independently procured systems and the integrated

design package. Typical systems include mechanical, electrical, and

electronic equipment and appurtenances. Information delays or late

changes within these systems, such as technology changes, have a

knock-on effect on the integrated systems, impacting equipment lay-

out, support requirements, system configurations, and interface loads.

A change in technology requiring a configuration changewill oftenhave

a knock-on effect on other technologies due to changes in hydraulic

andpneumatic requirements that impact the sizing of pumps, compres-

sors, and blowers within the system. This may impact energy demand

due to changes in motor sizing. This domino effect impacts various

elements of discipline engineering (interdisciplinary), other disciplines

(multidisciplinary) and functions such as cost control, planning, and

contract management, to name a few. Ultimately, an improvement

in requirements engineering and framing resulting in higher quality

scope definition combined with improved planning and risk manage-

ment improves procurement management and information transfer,

improving design quality and schedule.

This reduces changes associated with the fabrication of indepen-

dent systems and integration of the independent systems into the

SoS during construction. Typical fabrication and construction changes

include equipment modifications and site clashes resulting in changes

in configuration and requalification of quality assurance and quality

control procedures. A consequence of effective interface integration

duringproject development resulting froman improvementof SEMgmt

is an improvement in the overall project performance (cost, schedule,

and quality). This improves organizational performance in the short

term through direct project costs and in the long term through a higher

performance of the facilities (higher reliability, lowermaintenance, and

operational costs), improving cash flow and thus reducing the payback

period. The organization will have financial resources to attract and

retain a strong talent pool, provide resources, and fund a regular pool

of projects to support continuous development and sustain a high level

of SE performance.

6 CONCLUSION AND RECOMMENDATIONS

This research was undertaken to investigate the general causes of

poor project performance within the process industry, which included

organizations in the mining, energy, and petrochemical sectors. The

aim was to determine the need for a competency development frame-

work for the sector, establish its contents and present a model for its

application to guide resource development and acquisition within the

sector.

The results highlighted several contributing factors, such as a lack

of industry and individual awareness of SE as a field, rigid structures

within large organizations, which limit access to knowledge transfer,

and a lack of mentoring, coaching, systems, and tools to guide the

development of systems engineers and SEMswithin the sector. Further

findings indicated that poor deployment of resourceswithin higher lev-

els of the SE hierarchy also contributed to poor project performance.

Once again, this was primarily due to a lack of awareness of experi-

ential requirements and critical skills and traits required to perform

successfully in SEMgmt roles.

Some insights from industry specialists regarding experiential

requirements, critical competencies, and traits required for successful

performance in SEMgmt roles included the importance of multi-

disciplinary domain knowledge, cross-functional knowledge, lifecycle

experience, and an inclination for ST and technical leadership traits.

Results were consolidated to develop an industry-specific framework,

which is presented in Table 1, to guide resource development and sup-

port recruitment processes within the field. A model to support the

application of the framework is presented in Figure 5. This will assist

in improving SE and SEMdevelopment and performance.

Some limitations of this research included time constraints since

the study was conducted as part of a mini dissertation limited to an

academic year and limited access to publisheddata regarding organiza-

tional project performance. A general observation from this study was

that individuals performing the technical integration lead roles within

the WBS of large projects in the process industry are referred to as

engineering managers and not SEMs, although they are expected to

perform the functionality of an SEM.A consequence is a skewedunder-

standing of the role requirements and a lack of awareness of systems

and tools already available in the SE field. It may beworth investigating

why the official adoption rate of SE as a field is so slow in the project

delivery environment within this sector, given that it started to grow

within other industrial sectors in the 1990s.2

Finally, lack of knowledge transfer due to a lack of mentoring,

coaching, and rigid organizational structures was raised as a barrier to

effective performance in SE roles. Students could explore appropriate

organizational structures within organizations in the process industry

to enhance knowledge transfer, SE adoption, and capability.
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