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Summary 

1 Summary 

This research is aimed to introduce a novel concept and a methodology for an adaptive and 

context-sensitive engineering workflow support system in an object-oriented, domain-

independent, and model-driven virtual environment for engineering of process plants. To 

understand the expectations from such a system, an extensive empirical study of engineering 

workflows in more than 15 process plant engineering companies in the USA, Europe, and Asia 

was undertaken and more than 180 interviews with engineers of diverse engineering 

disciplines were performed. Throughout this empirical study, various industrial engineering 

methods of process and automation engineering and utilized software tools were characterized 

and documented. An analysis of typical engineering workflows and tools was performed and 

cultural or technical parameters that have a significant impact on the execution of a project 

were identified. This study provided a solid fundament for comparison of industrial and 

scientific efforts in the domain of engineering workflow support systems. In addition to the 

empirical study, a review of various state-of-the-art technologies for engineering software tools 

which are widely utilized in industry, as well as latest technological trends in this field are 

discussed and capabilities of these software technologies for execution of engineering projects 

and support of engineers are analysed and presented.  

Based on performed studies, a novel concept for an engineering execution support system in 

the field of engineering of process plants is introduced which covers the main expectations 

from such a system i.e. adaptability, context-sensitivity, and flexibility. This concept is based 

on the technology of object-oriented, model-driven plant engineering. The methodology which 

was developed and utilized based on this concept, is to use individual object’s life-paths 

(lifeflows) as a new aspect of objects within the plant data model. Additionally, reference data 

models are used to analyse the project context and offer the next optimal engineering step for 

every engineer in every phase of a process plant engineering project depending on the context 

and state of objects within the plant data model. Object’s lifeflow is a sequence of events and 

actions that should happen for an object instance in the plant data model depending on its 

class to reach its maturity i.e. fully engineered state. Such methodology can be deployed within 

a tool that is mounted above the new generation of engineering software platforms to enhance 

engineering support or creating new possibilities for optimized engineering methods such as 

learning and communication between mature and new virtual objects with same lifeflows in the 

plant data model. For validation of the introduced concept, a prototype is developed based on 

a commercial process and automaton design engineering software, “Engineering Base”, a 

product of AUCOTEC AG. Above explained steps resulted in an adaptive, context-sensitive 

workflow support system in which its feasibility and benefits are verified and validated in a 

sample plant engineering project. 
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2 Introduction 

2.1 Motivation 

Execution of a plant engineering project consists of various disciplines such as conceptual 

design, process design, 3D model and layout design, civil design, mechanical design, 

instrumentation, electrical, automation, and control engineering. Based on an intensive 

cooperation between multiple engineering and management roles in a project that takes 

months and sometimes years, a set of documentation is generated that will be used for 

construction, commissioning, operation, and maintenance of a plant until its demolishment. In 

these phases, plant documentation should be maintained and updated to continuously reflect 

the As-built status of the plant. These documents are considered as intellectual properties of 

plant owners and are valuable assets because they hold the plant license, technology, design 

decisions and history of all changes during the operation and maintenance of the plant. Such 

documents typically are safeguarded against any copy or unauthorized modifications because 

they contain the know-how of designing and engineering the production plant.  

Plant engineering is regarded as a highly sophisticated, cross-disciplinary, and multi-level 

engineering project and is defined in various linked networks of engineering and managerial 

projects in various disciplines and levels. Nowadays, hundreds of engineers in various 

disciplines distributed geographically in different time zones with various languages, cultures, 

educations and levels of competence try to use handful of heterogeneous engineering software 

tools with different technologies, interoperability conformance [1], applications, data models 

and deliverables to perform engineering and administrative tasks of executing a green-field 

plant design, revamp or retrofit project. Such environment is defined by concepts of globalized 

engineering and competition and the more communication technologies that are available, the 

more pressure will be added to the competition and agility of project execution and the more 

complexity will be added to the daily work of engineers. In this complicated context, project 

management teams are facing challenges such as data transfer and synchronization between 

different users, keeping up the engineering quality of various users with different competencies 

equipped with different tools and cultures, data consistency between different tools, adaption 

to the changes and deviations from plans, optimized planning of compromises in series of 

unexpected events and eventually having an overview on the project progress statistics and 

deadlines [2].  

In this chaotic network of dynamic interactions and information or data flow between users and 

engineering software tools, project and workflow support systems are the backbones of 

executing a project. Tools should provide possibilities of planning engineering tasks and 

assigning resources or teams independent from the real-time deliverables that should be 
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received or generated for a task. After receiving an engineering assignment from a project 

planning or a workflow support system tool, in an ideal case, the responsible person who 

received the assignment is assumed to have enough competence about the actual context and 

situation of the project and the data or documents that should be used as a starting point, as 

well as the workflow of performing steps and the required execution tools. These parameters 

are the very basic prerequisites for an engineer so that he can conclude an understanding of 

the assignment that he has received and the path that he should follow to achieve the 

completion of the assignment. Additionally, different engineering software tools are expected 

to share at least one common data format between each other for the transition of documents 

and data from one step to another. In many cases such generic format is not available due to 

lack of functionalities in the software tools and in some cases, it is not available due to vast 

inconsistencies between execution methods and data models in different disciplines. In both 

situations, engineers should also have the know-how and competence of being able to receive 

and interpret the data that is generated from previous steps of the workflow as well as 

generating the formats that can be interpreted in the next steps of the workflow. This would 

add additional time-consuming efforts to the daily activities of engineers, especially when it will 

be combined with the topic of change management within an engineering workflow.  

In case of successful execution of all procedures that were defined in the assignment and 

delivering the requested deliverables to the next phase of the workflow, the responsible 

engineer can provide a feedback to the project execution support system and enter the 

information about states of tasks that were executed. Such information can follow certain 

protocols and report formats or can be simple changes of status on the assignment which is 

managed by a status machine.  

In practice, such optimal circumstances are rare, very challenging and parameters such as: 

- Incomplete engineering data.  

- Low competence or low-experience personal. 

- Heterogeneous Computer Aided Engineering (CAE) tools with no common interface.  

- Lack or incompleteness of global standards, lack of common and comprehensive 

interoperability formats.  

- Numerous alternative workflows.  

- Substantial amounts of unplanned and abrupt changes due to design updates or 

human mistakes.  

will cause unqualified and overdue results which will eventually cause postponing schedules 

of the project [3–5]. In recent years Workflow Support Systems (WfSS) or engineering 

execution support systems aimed to increase the effectiveness of engineering task’s 
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execution. The effectiveness of a workflow support system can be measured by many factors 

such as: 

- The accuracy of the description of the assignment compared to the actual engineering 

activity that should be done by an engineer. 

- The relationship between the assignment and the engineering content and the 

deliverables of the assignment. 

- Effectivity of the assignment on the overall progress of the project depending on the 

consequences of the task execution. 

To provide a better understanding of the concepts of WfSS, first, the definition of an 

engineering workflow should be elaborated. In principle, a workflow is defined as a sequential 

description of a business or an engineering process, in whole or part, during which documents, 

information or tasks are passed from one participant to another for action, according to a set 

of procedural rules [6]. A workflow can have branching points which result in the execution of 

parallel tasks and can have decision-making points which can guide the execution path into 

various alternatives. A workflow can be defined in various abstraction levels depending on its 

purpose and target.  

Once the definition of a workflow is clarified, a workflow support system can be described. A 

WfSS is a system that supports engineers in their tasks and assignments for each step of the 

workflow and observes user’s feedback after executing each step of the workflow, and where 

required, invokes the use of tools to assign manually created tasks to users [7]. Such systems 

provide a control over the sequence of events, conditions, and roles to help engineers in their 

daily work in addition to equalization of the standards and qualities of deliverables [8]. Typically, 

these systems consist of: 

- An environment in which workflow can be designed. 

- Task management that provides the possibility of creating diverse types of tasks e.g. 

manual tasks, automatically invoked tasks or repetitive tasks.  

- A status machine that tracks assignments and provides the possibility of giving options 

once the status needs to be changed.  

-  A managerial dashboard that provides an overview of the states of assignments and 

progress of the project.  

The concept of WfSS can be used to create powerful assistants in the daily work of engineers 

and can provide more accurate statistics about the progress of the project to managers. 

Nevertheless, a literature review on the state-of-the-art scientific concept and utilized tools in 

this field shows that conventional WfS systems are still in the progress of improvement 

regarding following aspects: 
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- The disconnected link between project management tools and WfS systems and real-

time engineering data and deliverables. 

- Lack of flexibility in CAE tools to communicate with project management tools and WfS 

systems. 

- Lack of required adaptability and flexibility in the designed engineering workflows.  

- Heterogeneous models and semantics of software tools in the plant design ecosystem.  

- Inconsistencies in the communication between internal and external participants and 

contributors of a project e.g. engineering sub-contractors or system providers.  

- Organization’s involvement in a shared but not cooperative cross-discipline workflow 

across organizational boundaries [9]. 

- Involvement of more disciplines, coupled relationships, work processes, design data, 

design knowledge and uncertainties [10]. 

Some of the WfS systems have tried to address some of these points successfully, but up to 

the date of this dissertation, no solution was claimed to be able to address all the points 

effectively and comprehensively.  

2.2 Goals and dissertation outline 

In chapter 3, results of an extensive empirical study of workflows in various process and 

automation engineering companies around the world are presented. These comprehensive 

descriptions explain different methods and procedures of a plant design project execution and 

additionally provide an elaborative analysis of the main parameters that have significant 

impacts on design and execution of workflows. Moreover, a brief requirements description of 

an optimal workflow support system is described at the end of this chapter. 

Chapter 4 describes state-of-the-art scientific prototypes, concepts, and technologies for 

engineering software tools as well as workflow support systems. Here the main design 

concepts of these tools are analysed and compared and the possibilities and capabilities that 

each of these technologies and concepts are providing are discussed.  

In chapter 5, conceptual design of a novel concept and methodology for a workflow support 

system for engineering plants is introduced. This chapter contains introduction of digital asset’s 

lifeflows, project context modelling and its relation to the workflow support system, application 

of optimal path finding for selection of the optimal next step in the workflow towards maturity 

of plant data model and documentation. In this chapter prototype implementation and 

validation of concepts and discussion about results are also addressed. Chapter 6 and chapter 

7 describe the implementation and verification of a tool based on the explained concepts in a 

sample plant engineering project and chapter 8 provides a conclusion, analysis and a future 

vision based on overall results which were achieved during this dissertation. 



6 

 

 

Engineering of process plants: Empirical study 

3 Engineering of process plants: Empirical study 

In this chapter, results of empirical surveys on workflows of several types of Engineering, 

Procurement, and Construction (EPC) companies and plant’s Owner/Operators (O/O) which 

might also have internal EPC sectors are presented. These workflows are independent of types 

of production facilities and aim to explain the engineering actions that should be taken in 

distinct phases of a plant design project. These descriptions will be followed by an analysis of 

different parameters that are affecting the workflow of a plant design execution project and 

eventually a description of basic expectations from an engineering workflow support system.  

Note: Due to confidentiality of the workflows, all the steps are neutralized, no company or brand 

name or name of a proprietary software tool is mentioned, and all the descriptions are 

anonymized.  

3.1 Principles 

3.1.1 Introduction to process plant engineering 

A generic overview of activities for designing a plant is depicted in Figure 1. The left column of 

the graph shows the activities that are performed before the contract of a project is signed and 

therefore it is regarded as conceptual design or Front-End-Engineering-Design (FEED). In the 

first step, feasibility study and market analysis for a new product will take place. Parameters 

such as plant capacity, logistics, target markets, Capital Expenditure (CAPEX) and Operational 

Expenses (OPEX) calculations and risk analysis are some of the deliverables in this phase of 

the project.  

Market analysis for a certain 
product idea

(Product price, quantity and 
quality)

Determination of investment 
costs and operation costs (Mass, 

material and energy balance)

Feasibility study and inquiry to 
private or public

Risk analysis and prequalification
Bidding and tendering

Basic Engineering

Process design
Layout
Balances
Civil engineering 
Material concept
Main components
Electric components
Scheduling
Quote price

Tender analysis and contract 
negotiation

Project planning, scheduling and 
authority approval

Detailed engineering

Final process design
Design of plant 
components
Building/steel structure
P&I Diagrams
Technical specifications
Layout diagrams
Piping engineering 
Instrumentation 
engineering
Electrical engineering

Procurement

Inquiries
Bids of sub suppliers

Bid comparison
Contract negotiation

Orders and 
confirmations Expedition , erection, site 

organization Building/Steel works
Components
Pipes, valves and fittings
Electrical parts 

Cold and warm commissioning
Demo of performance

Acceptance, warranty

 

Figure 1 - Overview of plant engineering activities 
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Typically, to prepare a more accurate estimate of investment and operation costs, basic 

engineering in various disciplines with the target of price calculation will be performed. Some 

of these calculations can be retrieved from recently executed and similar projects or provided 

by engineering subcontractors or system providers.  

The right column of the figure shows project steps that include activities which are performed 

after the contract is signed until the operational start-up of the facility in its steady-state 

operation mode. This section starts with project planning and scheduling of main actions for 

various disciplines and the deliverables that they should provide at each phase with the 

assignment of approval processes and continues with detailed engineering and design and 

proper documentation. Depending on the project plant and schedule, during and after the 

engineering phase, procurement of the equipment which should be purchased or 

manufactured, and prefabrication of piping is performed and afterwards, construction of 

buildings, expedition, and erection of equipment will be executed. After the full construction of 

the plant site, several types of commissioning and performance tests will be performed. They 

include cold commissioning which is running the plant typically with water or a neutral medium 

as process fluid and in the ambient temperature and warm commissioning which is running a 

plant in its design operating conditions. In these phases, the leakage of piping, the performance 

of equipment, the accuracy of the control loop, fine-tuning of control parameters, testing of 

various operation modes such as emergency shut-down, will be executed and evaluated. The 

result of the commissioning phase should be protocoled in plant commissioning reports and 

operation manuals. Operation manuals are training documents that are used as a reference 

for the operators of the plant for normal operation of the process as well as procedures and 

checks lists for the confrontation of special and emergency cases. Successful completion of 

all comprehensive tests typically will result in an update of plant documentation to as-built 

documents, the handover of control systems to operators and client acceptance protocols.  

This overview comprises engineering and non-engineering activities that are typically 

performed for a plant design project. Nevertheless, in this dissertation, our focus is on the 

engineering sections of these activities which are performed in various departments or 

company types.  

3.1.2 Company types 

The plant design procedures that were explained in the previous chapter can be carried out by 

several types of organizations and companies and under different commercial circumstances 

which eventually can make significant changes and have impacts on existence or sequence 

of some of the engineering steps and methods of executing them. These conditions and 

circumstances are mostly dependent on the role of an organization, tasks, and deliverables 

which are defined for it. Figure 2 shows an abstract overview of diverse types of organizations 
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that might be involved in a plant design project. Sizes of the boxes in this picture are relative 

to the average company size with respect to their average number of employees, yearly 

turnover, and projects.  

Main automation
 contractor (MAC)

Business UnitBusiness Unit

Owner/operator
Internal Engineering 

Centre

Main EPC

I&C, Automation EPC

Sub system providers

Business Unit

M
a

n
u

fa
ct

u
re

rs

 

Figure 2 - Abstract overview of several types of process plant engineering organizations 

Owner/Operator companies are typically the clients for the plant design projects in Greenfield 

or plant revamp, retrofit or maintenance of brownfield sections. Diverse types of EPCs and 

manufacturing companies are typically smaller than O/Os and their primary business is derived 

from the projects from O/Os. Main automation contractor (MAC) companies also have large 

turnovers mostly because they have various business units and they can cover the whole of a 

project including engineering, hardware, and software in multiple business sectors. Depending 

on the project type and needs, each of these sectors will have relations to each other and 

therefore, there will be bridges between internal and external workflows in each plant design 

project. In a medium to large plant design project, mostly there is a network of relations 

between all the mentioned players.  

Owner/Operators: Typically, they are initiators of a new plant design project which is also called 

a greenfield project or retrofit/revamp project which is also called a brownfield. Depending on 

the context and size of the project, it might be planned and executed completely internally 

within the O/Os organization via an internal EPC organization or also can be sub-contracted 

to an external EPC company that is qualified after a tendering process. O/Os are main 

influencers of the project documentation delivery types, formats, and quality because these 

documentation needs to be used and maintained through the lifespan of the plant by O/Os. 

Beside the daily operation of plants, typically O/Os also have an engineering department and 

workshop within their organization. The main activity of the engineering sector of an O/O is 

performing regular maintenance tasks, identifying optimization potentials for operating 

conditions and equipment performance and maintaining documentation of the plant in as-built 

status. Additionally, they are involved in the technical evaluation of tendering processes for 

subcontractors and EPCs. One of the actual major challenges of this sector with respect to the 
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engineering workflows is dealing with legacy scanned-based documentation of old plants 

which is preferred to be digitalized and updated. Typically, documentation of a plant that has 

a lifespan of a few decades is scattered through various software, databases, and paper or 

scanned file libraries. Creation of new projects for external contractors or execution of internal 

projects demands a proper technical definition of current plant state and project scope. Data 

such as mass-balance, energy balance, operating conditions, latest maintenance actions, and 

actual utility consumptions are the crucial information that should be properly set up prior to 

initiation of each revamp/retrofit project.  

O/O’s Internal Engineering Centre: This sector is a sub-organization embedded in an O/O. 

This organization typically performs small-size revamp or maintenance projects that are 

necessary for the steady running of the production facility. The specification, characterization, 

regularity, safety considerations, preparations and required training, execution procedures and 

a checklist of these projects are defined in the documentation of a plant by the plant designer. 

Depending on the size and variety of production plants that belong to the O/O, there can be a 

global engineering centre available for all plants or a network of various engineering centres. 

A major challenge with respect to the engineering workflows for this sector additional to dealing 

with paper-based documents is also dealing with a variety of software tools and documentation 

qualities that should be utilized in the engineering of a project. Iterative reconstruction of data 

in engineering tools is a prerequisite of every project and sometimes consumes a considerable 

time and budget for the project. Eventually, all deliverables as project documentation must be 

merged to the rest of the plant documentation. Original documentation must be updated and 

get the status of as-built for every batch of modifications in the plant.  

Main EPC: This company type or industry sector typically does not own any plant and their 

business is focused on performing engineering, providing equipment and eventually 

construction of plants. Main EPCs receive contracts for greenfield or brownfield projects from 

O/O to be executed. They have teams of various engineering disciplines to cover the complete 

workflow of plant engineering from conceptual design to process and mechanical design, 

instrumentation, and electrical, control and automation. Depending on business relevance, the 

main EPC might sub-contract some parts of the project to external subcontractors which can 

execute the project in lower cost environments. Additionally, automation engineering of a plant 

can be performed by an Automation Contractor (AC) which is a specialist in this industry sector. 

The automation contractors typically use the control hardware available in the market and 

develop or configure the control software. Workflow in main EPC companies demands high 

flexibility and adaptability to the changes of projects which are received from different O/Os 

and different industry sectors. Each project can be executed in a different country with different 

resources, standards, and software tools which have the best support in that constellation. 

Figure 3, shows a typical abstract workflow of a main-EPC company for executing the process 
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and automation engineering of a production plant project. In this diagram, the basic design 

contains the process simulation, conceptual design and process flow sheets design, process 

and mechanical design contains P&ID drafting and 3D mechanical and civil engineering, and 

the remaining steps to perform instrumentation, electrical and automation of a plant. 
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Figure 3 - Typical workflow of a main-EPC 

Instrumentation and Control (I&C) EPC: In many plant design projects, I&C section of a project 

might be able to follow straightforward typical verified paths. These typical paths are common 

technologies which are combinations of hardware and software pieces that can be fitted 

together and provide certain functions such as level control, temperature control etc. Although 

the control concept and strategy should be designed and specified for every part of the plant, 

pieces of these control strategies can be standard modules. Therefore, depending on the type 

of plant and maturity of its technology, it is commercially reasonable to subcontract the I&C 

and automation part of the workflow to more competitive engineering companies. Such 

companies have specific competencies to perform the instrumentation, electrical and control 

of a project and in some cases, they have developed proprietary engineering software tools 

that are fitting to their workflow specifically for execution of I&C part of the workflow. Figure 4 

depicts various abstract steps that an “I&C EPC” will perform. The main difference between 

such EPC and main automation contractor (MAC) is that EPCs normally will not provide the 

hardware and embedded software for the control and automation of a plant. They purchase 

hardware and embedded but configurable control software and perform the engineering and 

configuration of the automation system.  

Subsystem suppliers: These companies are comprised of engineering, procurement, 

manufacturing, and construction of individual systems that can be used for specific services in 

a plant. For example, a specific boiler for providing superheat steam to a distillation column 
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can be designed by a subsystem supplier and installed in a plant. Therefore, this boiler could 

be treated as a black-box with specific utility and process inlets and precise guaranteed outlets.  

 

Figure 4 - Typical workflow of an I&C EPC 

In the design of a production facility, diverse types of subsystems will be utilized in separate 

phases of a process. Modular prefabricated subsystems are the most common subsystems. 

Examples of them can be large scale compressors, boilers, or waste treatment systems. These 

subsystems are pre-engineered and will be delivered and installed upon inquiry. From the main 

EPCs or O/Os workflow perspective, the major activity for such subsystems is to specify them 

in the manner that an efficient tendering phase between different suppliers of the same 

machines can be performed and responses between tenders can be compared. Once the 

tender phase is concluded and a supplier is selected, documentation of these subsystems 

should be merged into the main project engineering stream. Numerous factors such as process 

deliverables, utility needs and consumptions, control system method, special limitations and 

environmental conditions, safety and firefighting systems are the main specification 

parameters that should be communicated.  

Another type of subsystems are the ones which should be engineered and designed based on 

the special needs of a plant. Such subsystems should be designed based on the same 

standards of the main plant. These subsystems share many operations with the rest of the 

plant e.g. start-up, shut down and therefore their control concepts, utility connections, safety 

systems, etc. must be deeply integrated into the main plant. From a workflow perspective, 

workflow management of such subsystems requires more integration between design tools 

and communication between engineers from the main plant and engineers from the subsystem 

vendor. 

Main Automation Contractors (MAC): These companies provide design and automation of 

process automation projects, expertise, hardware and embedded software, systems, and 
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services for the automation of a plant. An MAC should manage the interfaces between different 

suppliers and interact with various disciplines such as process and I&C to find optimal 

automation solutions based on the latest technical possibilities in automation engineering. 

They will work closely with the main EPC, subcontractors, and subsystem manufacturers to 

develop an overall project concept for automation of a plant. Typically, an MAC will deliver all 

the hardware and embedded control software that is required for control and automation of a 

plant. Due to various technologies in the automation industry and standardizations that can be 

made for them, MACs typically have different business units and each of these business units 

have adapted their workflows and engineering tools based on the needs of their industry 

sector. In the next chapter, some sample workflows from each of the mentioned company 

types will be represented and discussed.  

3.2 Typical workflows: best practices 

In this chapter, actual workflows of various plant design and engineering companies are 

depicted and discussed. These workflows are results of an extensive empirical study on 

engineering workflows in more than 15 plant engineering companies in the USA, Europe, and 

Asia and more than 180 interviews with engineers of diverse involved disciplines. Each of the 

workshops had a time span of one to two weeks and overall were performed in the years of 

2015 and 2016. All the workflows are represented using standard business process modelling 

notation (BPMN 2.0) language in MS Visio and the workflows are verified by engineers and 

managers of respective companies.  

Due to confidentiality of the workflows, all the steps are neutralized, no company or brand 

name or name of a proprietary tool is mentioned, and all the descriptions are anonymized. 

Although multiple plant design companies were involved in the empirical study, an analysis for 

identification of similarities, ignoring small or temporal differences and a brief abstraction of 

steps will result in recognition of overlaps and clustering possibilities. On this basis, six typical 

workflows can be extracted which can cover all the workflows of empirical study and therefore 

only these 6 typical workflows as representatives of all workflows are further elaborated. Table 

1 shows a list of some of the interviewed companies. This table also shows the country where 

the company’s engineering centre is located and the typical workflow number.  

Table 1 - List of companies with analyzed engineering workflow 

 Company name Typical Workflow 

number 

Type Country 

1 DOW Chemicals 3 O/O & Internal EPC India 

2 AREVA NP 1 O/O & Internal EPC Germany 

3 KONGSBERG Maritime Engineering 2 EPC Norway 

4 Air Liquide 3 Internal EPC Germany 
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Below, the six typicals are elaborated in detail. Each of these six workflows are abstracts of a 

category of workflows which is applicable to multiple companies. Table 2 shows the companies 

that are following the same basic sequence of steps in the execution of their projects. 

Table 2 – six workflows and the companies that can be aggregated under each workflow 

Workflow 1 AREVA NP, Shanghai Nuclear Plants (SNERDI), China Nuclear Power Engineering (CNPE)  

Workflow 2 KONGSBERG Maritime Engineering, AUTOPRO, Amec Foster Wheeler, Knorr Bremse, 

Weda, Black&Veatch 

Workflow 3 DOW Chemicals, Air Liquide, KROHNE Oil & Gas, OXEA, SAIPEM 

Workflow 4 EMERSON PAS, ABB  

Workflow 5 KRONES, HOWDEN, EVOQUA 

Workflow 6 ABB  

 

 

 

 

Workflow 1 (Figure 5 and Figure 6) is representing the workflows of an I&C EPC section of a 

main-EPC company. This sector is focused on safety I&C design of nuclear power generation 

plants. In this company, main design execution is performed in a combination of different 

internal and external sectors and the result of those activities for the complete nuclear power 

plant design including process, I&C, and control, will be used as initial project specs of safety 

design. Safety design procedures will not typically affect the main design of a plant except in 

rare cases. The main purpose of safety design is to realize mechanisms that will react in cases 

of emergencies and accidents or work together with routine control systems to avoid undesired 

situations. Also, hardware that is used in the steady-state control of the plant is preferably not 

reused for safety purposes due to redundancy policies in case of failures. The general network 

architecture will be reused as a base layout for placing the junction and control cabinets.  

5 HOWDEN 5 EPC UK 

6 KROHNE Oil & Gas 3 O/O & Internal EPC Netherlands 

7 Shanghai Nuclear Plants 1 O/O & Internal EPC China 

8 AUTOPRO 2 EPC Canada 

9 EVOQUA 5 Subsystem EPC USA 

10 EMERSON PAS 4 MAC USA 

11 KRONES 5 Subsystem EPC Germany 

12 ABB 6, 4 MAC Switzerland 

13 OXEA 3 O/O & Internal EPC Germany 

Workflow 1  
Company type Safety I&C EPC 
Business sector Nuclear Power Plants 
Country Germany 
Disciplines Instrumentation, Electrical design 
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An I&C project execution: The first step in the workflow is receiving requirements and planning 

of engineering tasks. Requirement management should be performed in accordance with the 

project specific regulations to guarantee traceability. Utilization of requirement management 

tools e.g. Cradle product of a Threesl [11] is recommended. Technical requirements should be 

identified, analyzed, assigned, and traced according to the project progress and complying to 

applicable standard e.g. KTA, IEEE, IEC, RCC-E or IEC 61513 standards series (incl. 60987, 

60780, 60880 etc.). The project will be defined in distinct phases and these phases include 

basic design and system specification, detailed hardware and software design, configuration 

management including software/hardware and test and eventually verification and validation 

(V&V) of systems and software. At the end of each phase of the engineering process, a phase 

review shall be carried out to close the phase by checking of formal aspects. The main purpose 

of these reviews is to guarantee that all planned design and V&V activities for each phase were 

completed and the outputs from this phase are consistent with the inputs.  

Note: It should be considered that verification is a process of evaluating if a product of a phase 

complies with the inputs to that phase. In other words, verification determines if a product was 

built correctly. Validation is a process of evaluating if a product meets intended uses. Basically, 

validation determines if the correct product was built. 

The overall system specification in basic design: First, the overall system architecture including 

equipment, connections, and interfaces should be specified. Then I&C functions will be 

assigned to specified equipment. For modernization projects, analysis of existing I&C 

architecture and plant constraints is a pre-condition. Next phase is to prepare design concepts 

such as periodic tests, parametrization, alarm annunciation, decoupling, HMI, interfaces, and 

security. The outcome of these concepts should be validated by clients. After concepts and 

functional requirement specifications are consolidated, the preliminary data for layout, HVAC, 

and electrical power supply will be generated. At this phase, certain analysis such as single 

failure mode, cybersecurity, response time, suitability spare capacities and sizing can be 

performed, and results will be reviewed against requirements, feasibility, and consistency with 

existing engineering standards.  

The detailed system specification in basic design: At this step, the I&C function specification 

which includes logical algorithms, status processing, function diagrams and its assignment to 

processing units, signals, and interfaces, and a library of functional blocks, will be prepared. 

Thereafter, following diagrams will be generated: cabinet specification and arrangement 

diagram for each cabinet, network diagram and cable specs, types of analogue acquisitions 

and I/O database, electrical loads per binary outputs, I/O channel allocation and typical 

hardware diagrams, fuse and breaker definition and estimation of response times. In the next 

phase, the specification of HMI for service and maintenance and provisions of periodic testing 
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will be performed. The last phase of this step is the contribution of specifications to boundary 

systems and validations by customers. 

The detailed software design: After the detailed system design in the basic engineering phase, 

the DCS database will be arranged based on the I&C function spec and library of functional 

blocks. This includes the establishment of the IT infrastructure (engineering server, service 

units), the definition of measures regarding IT security and definition of measures and 

procedures for data backup. Thereafter, each I&C function class should be translated to a DCS 

method. With such translation definitions, the function diagrams of the DCS can be designed 

and each of them can be assigned to a CPU. For each function diagram, the cycle time and 

software parameters must be configured. The result of the translation step, function diagram, 

and its parametrization are used for code generation in the database which should be compiled 

and evaluated against software design specs, CPU and network loads.  

The detailed hardware design: Results of approved overall system specification and detailed 

system specification will be used for mechanical hardware design. In this phase, arrangement 

diagrams will be generated, and the hardware basic wiring and circuit diagrams will be 

designed. The standard naming convention here should follow KKS or ECS standard. In the 

hardware functional wiring design phase, terminal diagrams will be created, circuit diagrams 

will be finalized, cable lists and device diagrams will be created. Additionally, the software 

design data will be used in the hardware design phase to create the jumper diagrams. 

Performance analysis: In the final phase of design, deliverables of basic and detailed 

engineering together with verified and validated software configurations and interfaces will be 

prepared for different analysis such as reliability, accuracy, response time, load, power and 

heat consumption and seismic calculations.  

Results of all above activities will be reviewed and approved by the client in various steps 

depending on the contract agreements and eventually, deliverables will be generated in the 

agreed documentation formats.  

An abstract phase-oriented depiction of above workflow is represented in Figure 6. The 

complete workflow is divided into two lanes of basic and detailed engineering. The first step in 

the basic engineering is to design the typical technologies that can be reused during the 

project. The typical-driven workflow will significantly improve the pace of design and ensures 

the baseline quality of the project. In this workflow, there are two types of typical patterns that 

should be designed. The first class of typical patterns is the generic technologies that can be 

used in the basic engineering of each project. These technologies are defined based on the 

Instruments types and vendor and the DCS brand and technology which is selected for the 

project.  
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Figure 5 - Safety I&C EPC - Typical pattern design 

 

 

Figure 6 - Safety I&C EPC 

For each instrument class, a typical loop which is showing the instrument itself, number and 

types of connections should be selected. Once the control technology is selected in the basic 

engineering, further steps of designing detailed loop diagrams which include, wiring, 

marshalling, cable routing, I/O allocation, cabinet arrangements etc. will be performed in the 

detailed engineering lane. 
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As an independent EPC company that has the business model of executing various sorts of 

instrumentation and automation of plants, the first step in the workflow is to receive and 

reconstruct the project scope specification. Such workflow is based on the flexibility of 

absorbing any sorts of documents and data from different brownfield plants in different 

industries. Documents and lists that will be used in specifying the project scope include 

instruments lists, equipment lists, P&IDs and process description. These documents will be 

received in various formats and types. This heterogeneity is the natural outcome of utilization 

of various CAE tools in various project phases by various disciplines.  

 

Figure 7 – Automation EPC 

As an automation EPC, one of the major activities which are also unique and unpredictable for 

every project is data intake, arrangement, unification, and reconstruction of project 

specification documentation. Only after this step, the project scope can be fully defined, and 

an execution strategy can be introduced. Such activity is an expensive and time-consuming 

phase which can potentially have a significant impact on the project costs and time schedule. 

Nonetheless, it is commercially not feasible to perform it prior to the finalization of the contract. 

Therefore, mid, and small size Automation EPCs are typically at a considerable risk of 
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underestimating the project costs and timeframe and dealing with overrunning deadlines and 

dealing with extra costs or overestimating it and losing the project in the tendering phase. Data 

mining of previously executed projects and predicting the costs of a new project based on the 

similarities in the specifications is one of the trend topics that absorbed a considerable amount 

of attention in this industry sector in past few years. Figure 7 depicts a sample workflow of this 

automation EPC. 

In the current workflow, engineering estimates are based on countable items e.g. amount of 

drawings, I/O points, instruments, and equipment. As important as it is to define what is “in the 

scope”, it’s also just as important to define what is “not in the scope”, or “removed from the 

project”.  One example is a remote I/O rack in a project to be migrated to a new PLC. For this 

task, software listing can be created from the PLC program and based on an onsite 

investigation of the wires, an instrument and equipment list can be generated in the database. 

As the project progresses, inputs will be verified by the client. During verification, it is 

recognized that one of the pumps, although wired and still in the program, hasn’t been used 

for years and will be site cleared as part of this dissertation. To reduce the complexity in future 

steps, this pump is not deleted from lists but it is moved to a special suspending phase. 

Consequently, all the other documentation will be updated to record the change on this pump. 

Therefore, anyone reviewing the inputs now has a record of why this equipment is not in the 

scope; anyone coming into the project can continue with the design, and not mistakenly add 

that pump back in because they think someone missed it in the first place. This example shows 

that once the project scope is defined, it is preferred to minimize the changes in the scope due 

to distractions that might affect the engineering estimates.  

After a preliminary phase of receiving project spec and project scope definition, next step is to 

create the work breakdown structure. This structure will provide a project manager with the 

possibility of phase definition and gateways specification. Also, the return on investment (ROI) 

calculation, budgeting, and scheduling of the tasks can be performed in this step. Once the 

project commercial aspects are approved, instrumentation engineers will classify the 

instruments in the project and use typical engineering patterns that will document the control 

loops of each instrument. These control patterns will provide placeholders for wires, cables, 

marshalling terminals etc. which can be assigned consequently. Nevertheless, the patterns will 

populate the lists of material that are needed to fulfil the control concepts. Additionally, these 

patterns can contain the documentation of loops and therefore, the graphical representation of 

the control loops can also be generated by such typicals. 

Each instrument needs to be specified to be tendered for procurement. Specification of 

instruments also will define the mechanical mounting techniques (Hook-up design). In parallel, 

following the preliminary lists from the copied typicals, the estimation for the required hardware 



19 

 

 

Engineering of process plants: Empirical study 

including wires, junctions, and terminals can be generated. Also, at this phase, the network 

diagram and layout which is showing the relations of control modules and their architecture 

can be designed.  

Once a detailed overview of the project is achieved, the cost of the project can be reviewed 

with the client to avoid over-engineering and surpassing the margins. Such discussions 

sometimes will result in the re-engineering of some parts of the project. These re-engineering 

efforts either can be due to use of different and often cheaper technologies or use of cheaper 

hardware. After the approval of the budget and project spec, the first version of deliverable 

documents such as wire list, cable schedule, termination reports and control narratives will be 

generated, and the released revision will be sent to the client for managerial and project 

progress tracking purposes. In multiple review iterations between client and engineers, these 

documents will evolve, and the final as-built version will be sent to be used in factory 

acceptance test (FAT). During the FAT, all the control check-outs will be commissioned and 

reviewed by the client.  

 

 

   . 

Figure 8 and Figure 9 show the depiction of workflow 3. Workflow 3 is describing a sample 

workflow of an engineering department inside a global owner/operator of multiple international 

refineries and petrochemical production plants. This section of the company consists of 

following the departments: 

- Basic process design 

- Process and piping 

- Tendering and procurement 

- Instrumentation 

- Electrical 

- Automation 

Basic process design is also known as basic engineering or FEED department. In this 

department, the process flow diagrams (PFD) or flow sheets will be designed. In most of the 

cases, PFDs will not be designed from scratch because the principles of a technology can be 

very similar in production plants of comparable products. There are two engineering 

approaches in this section. The first approach is called “150% design”. In this approach, a set 

of PFDs which include all feasible options and variations for all the production methods of 

comparable products is the starting point of engineering activities. From these documents set, 

Workflow 3  
Company type O/Os Engineering department  
Business sector Refineries and petrochemical plants  
Country India, USA 
Disciplines FEED, Process, I&C, Automation 
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engineers will extract the flow sheets that will satisfy the requirements of an available project. 

In other words, they will reduce the 150% design to 100% design. This method gives better 

possibilities of cost estimations and project scheduling setup but also demands high rates of 

modularization and standardization of plants. In the modularization, not only the process 

modules should be predefined and specified but also their instrumentation, electrical and 

control structures should be documented. Moreover, the combination rules for utilization of 

different scenarios is one of the main challenges in this approach.  

 

Figure 8 -Basic and process engineering department of O/O 

The second approach is to build up the complete flow diagram by merging the necessary 

segments from other comparable projects. PFDs are depictions of major systems in a plant 

and flows between them. After PFDs are specified and designed, certain calculations such as 

mass balance, heat balance, operation conditions, emission, utility needs and min/max rates 

should be performed. These calculations will be done in a process simulation tool such as 

Aspen Plus which thermodynamic factors of equipment, chemical substances and flow 

streams, operation conditions, and chemical reactions can be simulated, calculated, and 

optimized. In Aspen Plus, the flow diagrams should be reconstructed and their parameters in 

addition to chemical reaction arrangements, thermodynamic correlations and their constants 

etc. should be entered into the system. Results of calculations from the simulation are then 
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used as complementary documentation for PFDs. Next step in the basic process design is to 

define the production plant boundaries. This will clarify the types and amounts of utilities e.g. 

electricity, several types of steam and water, neutral mediums heating and cooling fluids etc. 

that should be provided outside of battery limit.  

Once the boundaries of a plant which are its intakes and outlet streams are specified in 

detailed, the preliminary mechanical design of main equipment will be started. Manufacturing 

of such equipment needs extensive research and evaluation and therefore it will be started in 

the very early phases of the project. The deliverables of this department include PFDs, 

datasheets, and basic control concepts.  

Some of the tools that are used in this phase include: 

- Aspen Plus – Process modelling and simulation 

- HTRI – Heat exchangers design and rating 

- SiNET, Flow Master – Pumps and hydraulic system design  

Process and piping department is the next department that will take over the results of the 

conceptual design. The main document in this department is P&ID. In the P&ID, detailed 

depiction of each device with its instruments and controls are shown. Additionally, the piping 

connections between devices and the specifications of the pipes and pipe classes are parts of 

P&ID. The piping specification is an activity which is performed by piping engineers whereas 

P&ID design is done by process engineers. To specify the piping, engineers should follow 

certain standards and perform certain calculations. ASME and DIN are two examples of the 

organizations that provide different standards of piping depending on the type and size of the 

plant and its industry. Each standard is providing pipe specs and pipe classes that can be used 

by engineers. Figure 8 depicts the workflow of basic process design and process and piping 

engineering department.  

Once the first version of P&ID is generated, 3D designers will start to build up the 3D layout of 

the plant based on the P&ID. The 3D model of a plant has different segments which eventually 

should merge together. The most important segments are building layouts, civil structure, 

equipment placement and piping connections. Various calculations such as piping stress 

analysis, loaded/empty weight calculations, wind calculations, heat emission, safety zones for 

explosive equipment etc. should be performed in the 3D model design phase. Some of the 

deliverables generated from the 3D design phase include piping isometrics, plant layouts, 

equipment location plan drawing, trim drawings, line schedule, utility station layout, safety 

shower layout and firefighting system layout.  

Combination of the calculation results from 3D department together with the piping and 

equipment calculations resulted from process simulation provides the prerequisite data for 
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rating and sizing of each individual equipment to be manufactured. These calculations will be 

used by mechanical engineers to design the equipment in multiple iterations, the mechanical 

specification of the device such as its material, corrosion, weight balance, safety, transport, 

and construction plan will be reviewed. For the equipment that needs to be purchased, the 

tendering phase is performed based on the equipment specification which was generated 

before. Once the process department generated the first revision of deliverables, 

instrumentation department will start to build up an I&C project. The starting point is the 

extraction of I/O list, analysis of P&ID and understanding of process description. Two parallel 

activities can be initiated after this step. First one is a specification of instruments which 

includes sizing, hook-ups and dimensioning. The second one is the design of network diagram 

architecture which includes panels and cable schedules and cable interconnections. 

Specification sheets of instruments together with the instruments index will be used for 

tendering and procurement. During the tendering phase, the parallel activity of designing loop 

diagrams for instruments is performed. Loops are designed based on the classification of 

instruments and their respective typical patterns.  

 

Figure 9 - I&C, Electrical and automation engineering of O/O 

Electrical engineering department starts their activities in parallel to the I&C department. Like 

the I&C department, their starting point is P&ID and the reports that are generated from it e.g. 

load list and actuator list. Cables and wires lists are retrieved from the deliverables of the I&C 
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department. Single line diagrams (SLD) are used to show the interconnections between 

different elements of the network architecture. Therefore, plant layout and network diagrams 

are the prerequisites of designing SLDs. Afterwards, for each load or actuator, its respective 

circuit should be selected from the circuits library and should be adapted if necessary.  

To evaluate the consistency and accuracy of the electrical circuits, circuit diagrams will be 

recreated in an electrical simulation tool e.g. ETAP. In the electrical simulation tool, different 

simulations such as load flow, short circuit, motor starting load, voltage drop, heat capacity etc. 

will be modelled and simulated. Results of simulation are merged to the main documentation 

of the plant and are also used as an approval of individual circuits.  

Following the executed steps of the project so far, automation department can start the 

subproject of process automation. For the first step of the project, the definition of documents 

such as user requirement spec (URS), functional design spec (FDS), process control manual, 

step map, I/O list, alarm list and process control strategy should be prepared. This phase is 

done through multiple workshops between the process, I&C, and automation engineers. These 

documents are defining the project description and they should be verified and reviewed before 

the next steps. Based on these documents, the control logic, interlocks, and function charts 

will be created. Deliverables of this step include AO/DO table, spec calculations, and set-points 

which enable detailed functional description, plant operation manual and process control 

strategy manual to be created. Such documents will be used by software engineers to 

implement the logic in the selected control system and design the human-machine interface 

(HMI) of the control board for operators.  

 

 

 

Figure 10 shows the depiction of workflow number 4. Mainstream projects that are executed 

in this company are brownfield projects. In such projects, the control system of a complete 

plant or part of it should be revamped. These projects require extensive analysis of already 

installed process and the infrastructure that is not within the scope of revamping. In some 

situations, the scope of revamping a project is bigger than just the control system and some 

other parts of the plant should be renewed simultaneously by other engineering contractors. 

This means the analysis of as-built documentation should be combined with new revisions of 

documents generated by other contractors during execution of the project. Such situation will 

increase the complexity of the project and requires additional communications between O/O, 

MAC, and EPC.  

Workflow 4  
Company type Main Automation Contractor 
Business sector Coal and water power plant design 
Country The USA 
Disciplines Automation 
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Once the P&ID and process description of a project is received, it will be manually inspected 

and analyzed. In some cases, depending on parameters such as plant’s age, location, 

complexity, and experience of engineers, an additional field inspection for verification of as-

built documents will be performed. The outcome of such investigation would result in function 

diagrams, logic interlocks, loads, instruments list and I/O list. Based on this information, 

network architecture can be developed. In case of partial revamp, new network architecture 

and the available network architecture should be merged or at least should be compatible. The 

consistency checks and validation of interconnections is an activity which is done iteratively 

during the project.  

Once the network diagram is drafted, instruments can be classified based on their functionality 

and properties. Each class can follow a certain pattern. Selection of the suitable pattern is 

based on the properties that will be provided in the instruments index list. Each pattern, 

provides the wiring connections, junction terminals, marshalling terminals and the I/Os which 

are necessary for the instrument. After this step, proper cabinets for junctions and marshalling 

based on an overall number of terminals and interconnections in the network diagram will be 

designed. The terminals can be placed in the cabinets based on various rules such as: 

- Optimizing the mounting rails 

- Arranging terminals with the same voltage 

- Minimization of the wiring 

- Minimization of heat generation and accumulation 

I/Os can be allocated to channels and cards of each control cabinet. Typically, each cabinet 

contains a series of functions and therefore respected cards are already built on the mounting 

rails of the cabinet. Therefore, at each step of this phase, numbers of free channels to be used 

by I/Os should be visible to engineers. Once all the I/Os are allocated to cabinets, different 

calculations such as heating and cooling systems, firefighting, short circuits, accessibility for 

maintenance etc. will be performed. Results of these calculations will be documented together 

with general layout and wiring documentation of each cabinet. These documentations will be 

approved by the project owner and will be sent to the manufacturer.  

In parallel to the cabinet design workflow, control engineers will implement the control logic in 

the control software designer. This activity is coupled with the HMI design of the control board 

and multiple iterations of verification and scenario testing. The control logic will handle the 

complete control strategy of the plant in all its operating modes and scenarios.  

Before steady-state operation of the plant, various checks can be performed which are called 

commissioning of the plant and is a crucial phase before the steady state operation of the 
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plant. In these test series, individual equipment, measuring points, actuators etc. will be 

checked and verified against design documentation. Following checks are some examples: 

Functional test: 

- The direction of rotation check for the electric drives 

- Functional test of fixtures and fittings 

- Functional test of measuring instruments 

Systems test: 

- Loading/unloading of vessels and tanks 

- Maintain level, temperature, pressure 

- Start/shut-down compressors 

- Heating/cooling exchangers 

- Activate/deactivate reactor 

 

Figure 10 – Sample MAC workflow 

Cold commissioning: Cold commissioning is a minimal-risk test run of the plant. In liquid 

processing plants, water at ambient temperature will be used for control levels and no heating 

system will be included in the test. First, the individual or local control systems will be activated 

and after stabilization, the main control program will be activated. At this phase, flow rate and 

level controls can be tested and optimized. For this purpose, proportional coefficients, rate 
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times and reset times of PID controllers should be adjusted. In case of control procedures, 

usually, the timing elements should be optimized too, e.g. duration of the flushing processes. 

Warm commissioning: In warm commissioning, testing, and optimizing of the plant operation 

considering heat supply or heat removal, as well as the application of process material 

considering the heat generated during reactions, is performed. 

 

 

 

Subsystem engineering companies deal with limited variations of product lines that they can 

manage to manufacture as complete subsystems. Some examples of subsystems are boilers, 

incinerators, waste treatment, solvent recycle, and water treatment. In such companies, 

detailed engineering sections are just a small portion of their engineering workflow. Their focus 

is mostly on the tendering/quoting phase and on the basic process design. They tend to use 

pre-engineered modules in their design. Therefore, P&ID is not designed based on individual 

equipment, but it is a representation of relations between different individual systems that 

sometimes are even treated as black boxes. Their workflow is designed to optimize two main 

aspects: 

- Agile and accurate generation of a technical quote based on the requirements of the 

customer.  

- Generation of plants documentation by integration of predefined and verified available 

modules and minimize the manual changes afterwards. 

In our sample company from 6 quotation requests per year on average, only one of them will 

become a confirmed project to be fully executed and the rest will be terminated in their 

tendering and basic engineering phase. Therefore, the workflow in these companies should 

be designed in a way that deals with a trade-off between minimal engineering hours investment 

in a quote generation and maximal agility, accuracy, and reliability of engineering in the 

quotation phase. 

In the contract management discipline, the first step starts with a collection of project 

requirements. This activity is typically driven by a sales engineer which participated in the 

tendering meetings with the plant owner or the main EPC who is ordering the project. These 

documents include all the necessary information and data for designing the desired subsystem 

and normally they are in different formats such as Excel, pdf, MS Word or even scanned 

documents. The most important documents are: 

Workflow 5  
Company type Subsystem EPC 
Business sector Food and beverage 
Country Germany 
Disciplines Contract Management, Process design  
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- Interconnections to battery limits. This document will specify what are the process and 

utility inputs to the subsystem and what should be the outputs from it. It is describing 

the expected deliverables of the subsystem in various operation conditions based on 

the general specifications of plant and provides information about the ranges of the 

specification that should be considered regarding the incoming streams to the 

subsystem.  

- Layout. This document will specify the available location in the plant for the subsystem 

After intake of spec documents, they should be distributed to different engineers in three major 

disciplines of the process and I&C design, engineering layout and utility design. These 

engineering teams will cooperate to provide the best estimates of price and description of the 

requested subsystem. The accuracy and reliability of the results are mostly depending on the 

experience of the involved engineers with respect to the requested subsystem and availability 

of verified required modules. Deliverables of this phase will be stored in SAP and sent to the 

plant owner or the EPC as an answer to “request for quote” (RFQ).  

Once a proposal has won the tendering phase, then it is called a project. Typically, the same 

specification documents that were used in the quotation phase will be used as principles of 

further design. The first step in this phase is to select the technology that should be used. This 

decision is dependent on parameters such as expected quality and quantity of subsystem 

outcome and the available utilities. In case of waste treatment and incinerators or water 

treatment, environmental regulations and conditions also need to be considered in the 

selection of the technology. Next step is to design P&IDs using verified predesigned modules. 

For each section in the P&ID, engineers should look for available modules that can fulfil their 

needs and place them on the P&ID.  

In case there is no module that can fit the range of requested parameters, engineers are 

requested to design a new module and make a proposal for verification. This path is a parallel 

path to the main design workflow. In the design of a module, all the phases of process design, 

piping, I&C, automation, and electrical design are included. Since there are not enough 

competent internal engineers to perform all these actions, design and verification of a new 

module is normally treated as an external sub-project and executed by freelance engineers.  

The main design workflow starts with process design and mechanical fitting of equipment. In 

this phase, P&IDs together with equipment data sheets and various lists such as equipment 

list, piping lists, instrument index and load list will be generated. In parallel, electrical design of 

control loops and circuit diagrams can be executed. Additionally, the 3D design of the plant will 

be started as soon as the first draft of P&ID with the list of used modules is available.  
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Completion of electrical design will result in deliverables such as loop diagrams, instruments 

specs, control structure description and wiring connections. These will be used for calculation 

of load and utility as well as the design of control software and HMI. In parallel, completing the 

3D design will be followed by piping calculation and cable routing calculations.  

It should be noted that, due to reuse of predefined modules, most of the above-mentioned 

design activities are focused on the adaption of modules for connections and synchronization 

of documentation for modules to be merged with the rest of the documentation. 

Collection of all the generated documents will be sent to SAP as the first design version to be 

reviewed by the owner of the plant or EPC. Figure 11 shows the workflow of a subsystem 

engineering company.  

 

Figure 11 - Subsystem engineering 

 

 

  

In this workflow, three disciplines of project planning, basic engineering, and detailed 

engineering are involved. In the planning phase, the contract and requirement list is received 

from sales engineers and is analyzed. Depending on the contract content and specifications, 
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suitable standards and project structure will be planned. Such planning includes the review 

and releases timelines and checkpoints and deliverables at each phase. If safety systems are 

also included in the contract, their specifications should also be received and analyzed. 

Thereafter, an execution strategy will be established for engineering and test steps.  

First design engineering step in the project is to identify the software and hardware automation 

solutions that can be used from the engineering handbook and pattern libraries. If a solution is 

missing in the library, it can be requested and then it should go through a path of design and 

verification before it can be utilized. Based on the selected solutions, a document that 

describes the functional design of the project will be drafted. This document is considered as 

the backbone of the project and will be updated iteratively. In parallel, system topology and 

structure diagrams also will be designed and drafted. Such documents should be reviewed by 

clients and should be verified by the process and P&ID designers. Safety control logic is part 

of the design activities which were performed before. Nevertheless, due to maximal accuracy 

requirements in the safety design, all the safety functions will be assessed in an extra step.  

 

Figure 12 - Basic engineering of process automation 

In the detailed engineering phase, based on the system topology and structure diagram, IT 

infrastructure and control room arrangement will be designed. Then the I/O list which is 

provided by the client will be received and based on the number and types of I/Os, suitable 

hardware will be ordered. In most cases, standard control cabinets will be used. These 

cabinets have predefined mounting rails with fixed capacities and filling rules. Once the I/O 

lists are prepared and their attributes are configured, they will be allocated to various DCS 

cabinets and accordingly, the association between main and third-party equipment with each 

cabinet will be established.  
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Figure 13 - Detailed engineering of process automation 

Then in marshalling and junction cabinets, the related terminals will be arranged and allocated. 

Once all the elements of control loops – Instruments, marshalling and junction terminals, I/O 

and DCS cabinet – are in place, by utilizing a typical library of loops, the wiring and cabling 

between cabinets will be engineered. The result of such activity will be deliverables such as 

BoM, cable schedule, wiring diagram, panel layout, wiring lists and labels, DCS I/O drawings 

and SLDs. The principles of infrastructure are defined in the basic engineering after the details 

of control loops are designed, the details of a system network, Fieldbus network, and system 

topology will be created. These documents will show the relations between functional elements 

of infrastructure and the cabling between them. In the last step of design, the functional 

structure of the plant will be built in the controller developer interface and software attributes 

for interlocks and group start/stops will be configured. 

For the test phase of the project, installation and commissioning procedure, handbooks 

together with operation manuals and safety audits will be used. In the test phase, all the 

procedures and combinations of them in different operation modes will be verified against the 

functional description of the plant and in case of inconsistencies between functional description 

and plant behaviour, corrections will be made, and operation manuals will be updated. In 

certain change cases, the safety protocols and audits should be revised and verified again.  

3.3 Analysis & characterization 

3.3.1 Companies and disciplines 

Sample workflows that were presented in chapter 3.2 are results of numerous visits to multiple 

engineering companies around the world. Due to confidentiality, their workflows are 

anonymized. In all the analysed companies, some sort of workflow guideline for execution of 

engineering projects were available. In most cases, such guidelines were limited to an 

outdated document that explains theoretical procedures of engineering disciplines participating 
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in the routine projects. Although various workflow or task management tools were available in 

most of the departments, no active usage of engineering task management tools with direct 

links to real-time engineering data or deliverables were identified. The only workflow 

management tools that were in use were the generic tasks management and status machines 

that would carry the responsibility of assigning descriptive tasks to users and showing the 

status of these tasks in a dashboard view. Such task management tools have no relation to 

engineering fields and cannot be adapted to the specific needs of process and automation 

engineers, therefore, are practically only used in small projects with a limited number of local 

engineers.  

Table 3 shows analysed engineering disciplines which include basic engineering or front-end 

engineering design (FEED), process design, instrumentation, and control (I&C) and process 

automation. Due to several reasons such as confidentiality or accessibility, it was not possible 

to have a consistent similar workflow analysis and interviews for all the disciplines on all the 

mentioned companies, therefore, interviews are limited to the departments that we could get 

access to their engineers and managers.  

Table 3 - Companies and analyzed disciplines 

 Company name FEED Process I&C Automation 

1 DOW Chemicals Yes Yes Yes Yes 

2 AREVA NP - - Yes - 

3 KONGSBERG Maritime - - Yes - 

4 Air Liquide Yes Yes - - 

5 HOWDEN - Yes Yes - 

6 KROHNE Oil & Gas - Yes Yes - 

7 Shanghai Nuclear Plants - Yes Yes - 

8 AUTOPRO - - Yes Yes 

9 EVOQUA Yes Yes Yes - 

10 EMERSON PAS - - Yes Yes 

11 KRONES - Yes Yes Yes 

12 ABB - - Yes Yes 

13 OXEA - Yes Yes - 

 

Table 4 shows common CAE tools that were in use in each of these disciplines. From all the 

mentioned tools, only COMOS PT – A commercial product of Siemens [12] – had the capability 

of integration with WfSS. The prerequisites of such integration were open API or web service 

and an engineering object-oriented structure. Tools which are purely graphic-oriented and rely 

on files are restricted in providing enough data for the WfS systems as feedback of engineering 

activities and therefore only the status of final generation of deliverables can be observed. In 

Chapter 3.3.5 more detailed discussion about this topic will be presented.  



32 

 

 

Engineering of process plants: Empirical study 

Table 4 - List of disciplines and utilized engineering software tools 

Disciplines Typical CAE tools 

FEED ASPEN Basic engineering, AutoCAD, Excel, Visio, COMOS FEED 

Process design SmartPlant P&ID, AutoCAD P&ID, OpenPlant P&ID, Visio, COMOS PT 

Instrumentation and control INTOOLS, COMOS Electrical, EPLAN, E3 

Process automation DCS Embedded tools, Visio, Excel 

 

Table 5 Shows some basic statistic about analysed parameters in each discipline where an 

interview was performed. These parameters were used to make a basic categorization of 

workflows in different disciplines. Detailed description and comparison of these parameters 

are described in the following:  

Table 5 - Basic statistics for each discipline in each project 

 
FEED Process I&C 

Process 

automation 

Workflow-based execution 0 out of 3  1 out of 8 4 out of 12 2 out 5 

Alternatives to workflows 3 2 4 2 

Execution complexity  Medium High High Medium 

Average number of engineers 5 15 25 5 

Use of proprietary tools 0 out of 3 0 out of 8 8 out of 12 3 out of 5 

 

In this table “Workflow-based execution” is a factor that shows how many of the interviewed 

departments are currently following the documented workflow and guideline which is 

recommended by project managers or external consultants and assigned to their department. 

FEED: In the FEED discipline, none of the three interviewed companies could fully execute the 

projects based on the designed guideline and workflow. The main reason for such deviation 

was the introduction of new CAE tools after the design of the guideline and diversity of projects 

in the specification of their expectations. Moreover, as was explained in previous chapters, the 

most efficient and practical approach recommended in the guidelines for FEED was utilizing 

the concept of 150% engineering. Such concept requires rich libraries of options and variations 

for all the project types which were not always available and such factors are not typically 

considered in the design phase of guidelines and workflows.  

In the second row of the table, also it can be seen that; the higher the number of alternative 

possible execution paths, the lower the chance for engineers to follow a certain workflow for 

execution of their projects. Selection of alternative workflows is typically forced by the 

expectations, limitations, and specification of the project. The engineering paths include: 

- Method of 150% and configuration. 
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- The modular design of PFDs based on samples of previous projects. 

- Development of flowsheets based on simulation. 

In this department, lower number of engineers, short workflow and sequence of steps and use 

of commercial standard tools have partly reduced the complexity of the design. Nevertheless, 

in this phase of plant design, various scenarios of operation should be evaluated and 

compared. Examples of these scenarios can be various qualities of product with various energy 

consumption of plant, or scenarios for emergency shut down. The complexity of engineering 

will drastically raise once there is a change in one of the specifications e.g. temperature of 

cooling water received from utility changes and now this change should be propagated through 

all the scenarios of the plant considering the engineering consequences of each change. 

In this department on average, 5 engineers were active and no proprietary engineering 

software tools were found. Beside Aspen simulation, mostly graphical diagramming tools such 

as MS Visio and AutoCAD were utilized in this department. 

Process design: in this department one of the interviewed companies could follow the 

engineering procedures based on predefined workflows. This exception was because the 

engineering guideline in this company was reflecting the best practice experiment that was 

achieved in the company and not the optimal theoretical workflow. Here only two alternative 

workflows were found. As explained before, the first approach was the design of P&ID and 

then the design of 3D and completion of piping design based on data coming from 3D and 

P&ID. The second approach was performing P&ID design and piping in advance and 

outsourcing the 3D design. Selection of one of these approaches was mostly defined by the 

company structure and availability of required CAE tools. In principle, the companies that 

chose the second approach and outsourced the 3D design could manage the changes more 

effectively and result in a more efficient overall workflow. In the companies where the 3D 

department was tightly integrated to the P&ID design department, expectations were that they 

will have fewer challenges in synchronization of 2D and 3D. Nevertheless, since 3D 

department were exclusively following the same project, the high number of uncertainties and 

changes in the P&ID and immediate exposing of these changes to 3D resulted in the less 

efficient situation.  

Despite the relatively straightforward workflow, a higher number of engineers that actively work 

in the process design department and the complexity of the content makes workflow 

management of this department highly complicated and demanding. Routine task 

management tools cannot handle the complexity of cooperation between engineers and in all 

the interviewed departments, responsibilities and deliverables were managed by daily scrums 

and review meetings. 
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I&C department: In this department, the variety of alternative workflows are higher than the 

process design. These alternatives are presented in the previous chapter and direct 

comparison of them is not helpful because each of them is shaped based on various local 

restrictions during the history of the company. Also, the number of engineers working in this 

department is higher than all other departments which make management of responsibilities 

and cooperation more challenging. The more we go forward in the engineering chain, the 

impact of changes and importance of change management to achieve an optimal engineering 

workflow will increase. The I&C department should deal with a considerable number of 

changes that can be sourced from P&ID design, mechanical design, 3D layout design, and 

control concept engineering. Multi-source of changes flowing to the I&C department will add 

to the complexity of workflows and daily tasks of engineers. 

Despite these findings from interviewed departments, 4 out of 12 companies managed to follow 

their defined workflows in the execution of projects. Such conclusion was based on two 

reasons. First reason: the complexity of the workflow and its alternatives, a high number of 

users and a substantial number of complex tasks to be done, forced companies to analyse 

I&C department as one of the bottlenecks of the workflow. Therefore, continuous updates and 

optimization of workflows were performed iteratively in the I&C department. Second reason: 8 

out of 12 companies couldn’t find any commercial CAE tool that has the full flexibility and 

adaptability to their optimal workflow and can provide the exact functionalities that are needed 

by engineers of this department. Therefore, they have developed their own proprietary 

software for executing the projects. In this way, the preferred workflow is already embedded in 

the engineering software and therefore engineers have no chance to deviate from the path 

that engineering software is guiding.  

Process automation engineering: This department should be divided into two categories. 

Process automation in the EPC companies and process automation in MAC companies. MAC 

companies that were interviewed managed to define certain procedures for execution of 

certain types of projects. Whenever a project would fit the characteristics of those workflows, 

it was possible to follow the sequence of predefined steps in the procedures. For example, for 

upgrading the DCS control system of biodiesel power plants installed in Germany between 

certain years with the DCS of a specified vendor, a predefined and verified workflow could be 

executed. Unfortunately, such workflows lack flexibility and therefore if a project deviated from 

those certain characteristics, available procedures were not reliable anymore. Process 

automation in interviewed EPC companies was mostly based on the experience of engineers 

and best practices. In each project, requirements of the hardware and DCS provider should be 

mapped to the data that is received from I&C and Process department to fulfil the bridge 

between these two departments. In some projects, logical diagrams, SFCs and even control 

typical selection were done internally in the automation department and in some projects, 
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signal associations and interlocks together with the P&ID and I/O list would be the deliverables 

of the automation department to cabinet manufacturers or DCS vendors. Managing the 

changes in this department is challenging at its utmost because it is at the end of the plant 

design workflow chain and every change even a small one in the conceptual design, process 

design, I&C and electrical design can have significant impacts on the design of automation 

systems and can potentially impose redesigns thus repeating the verifications of codes 

iteratively. 

As an overall conclusion and by comparing different workflows of various engineering 

companies and various departments, it can be concluded that it is not realistic to define a global 

standard optimal workflow for process and automation engineering section of plant design 

companies. There are various parameters that influence the design of workflows and therefore 

a combination of these parameters will make each workflow for executing a project unique. 

Some of these parameters are imposed on the environment and cannot be manipulated but 

some of them can be adjusted to orchestrate the execution of an engineering workflow to reach 

a coherent collaboration of individuals. In the next section, various parameters that can affect 

the design of workflows based on performed interviews and comparison of the workflows in 

different companies will be explained.  

3.3.2 Business model 

One of the main influencers on a workflow is the business model of a company at the time of 

tendering or executing a project. Modern industrial companies have tried to soften their 

business models and make it as independent as possible from the company structure. 

One example of such flexibility can be seen in the owner/operator’s production sites. Assume 

a well-known brand of chemicals that has production plants worldwide. At a certain time frame, 

the production cost of some of the products can get higher than their selling value and 

continuation of this situation for a sustainable amount of time can cause bankruptcy. Such 

scenarios can be solved by a change of business model. Our sample O/O will stop or reduce 

drastically the operation of the plant, will buy the cheap no-name produced chemicals from 

smaller but with lower operational costs companies, qualify the chemicals in his high-tech 

laboratories and resells the verified chemicals with his brand with higher prices. Theoretically, 

a production plant of the known brand has changed to an inventory and quality test station for 

the profitable products. This can affect the routines for maintenance activities, overhauls and 

revamps and can affect the workflows of internal engineering EPCs that previously were 

responsible for smooth running of the production site.  

Another similar scenario is happening in engineering companies. A few decades ago there 

have been numerous engineering companies around the world that were participating in the 
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engineering of plants. Meanwhile, concepts such as standardization of equipment and 

hardware, automatic generation of software, and modularization of systems have significantly 

reduced the engineering effort for reconstruction of a production plant. Competition pushed 

engineering companies to change their business model and consequently their workflows. For 

example, if a refinery design project needed a giant compressor for one of its plants, 

engineering companies in the past would have tender for the project and one of them would 

have won based on parameters such as cost of equipment – which includes engineering cost, 

raw material, manufacturing cost and installation cost – and maintenance cost. Additionally, 

parameters such as years of guaranty, parts and know-how supply could be used in the final 

selection of the provider. Here one of the main parameters that could play a significant role in 

the final cost was the engineering phase which could be optimized. Other parameters such as 

the cost of raw material were not flexible variables of the equation and therefore highest quality 

would be preferred to reduce the costs of maintenance and risk of guaranty. In modern 

engineering, the preferred business model can be a leasing model where the equipment is 

rented for a certain amount of time with very low first investment cost from the O/O of the plant. 

This means the parameters that will define the winner of the tender are significantly changed 

and now all embedded in the final leasing cost and therefore the compressor company is 

providing compressed air as a service and not the compressor as an equipment. In this 

situation, focus on the optimization of initial engineering workflow is now moved on optimization 

of maintenance workflows to keep the service running with high quality. In this situation, 

technics such as predictive and preventive maintenance have higher priority than agility of 

manufacturing.  

In most cases, inventing of new business models was based on the availability of modern 

technologies. In our first example of O/O, mobile container-based high-tech laboratories that 

can be mobilized and temporarily installed anywhere in the world to reduce the cost of 

transportation was the main factor. In the second example, cloud-based remote monitoring of 

equipment and artificial intelligence algorithms for predictive maintenance were the main 

factors and prerequisites for creating such new business models. Such technologies not only 

changed the definition of engineering but also changed the definition of human roles in 

engineering workflows. For example, traditionally a mechanical engineer would design and 

calculate the 3D geometry of parts that should fit together for manufacturing of an equipment. 

Nowadays, most of this activity is done by highly sophisticated software tools and mechanical 

engineers should be able to configure the parameters of those software tools based on the 

optimal values received from numerous similar currently operating equipment to reduce the 

factors such as corrosion, friction, heat loss or energy consumption.  

Nevertheless, engineers who should perform their daily tasks cannot and will not be aware of 

such business model changes and most of the time will find themselves in an ever-changing 
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engineering environment with new types of challenges to overcome and skills that must be 

updated quite frequently. The more technology will intervene in the engineering workflows, the 

less is the reliability of old experimental approaches. Therefore, the need for adaptive and 

flexible workflow support systems that can be quickly adapted to such drastic changes are 

required more and more.  

In many of interviewed companies, there were cases that no consolidated workflow was in 

place for many of newly started projects to be executed and they just explained how they 

executed the projects in past, confessing that the workflow for execution of new projects under 

new circumstances is still fuzzy. This situation was more transparent in the companies that 

have changed their resource’s strategy moving from the long-term employment of full staff for 

projects towards a few fixed senior engineers and teams of freelance engineers that can be 

flexibly assigned to ongoing projects. This change of strategy would have dramatic effects on 

the execution of workflows. Parameters such as “primary right of software use”, confidentiality 

of certain deliverables, release permissions only by senior staff, various locations, cultures, 

and languages of freelance engineers should also be considered additional to engineering 

factors of designing a workflow. In some interviewed cases, the execution approach was so 

new and needed so much flexibility that daily scrums and long reviews in various levels of 

engineers and managers despite high-tech, integrated, and efficient CAE tools and platforms 

were inevitable.  

3.3.3 Human resources & company location 

Two of the other factors that have a significant impact on the definition and execution method 

of a workflow in a company is human resources and the company location. At first glance, it is 

assumed that human resources and location do not have a direct impact on the design of an 

optimal engineering workflow that is supposed to be executed in a company, nevertheless, the 

real execution method of a project is highly depending on the skills of engineers at each 

discipline. We will elaborate the issue by making an example. Engineers more than about 50 

years’ old are typically allocated to supervision roles or senior engineering roles. Although 

these engineers are quite competent in the engineering content, sometimes they don’t feel 

comfortable in using CAE tools especially the tools that need a high amount of interactions. 

One example could be the use of computer-based redlining tools for notification of 

modifications and changes. Senior engineers would prefer the printed version of diagrams that 

can be easily marked with a red pen and notes can be taken. In some cases, this breakpoint 

in the digital workflow is harmless and can be compensated by a junior engineer to convert the 

marks and notes to a digital form. In the case that the redlining engineer should commit and 

release the marked and signed document as part of the overall documentation, such 

breakpoint can potentially be a costly deviation from the optimal workflow and therefore 
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imposes various additional steps for reviewing, releasing, revisioning and change 

management in the design of the workflow. Therefore, a workflow and the designer of it should 

be flexible to consider the unconventional human factors in the workflow. Unfortunately, such 

factors also change quite frequently and a workflow which is tailored to a specific team is 

becoming outdated as soon as participants of that team are changing their positions. One 

solution to such deadlock is the design of workflows which are independent of human factors 

but still are flexible and adaptable to the needs of the project at distinct phases. This concept 

will be elaborated in chapter 5. 

Location of a company is also a key factor in the definition of a workflow. An engineering 

company which is in the UK, India or Australia has typically hours-based employment 

contracts. This means that engineers are recording the time that they invest in a project and 

they will get paid by numbers of hours from the project. This would be valid for all the freelance 

engineers and full-time employees with partly fixed, partly variable salaries. Such situation will 

increase the competition between engineers to be more efficient in the execution of tasks per 

day and go to the next project if there are enough projects available or optimally work in parallel 

projects. If there are not enough projects available, such a model will decrease the chance of 

employee’s layout due to the low cost of their salaries in the downtime.  

Major engineering companies located in major cities of China are typically aggregations of 

governmental institutes. Such engineering companies have strategical orientation from the 

government to be competitive with each other by adapting verified engineering workflows of 

European and American leading companies. They have quite good access to an open source 

of modern engineering tools and benefit from a vast pool of educated young engineers. Current 

raise in the economy of China provided numerous opportunities for engineering companies to 

execute national and international projects in the oil & gas industry, mining and minerals 

industry and nuclear power plants. Once an engineering company is defined as qualified to 

receive a budget from the respective governmental institute, they will try to generate the most 

positions for employees. Therefore, organizations in engineering departments of Chinese 

companies might have multiple overlaps on responsibilities and tasks. Such situations often 

result in very different challenges of defining a workflow for execution of a project and make 

the CAE tools or resources and their skills not the main influencers but overlaps of departments 

and effective communication will become crucial elements of designing a workflow.  

As an example, in the interviewed companies every engineering discipline had at least two 

dedicated resources, one or more for quality checking the intake of data and documents and 

one or more for handover of generated documents to the next discipline. Moreover, as a 

government law, every engineering company should have a supervisory quality management 
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department that is responsible for inter-disciplinary communications and overall quality of 

generated documents in all disciplines.  

Complicated organizational structures will impose complex steps of checks and gateways to 

be defined in the workflow and sometimes can even result in deadlocks in the definition of the 

workflow due to conflicts of interest. As an example, an I&C department prefers to receive the 

instruments index list prior to the final definition of P&ID so they can start the activities of 

preparing the typical library faster. On the other hand, quality management department will not 

approve sending incomplete data from one discipline to the other because that can cause 

overworks and mistakes due to late changes. In both situations, there are enough arguments 

to justify the reasons and both cases can potentially cause delays in the overall schedule of 

the project.  

On the other hand, such overlaps of responsibilities and redundancies will reduce the need for 

flexibility in the workflow definition. Once a workflow is defined, there is a high possibility that 

it can be executed in almost all the similar projects because it can cover many variations and 

deviations. Additionally, such companies benefit from a large pool of programmers as 

freelancers or employees. These programmers will develop software pieces as add-ons to 

standard commercial engineering software tools that will fulfil the gaps of an optimal 

engineering workflow with low costs. Numbers of add-ons for automation of engineering tasks 

that have been written based on an AutoCAD platform in China is not known but such add-ons 

helped middle-sized companies to optimize and automate their workflows to a significant 

extent.  

In central Europe, the situation is different. Most engineering companies have no governmental 

relations and support and are purely relying on keeping their competitive edge by executing 

projects. Although these companies benefit from advanced technologies, they struggle for 

absorbing highly educated engineers. Each engineer in these companies should be familiar 

with tasks of his/her colleagues in his/her circle of activities. Performing multiple responsibilities 

is an accepted fact and the flexibility of engineers to be solution-oriented rather than predefined 

task-oriented is one of the main expectations. High wage costs will easily justify the utilization 

of new software tools to continuously optimize the engineering workflows and save engineers 

time. While lack of free resources and availability of high-tech CAE tools drives the engineering 

workflows more in the direction of parallel simultaneous engineering, the market is increasingly 

demanding a higher quality of engineering deliverables and therefore more quality checks 

need to be designed in between of steps. Therefore, one of the challenges in the workflow 

design of European companies is to discover a trade-off between agility in the concepts of 

parallel engineering and number of quality gates which will drive the workflow into a more 

sequential direction.  
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3.3.4 Plant’s location 

The country where a plant is located or is going to be constructed has an influence on the 

language and formats of documentation, standards to be adapted, CAE tools to be used and 

eventually the workflow. Some examples will help to elaborate the influence of plant’s location 

on the workflow. 

In China, some automation engineering companies offer variations of pre-arranged control 

cabinets with all required hardware for predefined typical control functions. These 

prefabricated standard control cabinets embed all the required configurable software modules 

and can be connected to standard network architectures. The result of mass production of 

standard pre-engineered cabinets makes their cost quite competitive. Low prices also 

compensate for the deviations or the overdesign that these control cabinets might have in 

comparison to the exact requirements of a project. Using such standard cabinets will result in 

a change in the I&C and automation engineering workflow. It would be possible to define the 

number of required control cabinets based on the instrument index list from process and safety 

before the definition of network architecture. Also, it would be possible to perform a rule-based 

I/O allocation to terminals because of the characteristics of cabinets and allowed I/Os are 

predefined. Therefore, the significant task of an I/O allocation step can be omitted from the 

workflow as one of the major steps in the I&C department. Moreover, tedious iterations of 

change management and communication between automation department and cabinet 

manufacturer can be saved. Despite many advantages of using pre-engineered cabinets, this 

approach is not preferred in large-scale plants even in China.  

Another example is the use of different engineering standards which are necessary to be 

followed depending on the regulations of the country. In Europe and specifically countries such 

as Germany, Austria, and Switzerland it is quite common to use NAMUR standard for the I&C 

design of a project. In the USA, the UK, and China, ISA standards are the most common 

standard. Not only do these standards variate in naming the attributes, visualization of 

symbols, formats of documents but they might have some impact on the engineering workflow. 

In NAMUR, it is recommended that on the P&ID the measurement or actuator tag functions 

together with their signals should be represented. Such function should include the real 

physical sensor or actuator, – which is not necessarily represented on P&ID based on NAMUR 

– wires, terminals, I/Os and other auxiliary devices to complete the functionality of this tag. As 

a result, the first report that can be generated from a P&ID is a list of tags and not instruments 

list because each tag can have more than one instruments depending on its functionality.  

On the other hand, ISA is recommending that the physical instruments should have a 

representation on the P&ID diagram and eventually they should be associated with certain 

measurement or actuator tag functions. Such difference will make the workflow of I&C 
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department different. If the project is based on ISA, next step after designing the P&ID is to 

retrieve the instruments list and specify them based on ISA instruments specifications sheets. 

Specification of instruments will be followed by design of their hook-ups. For each instrument, 

it's wiring, terminals for junction boxes and marshalling cabinets and the requested I/O will be 

engineered to have the complete control loop for one sensor or actuator. On the other hand, a 

functional description of the plant should be generated by process engineers and thereafter, 

I&C engineers are able to associate the designed loops to certain functions and verify that the 

full functionality of tags is fulfilled by the associated loops. If a project is based on NAMUR, 

first the structure of functions which are extracted from P&ID should be defined. Such structure 

can be defined based on using typical structures with variants and options. Once the structure 

of the function is defined, tags can be engineered. At this phase, required instruments will be 

added to the tags and will be associated with the available network architecture. These 

association will define which terminals (Junction and marshalling boxes), wires (cables and 

ducts) will be used by each of the instruments. In both cases, ISA and NAMUR, signals are 

defined on the function level to be used for logical diagrams and control systems.  

Sometimes such changes in the workflows will even be reflected in the final deliverables. In 

NAMUR standard because it is function based, each function tag is visualized horizontally on 

one A4 sheet. In this sheet, different sections are separated from each other and contain the 

respective device. Figure 14 shows an example of such diagrams. In this figure, loop diagrams 

are shown that in the field area, the sensor and its attributes, the wires which are connecting 

the sensor to the junction box are shown.  

 

Figure 14 - Loop diagram based on NAMUR 

In the junction box the terminals are represented and then the wires which are connecting the 

junction boxes to terminals in the control cabinet and the respective I/O in the cabinet is 

represented. The cables that can contain the wires and the junction cabinet and card as well 

as control cabinet and card which hold the respective terminals can be later selected. In the 

ISA standard, because the diagrams are generated based on instruments, multiple loops of 
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possibly diverse functions are represented on one sheet. Sometimes, this approach will result 

in the need of having an extra diagram to have a better representation of terminations. Figure 

15 shows an example of ISA based loop diagram which is holding a representation of multiple 

loops in one sheet. Figure 16 shows an example cut of termination drawing for the same 

number of loops. In this drawing, wires and terminals from different tag loops are connected to 

a terminal block. Such minor changes in the method of representation can have some impacts 

on the workflow and especially on the change management. For example, in the first approach 

of showing one loop per sheet, if a measurement tag is added or removed from the plant, the 

complete sheet will be added or deleted. In the second approach, multiple numbers of sheets 

should be updated and manipulated once such change will be imposed from the process 

department. Therefore, it is preferable to minimize the chance of receiving such changes by 

postponing the control loops specification to a time which P&ID specification is reached a 

mature state.  

 

Figure 15 - ISA based loop diagram 

 

Figure 16 - Termination diagram 
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Other factors that are depending on the plant’s location and can have an impact on engineering 

workflows are the national governmental rules and regulations. It should be noted that our 

scope here is regulations that might impact workflows and not the content of engineering. Such 

rules and regulations typically deal with the quality of deliverables, formats, verifications, 

documentation language and naming standards. From the workflow perspective, such factors 

will add more verification and review steps and gateways for releasing revisions of approved 

documentation.  

Many other factors such as units of measurement, representations of symbols, names of 

attributes and their abbreviations and printing formats are dependent on the plant’s location 

and can impact the deliverables but their impact on the engineering workflows are small and 

can be neglected.  

3.3.5 Engineering software tools 

Another important parameter that has a decisive impact on the design of an engineering 

workflow is the landscape of utilized engineering software tools which will be explained in this 

section. Each engineering department is using various software tools to perform their daily 

engineering and management activities. 

In FEED design, in which the focus is the design of PFDs and generation of main datasheets, 

typically simple diagramming tools such as MS-Visio or 2D AutoCAD are used. For the 

datasheets generation, commonly MS-Excel is a convenient tool which provides the necessary 

needs of engineers. In case of a need for process simulation, a range of tools starting from the 

cheapest which is MS-Excel to mid-range price simulation tools such as ChemCAD or ProII 

and expensive tools like Aspen Plus are commonly used in this department. The outcome of 

all the simulation tools can be mapped to spreadsheets such as Excel tables.  

In the process design, more intelligence is expected from the CAE tools. A substantial number 

of design rules and a higher number of engineers combined with the complexity of the content 

and load of tasks increases the reliability expectation of engineers from the CAE tools. 

Therefore, more modern software technologies are used in this department. Modernization of 

CAE tools provides more agility in the execution of tasks but sometimes brings less flexibility 

in the definition of workflows. Depending on the architecture and concept of each CAE tool, 

there are certain procedures that should be followed to reach the desired target.  

Often installation of a CAE tool for a sector of a large workflow will result in fixation of workflow 

for that sector imposed by the installed CAE tool, its features, and functions, possibilities of 

data communication and its limitation. To make the topic clearer, an example can be helpful. 

SmartPlant P&ID (SP PID) is a commercial CAE tool by Intergraph for the design of P&IDs. 

COMOS PT is another example of a commercial CAE tool, by Siemens, for the design of 
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P&IDs. Here we mention two out of many differences that these tools have and their impact 

on the overall engineering workflow. SP PID provides an integrated 3D modelling environment 

and provides a platform to engineers for the definition of custom design rules on top of 

metamodel rules. On the other hand, COMOS provides offline interfaces to other 3D tools and 

doesn’t provide a custom definition of design rules. Utilization of each of these CAE tools will 

have a significant impact on the following steps: 

- Definition of a communication method between P&ID and 3D 

- Change management between P&ID designers and 3D modelling engineers 

- Quality check gateways for 3D model 

- Quality check gateways for P&ID design 

- Revision management of P&ID and design reviews 

Another important example here can be the management of sub-engineering activities. In most 

of the engineering projects, part of the project is going to be executed by sub-contractors. 

Some CAE tools provide the possibility of extracting and freezing some section of the plant to 

be executed externally and some CAE tools do not provide this possibility. From the workflow 

point of view, various steps of export format definition, export consistency check, definition of 

design rules, symbols, attributes, catalogue data, report formats, import procedures, change 

management and iterations, data and document merge, access permissions and timelines and 

eventually, distribution of consequences of changes to other disciplines can be affected 

depending on the CAE tool that is in use for a certain task. 

In process design, the focus of engineering is defined by completing the P&ID design and 

generating the reports for further engineering steps. In large-scale plants, there can be a few 

hundred P&IDs. In the I&C department, the situation is different. For a large-scale project, 

there can be several thousand instruments and hundreds of thousands of terminals. In this 

case, CAE tools are expected to be able to handle such enormous number of entries in their 

databases and provide tools for managing and engineering of mass data. Here a CAE tool that 

can provide functionalities for the design of typical control loops with options and variants 

compared to a CAE tool that is restricted to rigid copy functionalities can have significantly 

different impacts in the overall engineering workflow of the I&C department.  

It can be concluded that definition of an engineering workflow for a plant design project without 

deep knowledge about all the CAE tools which are in use in a company and in all the 

participating departments and their standard functions and extendable possibilities is near to 

impossible. One of the reasons that engineering workflow guidelines are getting outdated 

faster than before is the continuous enhancements of CAE tools by software vendors. 

Moreover, open API technologies and web services provided the possibility of automating 

some manual tasks for engineers depending on their specific needs or demands of the project 
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at hand and created new possibilities of communication between software tools which have 

eliminated some manual data transports and verifications. In most of the cases, such 

automation will not be reflected in the definition of workflows and decreases the reliability of 

engineers on the engineering workflow descriptions. 

3.4 Workflow management: principle requirements 

Based on the explained sample workflows in chapter 3.2 and the main parameters that have 

a significant impact on designing and executing a workflow described in chapter 3.3, there can 

be some principle requirements concluded for a system that provides the possibilities of 

supporting engineers with optimal engineering workflows. In this chapter, we will elaborate 

some of these principle requirements: 

- Flexibility: Various parameters such as changes in the business model and 

specification of projects, globalization, and dynamically distributed engineering and 

continuous improvements of engineering software tools will not accept fixed workflows.  

- Adaptability: A workflow description which cannot adapt itself to the actual conditions 

of the project such as accumulation of tasks and their actual progress or availability of 

resources will rapidly become impractical. 

- Engineering data accessibility: Effective execution of a workflow cannot be solely 

depending on the feedback from its users. Direct access to the deliverables of each 

step within engineering software tools should be considered as part of a WfSS.  

- Variable abstraction level: As described before, engineering workflow support systems 

have two target groups; engineers and manager. Engineers need fine granular 

procedures that they can follow and execute their daily tasks and managers need a 

summarized status of coarse granular steps. An effective WfSS should provide the 

capacity of supporting both groups in the design of workflows and gateways and 

execution of steps.  

- Domain-independent: A workflow support system cannot be specific to a certain 

discipline or domain of engineering. It should have the capacity of covering the 

complete lifecycle of engineering.  

- Openness and integration capability to engineering software tools of different domains.  

- Providing a data model for the workflow additionally to graphical representation: design 

of a workflow includes the logical relations between steps and phases. A workflow 

support system should provide a graphical user interface (GUI) that allows the design 

of workflows based on standard languages such as BPMN 2.0 and the logical relations 

between different steps considering classes of steps and relations and their attributes, 

associations, and aggregations. 
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- The possibility of know-how and experience transfer between one project to the next 

project. Deviations from workflows and results of trial & error experiments can only be 

traced back in the competence of experienced engineers and systems cannot provide 

any support based on more mature projects or best practices in other projects.  

Above mentioned points are considered to be the essentials of an effective WfSS for a multi-

disciplinary globalized plant engineering environment. In practice, there can be many more 

requirements that could help engineers or managers in their daily works with respect to 

workflow management. Such nice-to-have requirements are neglected within the scope of this 

dissertation.  
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4 Engineering workflows: State-of-the-Art 

From chapter 3.3 it was clarified that not all the influencing parameters can be manipulated to 

improve the effectiveness and efficiency of an engineering workflow. Nevertheless, to have an 

efficient engineering workflow for process and automation engineering of production plants, 

two major parameters which have a significant impact on an engineering workflow can be 

optimized; first, CAE tools and technologies that are used in the engineering workflow and 

second, the workflow support system which has the responsibility of realizing and managing 

the designed workflow. In this chapter, an overview of state-of-the-art technologies and 

scientific and industrial efforts for each of these topics will be presented.  

4.1 CAE technologies 

4.1.1 Conventional engineering software tools 

Commercial engineering software tools have been in use in the plant design industry for more 

than three decades. Although performing highly complex calculations using software tools was 

started around 1940 and it was routine in the 70s, use of software tools for the design was 

introduced in the mid-70s when computers got advancements in their graphics engines and 

their memory [13].  

The first generation of engineering software tools that were used in the plant design industry 

were combinations of drawing or diagramming tools with spreadsheets. This generation of 

engineering software tools is called Computer Aided Design (CAD) [13]. In principle, engineers 

could draw their drawings and create their lists on computers instead of using papers. Some 

of the biggest advantages of this evolution were the high accuracy of drawings, easy 

duplications and modifications, and easy storage and transportation of documents. Figure 17 

is depicting the structure of this generation. Traces of this generation in modern industry are 

2D AutoCAD and Excel. 

 

Figure 17 - First generation of engineering software tools 

These tools are still heavily used in various design industries mostly because they are simple 

to learn and use. They provide high flexibility to engineers for adaption of changes, easy to 
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install and cheap to purchase and are robust in terms of software reliability. In large companies 

handling of numerous files for diagrams and spreadsheets is a tedious and challenging task 

for the IT department. Therefore, file management systems such as SAP or ERP platforms are 

used to manage the storage and availability of files for engineers.  

The second generation of software tools was evolved by merging the spreadsheets to 

diagramming or drawing tools. In this way, every drawing could have one or more 

spreadsheets attached to it that contained the data related to a drawing or diagram. For 

example, a P&ID can have multiple lists for distinct types of symbols that are represented on 

that P&ID i.e. spreadsheet for pumps with their attributes in each column, a spreadsheet for 

valves and their attributes and so on. Therefore, the user has the possibility of entering or 

accessing the data related to every represented device directly from the diagram. Based on 

this architecture, almost all the engineering software vendors continuously improved their 

solutions by adding databases to store drawings and their attached spreadsheets, providing 

search and reporting functionalities over diagrams and spreadsheets, and providing 

automation software assistant tools for automating routine tasks and increasing the pace of 

design. This generation of engineering software tools is called Computer Aided Engineering 

(CAE) tools [14]. Most of the utilized modern engineering tools are in this generation. Our 

survey also showed that all the interviewed companies had at least one of the engineering 

software tools from the second generation. As it was presented in Table 4, such advanced 

tools are mostly used in the process engineering department and partly in the I&C department. 

Figure 18 shows the architecture of most modern CAE tools in the market. 

 

Figure 18 – 2nd generation of engineering software tools – 3-tier engineering platform 

From the IT point of view, CAE software tools mostly have a two-tier architecture. The bottom 

level is the database. In this case, databases are tables that store the physical address links 

to the files of diagrams and spreadsheets. The second tier is the client. Here is the application 

that user can utilize for viewing and modifying a drawing or diagram, summon the required 
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spreadsheets and add or modify the data which will be stored in related spreadsheets. Such 

two-tier CAE tools are often designed specifically for a special discipline or engineering task 

e.g. P&ID design or control cabinet design.  

In recent years software vendors realized that one of the major gaps in the optimization of 

workflows is the bottlenecks for transferring data and documents from one discipline to the 

other and managing the changes between different disciplines and phases of the project. 

Therefore, they have created a third level which is the platform level. In this case, a platform is 

basically a watcher service that observes the databases for new versions of data and if there 

is an updated version of data from one discipline, they will spread this data to other disciplines. 

Therefore, it has the responsibility of synchronizing data between different databases of 

different disciplines e.g. a motor with the name of M001 will in a process database synchronize 

its attributes with a motor with the same name in 3D, I&C, and electrical databases. Here a 

unique identifier which normally is the device name is a crucial key for such synchronization. 

The main challenges in this approach are varieties of data models in different disciplines and 

management of changes when data is changed from multiple sources. Additionally, there can 

be inconsistencies between utilized standards, formats, languages, and engineering methods 

in different disciplines which are out of the capacity of the platform to make the synchronization. 

Moreover, the access method of engineers from different disciplines plays a crucial role in the 

consistency of the platform service. If this service loses the communication between one 

database and other databases for a certain amount of time due to internet problems or 

communication issues between application level and database level, propagation of changes 

will be disrupted into one database and might cause inconsistency issues in the 

documentation. 

4.1.2 A new generation of engineering software tools 

The third generation of engineering software tools is based on modelling technics for 

production plants based on various aspects. Use of modelling in plant design engineering has 

a history which goes back to 1940 [13]. In principle, two main approaches were; architectural 

modeling which is a scaled representation of physical equipment which today is known as CAD 

and has survived in standards such as IEC EN 61512/ISA-88 and IEC 62264/ISA-95, and 

conceptualization, which is based on reducing complex objects to their essential properties 

which provides the possibility of uniquely identifying them. Standards such as DIN 2330 [15] 

and DIN 2342 [16] explain the conceptualization approach for modelling. eCl@ss is one of the 

modern examples of this approach.  

In ANSI/SPARC a three-tier software architecture is suggested which consists of a physical 

level, conceptual level, and external level, it can be seen that the second generation of 

engineering software tools have adapted these three layers; physical layer is the database 
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tables which a modern example can be XML formats, the conceptual layer is implicit in the 

applications of disciplines e.g. P&ID design and external level is the automatic generation of 

required deliverables as reports based on queries from the physical layer. Here, utilization of 

languages such as UML has helped to bring out the conceptual layer to a more explicit 

visualization.  

In the transition between the second generation and third generation of engineering software 

tools, there have been numerous efforts in various industry sectors towards generating models 

for some aspects of plants. Most of these efforts were based on the need to have an exchange 

format that can be used as a means of communication between software tools of different 

disciplines or different software tools of the same disciplines. Most of the modelling languages 

that were used such as XML, UML, SysML needed to have a schema or meta-model 

description such as EXPRESS which is used in ISO 10303 [17] for STEP data exchange. 

STEP (STandard for the Exchange of Product model data) is the informal name of ISO 10303. 

STEP is defining the usage of inheritance and relations in its modelling environment. ISO 

15926 [18,19] is a newer information model that is developed for the oil & gas industry and it 

uses ontological methods (OWL – Web Ontology Language) to describe the concepts and 

relations. XMpLant is an XML-based language that used ISO 15926 [19] as its information 

meta-model for the exchange of data between P&ID and 3D tools. IEC 62424 [19] also known 

as Computer Aided Engineering eXchange (CAEX) is another format for data exchange based 

on modelling a certain aspect of a plant. This standard defines the representation of process 

control engineering (PCE) requests in P&I diagrams and data exchange between P&ID tools 

and PCE-CAE tools. It also provides a meta-model that is defined in the Class Library Model 

(CLM) and the roles which can be aggregations, associations, or inheritance from CLM. 

AutomationML is an XML based format that is using CAEX meta-model possibilities such as 

role class library and interface class library to provide an environment for modelling the 

automation and control structure of a plant. AutomationML also provides containers for 

automation control behavior with PLCopenXML [20].  

IEC 81346 [21] is describing a plant with aspects of equipment information model, functional 

information model, and location information model. In addition, graphical models of the plant 

can be generated in 2D or 3D which reflects equipment and location models combined. 

Between elements of each of these models can be diverse types of associations which 

eventually provides the complete model of a plant.  

To make such modelling concept clearer, an example can be helpful. Assume that in a 

production plant, there is a need for a supply of cooling water with an ambient temperature 

from a river nearby. We name such service a function in the production plant. Figure 19 shows 
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a 2D graphical representation of the water supply diagrams and the functional, equipment and 

location models and their associations. 

 

Figure 19 - An example of modelling a plant using triple aspect data models 

For such function, various devices are needed e.g. a tank, a few valves, some sensors, 

pipelines, and a pump. Therefore, these devices i.e. a tank and a pump etc. should be 

associated with our function. The physical locations of these devices are in various locations 

e.g. one of them is in the production building, tank farm and one of them in the pump station. 

Therefore, there will be associations between the tank and tank farm and the pump and the 

pump station. Our water supply function, which is a sub-function of the production plant, can 

have sub-functions itself e.g. level control. For the level control of the tank some physical 

devices such as a level sensor, control valve, wires, terminals, I/Os etc. are needed which all 

should be associated to the sub-function of level control. Each of these devices can have 

various physical locations, there will be associations with those locations too. 

Each of the nodes in the model is inherited from a class which also defines the attributes of 

the nodes. Moreover, the standalone data model – independent from the 2D or 3D 

representation – holds all the information of items, connections, and topologies e.g. each wire 

object contains its destinations as attributes of the wire, each pipe segment object contains its 

destinations as attributes of pipe and pipeline object holds the topology of inline devices as its 

aggregations. Therefore, all the 2D diagrams in all the disciplines or 3D models are solely 

visualization of the object model and data model of the plant. 

Figure 20 depicts the architecture of the third-generation engineering software tools. The IT 

structure of the third-generation plant design engineering software tools has three layers. The 

middle level is the application platform. Here is the container of data models of one or multiple 

plants and their relations. It also contains the metamodel facilities such class definitions and 

rules for inheritance and associations. The client level is providing engineers access to the 

data model via graphical or alphanumerical editors. These editors can be adjusted to different 
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disciplines and provide users with convenient views to the data model as well as software 

assistants designed for their specific discipline-dependent tasks for modifying or improving the 

data model. The bottom level is a database which is the physical container of the data model 

of the plant. This database will not be accessible directly by engineers and only permits 

transactions to the application level. Some of the most important characters of the data model 

are:  

- Sequence-independent (possibility of simultaneous parallel engineering). 

- Engineering domain independent (capacity of containing the full plant data model). 

- Accessibility (via domain-specific applications or remote web applications). 

- Language independent (modifications and editing can be done in any language in 

different applications. 

 

Figure 20 - IT infrastructure – 3rd engineering software solutions 

From the workflow perspective, there are WfS systems for the first two generations of 

engineering software tools available as commercial solutions, scientific prototypes, or 

published concepts. In chapter 4.2, some of these prototypes and concepts which have a more 

scientific backbone compared to pragmatic industrial solutions will be briefly explained and 

their gaps will be discussed.  
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4.2 Workflow management systems 

4.2.1 Workflow definition 

Definition of an engineering workflow and its characteristics is one of the first steps towards 

the realization of a workflow support system. Definitions normally vary in a range, starting with 

an abstract project execution guideline in a text form to detailed workflow depictions using 

languages such as BPMN 2.0 in machine-readable formats [22,23]. On the other hand, 

constant challenges such as adaption to the changes and deviations, dealing with multi-

cultures and languages in a global project and eventually having an overview of the project 

progress statistics and deadlines  provide a clear demand for more detailed, flexible and 

adaptive engineering workflow definitions and support for engineers and managers [2]. Reijers 

et al., 2015 [24] in his guideline for design of an efficient and meaningful workflow, explains 

that if the data from the actual execution steps of a production procedure are not analysed in 

their optimal form and the steps are not adapted and merged flexibly and meaningfully, the 

result of a workflow design activity will not be as efficient as expected.   

Most of the actual effort in the area of workflow management focuses on representing activity 

sequences through various graph-oriented modelling languages [25]. In each step of a 

workflow different parameters such as responsible department, inputs, and methods of 

receiving them, tools, user’s competencies, deliverables, and respected standards ideally 

should be considered and implemented. Figure 21 (and the sample workflows in chapter 3.2) 

show a very abstract but common sample workflow definition for the instrumentation phase of 

a project.  

 

Figure 21 - Sample workflow for instrumentation design of a project 

Such definition is very generic and can be applied to almost any engineering environment. For 
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completion status of a step. Such generic definition of workflow has numerous downsides, let’s 

consider two of them: 

- High abstraction level: Since the workflow is disconnected from the real engineering 

materials such as deliverable documents or objects, it has a role of a graphical 

guideline and it should be on a prominent level of abstraction. Even for engineers with 

a lower amount of experience this guideline is not a helpful support in their daily 

challenges of handling details and keeping up with a lot of changes.  

- Lack of flexibility and being up to date: Even in the case of more detailed workflow 

descriptions, changes and compromises are inseparable parts of a project execution, 

and experienced engineers normally should ignore or override the standard defined 

workflow to deal with such situations. Therefore, it can occasionally happen that users 

should trick the workflow support system and, in these cases, such support systems 

are more an obstacle to be removed than a help.  

Such gaps are known to the scientific communities and there have been efforts to address 

these gaps and provide efficient workflow support systems for engineers. In the next section, 

some of the major achievements towards this target are sorted, based on the relevance to the 

topic of this dissertation are summarized. 

Most work in the area of workflow management focuses on representing activity sequences 

through various graphical modelling languages [25] and are based on the assumption that a 

workflow for execution of a project should be pre-designed and then, tasks and responsibilities 

can be generated and assigned to users to be executed. Such approach for a workflow support 

system in a plant engineering and design execution project will raise challenges including: 

- Describing the complete workflow of a plant design execution project in a flat sequence 

of events, tasks, and steps is not feasible. 

- Project execution is a highly dynamic activity. A fixed and static workflow might explain 

the ideal situation, but the real-time circumstances will deviate drastically due to 

unexpected and unplanned interruptions and events of the project. 

- Tools and technologies, user’s competence and availability of resources, methods, and 

standards are often changing, and a fixed workflow can become outdated quite early.  

- Workflow management systems derived from business process management concepts 

exhibit different features from those which are required in the workflow management 

systems for engineering applications [8]. 

Experienced project managers typically have different viewpoints on engineering workflow 

support systems and they mostly view a workflow description as a principle theoretical 

guideline of the project execution with indirect links to the actual project context. In practical 
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aspects, above mentioned challenges together with other factors such as project timelines, 

parallel engineering and disperse inconsistencies of tools will not allow a sequential execution 

of procedures, especially when parallel and simultaneous engineering in a real-time multi-user 

environment becomes a fundamental of competition in the execution of engineering projects.  

Challenges of a workflow-based project execution were briefly highlighted. Nevertheless, 

designing a workflow itself imposes various issues to WfS systems in engineering. The 

modelling phase is a typical starting point for implementation of techniques and theories of 

procedure’s management [26] and there are various process modelling languages to describe 

procedures [27]. Among them, Business Process Modelling Notation (BPMN) is a known and 

formally used language for the description of engineering and non-engineering processes and 

workflows [22,23,28–32]. This standard language is providing essentials for the graphical 

representation of events, tasks, conditions, and relations of steps, transitions, and decision-

making points in a workflow. An engineering workflow that is described using BPMN language 

can be used in many different graphical editors, each of which has some pros and cons. 

Presentation of a detailed comparison of the graphical editors that provide such capacities for 

designing workflows is not a necessary step in this dissertation. Nevertheless, a 

comprehensive investigation on the usage of such tools and platforms from the perspective of 

an engineering workflow support system conclude some major drawbacks which are common 

in all these tools. These drawbacks are as follows: 

- Typically, the workflow design tools are not embedded within engineering software 

tools. A workflow can be designed and described using BPMN 2.0 in various tools such 

as MS Visio or Camunda-Modeler but results of this activity remain as an alien format 

to CAE tools. Such a disintegrated method will make concepts of dynamic and adaptive 

workflows hard to achieve.  

- Most CAE tools are not designed and ready to handle the basic needs for realizing and 

depicting engineering or managerial workflow progress. CAE tools are designed to 

handle engineering data and deliverables. Management classes such as tasks, 

messages, decision points, steps, transitions, etc. are not typically mixed with 

engineering classes and are not know to the metamodel of engineering software tools. 

This breakpoint will eliminate many advantages that can be achieved by defining 

workflows such as validation of events by real-time results of engineering. 

- In most cases, the data model behind the workflow is limited to the graphical 

representation i.e. even though in modern platforms the described workflow is in a 

machine-readable format, there is seldom an overall data model structure of tasks, 

events, responsibilities etc. behind the graphical representations. Moreover, the 
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metamodel of managing these classes of items and their relationships and behaviour 

rules within a workflow is still not available in most of workflow design environments.  

- The logical relationship between elements of the workflow are related by connections 

and they can be classified by the type of associations and relations. Nevertheless, to 

deploy all the aspects of a relationship between two elements, the relationship itself 

should be treated as a class element in the data model that can carry attributes and 

have special rules and behaviours in the data model.  

- Organizations automate their business processes with workflow models that can be 

executed using workflow management systems. For organizations, it is essential to 

ensure the correct operation of workflow models at the design stage, before the 

workflow models are executed in a real project [33]. This can be called verification of 

the workflow which in engineering can only be done in a real-life project.  

- A workflow design system cannot provide any possibility of adaption to the 

requirements and needs of the project at its various phases.  

Such drawbacks in the design of a workflow itself have direct consequences on the execution 

of the workflow. Therefore, having solutions for each of these points can potentially ease some 

of the challenges in later phases.  

4.2.2 Evolutions and improvements 

Schneider and Marquardt, 2002 [34] made a comprehensive review of state-of-the-art scientific 

works focused on managing engineering processes and knowledge-based systems in the area 

of process and plant design. They have explained the concept of plant design lifecycle and the 

steps that should be taken for designing a plant. They have identified roles, activities, input 

and output information, control flows, tools and synchronous communication as major 

elements of any workflow management system that should support the engineering activities 

of the process and automation engineers. They formulated some of the challenges that are 

also mentioned in this dissertation before and they concluded that although there have been 

some solutions for the issue of having a workflow support system for process and automation 

of plants, most of them are pragmatic approaches to address certain conditions, specific to 

fixed workflows and lack the scientific backbone.  

Heer and Wörzberger, 2011 [35], introduced a support system for modelling and monitoring of 

engineering design processes which they called PROCEED and is based on the commercial 

tool COMOS, a CAE product from Siemens. To represent various aspects of project plans and 

workflow steps, a modelling platform was developed that users can model the best practice 

workflow procedure and invoke them for execution of procedures or repetitive tasks. 

PROCEED is built on a CAE tool and therefore has access to real-time data and states of 

deliverables in a plant design project. This would allow combination and integration of tasks, 
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resources and therefore provides powerful facilities for project monitoring. Nevertheless, the 

workflow and all its characteristics should be fully designed in advanced and the sequence of 

steps should be logically associated. They have developed a graphical user interface within 

COMOS where users can design a workflow and relate this workflow to a project which can be 

used as the backbone of the status machine in the project. This concept is the most relevant 

approach to have a WfSS based on modern object-oriented engineering platforms. 

Nevertheless, it is focused on one discipline which is process design, it is based on a fixed 

workflow and lacks the flexibility and adaptability to the project context and dynamics of the 

project.  

Nagl et al. 2003 [36] introduced a process management system for conceptual and basic 

engineering of plants which is called AHEAD. With AHEAD they have tried to address certain 

requirements that none of the available project management or workflow management tools is 

able to address. These requirements include; (1) abstraction level: a workflow should be 

medium-grained i.e. design processes are decomposed to the level of documents or tasks. (2) 

Coverage and integration to managerial as well as technical tools, (3) managing the dynamics 

of design and (4) adaptability to a specific domain. AHEAD provides a graphical environment 

that users can create the sequence of tasks and their relations. Tasks can be assigned to 

resources and schedules. AHEAD provides the possibility of coupling with technical tools to 

invoke activities within those tools. It will consider the dynamics of the design process and its 

model can be adapted to different domains. Although AHEAD has the possibility of integration 

to various CAE tools, introduction of the data model of all the CAE tools involved in a plant 

design project to AHEAD and mapping them against each other would be a tedious activity at 

the beginning of the project before the workflow is designed and every time a new software is 

introduced to the landscape. Moreover, the design of workflow for every discipline should be 

tailored based on the software tools that are integrated into AHEAD. Such activity is crucially 

done in advanced if a WfSS which is domain-independent and is related to the real-time 

engineering data is expected. Moreover, in this concept still, the definition of the workflow is 

fixed and cannot be flexible to the dynamics of the project. 

Cendon et al., 2014 [37] introduced a concept for context-aware workflows with multi-agent 

systems. Although his focus was not on engineering workflows, he made a very clear 

description of the need for workflows to be aware of the context that they are designed for. He 

explained that agents, whether they are human users or machines, impose sophisticated 

impacts on the context that fixed workflows cannot track and eventually will become outdated. 

He suggested methods about regularity and degree level that workflows can react based on 

the changes in the context.  
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Moser et al., 2011 [38] introduced a social network style of a workflow management tool which 

is called “engineering cockpit”. This tool works based on web service technologies and can 

interact with a heterogeneous range of automation system engineering tools. It has two parts; 

a dashboard view that shows states of issues if they are open or resolved and an engineering 

view for management of requests, milestones, and issues. These requests and issues can be 

directly related to the engineering tools and provide real-time data feedback. They have 

claimed that engineering cockpit has increased the team awareness about the state of the 

project as well as improving the collaboration efficiency. Although no fixed workflow is defined 

in this concept, the system is relying on engineers to dynamically create the requests and 

issues and manually close them. Therefore, it is assuming that an engineer is capable of 

defining the next optimal engineering step in the overall scope of the project.   

Shiau and Wee, 2007 [39] introduced a distributed change control workflow for collaborative 

design network. They have developed a prototype that provides workflow support for managing 

the changes in such a collaborative global design network. They have used a combination of 

a closed-loop change control process proposed in CMII (a social science perspective) and 

distributed routing algorithm (a computer science perspective) to develop methods for 

distributing changes from change source to different targets in the landscape of CAE tools that 

are used in the network and maintain the consistency. Prerequisites of their approach is a well-

predefined decision tree to accommodate changes and there is a need for a predefined 

sequence of steps in the design workflow. This approach is more a concept and method for 

managing the changes if the consequences can be planned rather than a workflow support 

system. Nevertheless, such method can be practical once it is used in the context of a WfSS.  

Tsai et al., 2010 [8] introduced a distributed server architecture supporting dynamic resource 

provisioning for BPM-oriented workflow management systems. Their work is assuming that a 

workflow is realized based on BPMN and is requested by numerous workflow support 

applications. In this case, a simple server-client architecture will result in performance 

problems. Therefore, they have introduced a distributed server architecture that manages the 

traffic of requests from multiple WfS applications. The concept introduced in this paper closes 

one of the restrictions and gaps in WfS systems which was the significant traffic of data 

between a workflow and numerous requests from the project.  

Jin et al., 2014 [10] and Markis et al. 2011 [40] introduced methods of managing a predefined 

workflow for multi-disciplinary and global design network based on technologies such as web 

services, ontology, workflow agents, XML, and AutomationML. Although each of these teams 

followed different technics and addressed distinct aspects of challenges in a multidisciplinary 

design, both are based on having predefined workflows for production procedures and 

sequences.  
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Deniels et al., 2013 [41] introduced a workflow management prototype for product design 

based on PLM platforms. Their focus was to show that engineering workflow management 

could remove much of the administrative burden experienced in the current day to day 

management of product lifecycle by automating engineering related activities. Nevertheless, 

such activities should be designed and fixed, so the PLM platform can execute them step by 

step. Also, the effect of abrupt changes and management of changes has not been considered 

and there is no direct link between steps in PLM and engineering data in CAE tools.  

Qiu and Wong 2006 [42] recognized the fact that most workflow support systems are only able 

to handle static predefined workflows and if there is a change in the workflow, the current 

workflow is stopped and the new one will be executed. They have developed methods for 

minimizing the steps that were already executed to have a more optimal situation as a result. 

They have used commercial product data management platforms (PDM) as the basis of their 

prototype. Although they made considerable optimization in the execution of workflows, their 

approach didn’t help the concept of WfS systems to achieve more flexibility and adaptability to 

the changes but addressed a valid gap in the principles of executing engineering and non-

engineering workflows and provided a remedy concept for optimizing the execution of 

workflows.  

It can be observed that all the above-mentioned efforts for development of workflow 

management tools were based on available CAD or CAE tools (first two generations of 

engineering software tools) utilized in the engineering processes. Such prerequisites impose 

the challenge that an optimal WfSS which has the responsibility of supporting the complete 

engineering process, either should be communicating to numerous CAD or CAE tools in every 

software landscape of an engineering environment or should be independent of the 

engineering software tools and act as a generic request and task management tool. Both 

approaches have significant drawbacks, first one is not practical – considering openness of 

CAD and CAE tools and maintenance of such integrations - and the second one doesn’t satisfy 

the basic expectations from an engineering workflow support system. Table 6 shows a 

comparison between major scientific prototypes developed in past decade and available 

commercial tools for support of engineering workflows. In this table, only the pioneer concepts 

of engineering workflow management and two of major commercial solutions are compared. 

Moreover, the comparison is made based on the published contributions of solution owners 

and not the actual status of solutions. PROCEED and AHEAD are known to be ongoing 

projects and some of the missing aspects in this table might have been resolved but not yet 

published.  
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Table 6 - Comparison of concepts for a WfSS 

 
PROCEED AHEAD Eng. Cockpit 

Commercial 

PDM 

Commercial 

WfSS 

Adaptive workflows depending on the 

project progress and conditions 
NO NO NO NO NO 

The flexibility of workflows steps 

depending on project demands 

without redesign 

NO NO NO NO NO 

Awareness about overall actual 

engineering context of a project 
NO NO NO NO NO 

Linked association to real-time 

engineering data 
YES** YES* YES* NO NO 

Variable abstraction levels for 

managerial or technical users 
NO NO NO NO NO 

Full coverage of process and 

automation engineering of a plant 
YES** YES* YES* YES YES 

Conform to modern technologies of 

engineering software tools (Object-

oriented data model) 

YES NO NO NO NO 

Graphical and logical workflow design 

environment 
YES YES YES NO NO 

 

* It depends if there is a developed coupling between the WfSS and engineering tools.  
** The tool is developed based on COMOS, engineering tool for the design of P&IDs in the domain of 
process design 

It can be derived from this table that none of the compared solutions at the time of comparison 

were able to satisfy all the principal requirements of a WfSS for modern plant engineering. All 

the solutions have deficiencies regarding adaptability, flexibility, context awareness and 

providing various abstraction levels for various users. 
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5 The concept of a novel engineering workflow support system 

This chapter introduces a new concept for the realization of an engineering workflow support 

system. This concept distances itself from having project workflows as a sequence of 

engineering steps on the project level and based on deliverables to be executed within the 

project. Instead, it introduces individual life paths for every virtual object in the plant data model 

which are called object’s lifeflows. Summation of lifeflows of all the objects in the plant data 

model will shape the project workflow.  

The new concept of utilizing object’s lifeflows is going to be presented in section 5.1. It should 

be noted that such concept is only applicable to the third generation of engineering software 

tools which was explained in chapter 4.1. Therefore, the concept of lifeflows is providing a 

methodology for engineering workflow management in the future generation of engineering 

software tools which industry is rapidly moving towards. It should be considered that such 

engineering software tools are not yet widely used and there can be some practical hurdles on 

the way which might be overseen in up to date status of the concept.  

One of the main characteristics of the introduced concept for a new WfSS is its sensitivity about 

actual engineering context. In chapter 5.2 methods of context modelling and evaluation with 

respect to the engineering, workflows will be elaborated and discussed. Once the context is 

evaluated, another important character is the flexibility of a workflow. In chapter 5.3 it will be 

explained how the new concept is able to suggest the next optimal engineering task to be 

executed based on finding the optimal path towards the completion of an engineering step. 

Calculation of optimal path is performed at the successful termination of each task to provide 

a high degree of flexibility and adaptability. Chapter 6 describes the implementation of a 

workflow support system based on the above-mentioned concepts. This tool is responsible to 

retrieve the results of performed analysis and suggest tasks to be executed or assigned to 

different engineers involved in a project. This application is developed as an add-on based on 

“Engineering Base”, a third-generation commercial process, and automation engineering 

software tool for plant design from AUCOTEC AG. In chapter 7 the concept and developed 

workflow support system is tested within a pilot project. 

5.1 Asset’s lifeflows vs. project workflows 

5.1.1 Project workflow 

In chapters 3.2 and 4.2 some sample engineering workflows for execution of a process and 

automation project as well as state-of-the-art scientific concepts, prototypes and commercial 

tools for engineering workflow management tools were presented. These workflows and 

management tools had a variety of differences which were caused by factors such as 

company’s business model, human resources, plant’s location, and CAE tools. Detailed 
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evaluation of these factors and their impact on design and execution of an engineering 

workflow has been discussed in chapter 3.3.  

These parameters have various impact weights on the method of project execution, 

nevertheless, they all share one same fundamental concept. They are all based on some sort 

of sequence of steps (with different abstraction levels) for execution of a whole or part of a 

plant design project i.e. they are defined on top of the project to observe individual segments 

of the project and the engineers which are responsible for those segments. Such project could 

be a multi-domain, global plant design project with all its complications or could be a small 

automation project executed by few local engineers. In principle, “workflow” is a description of 

the sequence of actions in a project that will result in the successful execution of a project. 

Figure 22 shows a simplified conventional structure arrangement that contains a workflow 

design environment for the definition of a workflow, a workflow support system (WfSS) CAE 

tools, and deliverables. Here, once a workflow definition is designed in a tool such as MS Visio 

by a language such as BPMN, it is dictated by a workflow management system to project 

members. Then WfSS will create engineering tasks and assign the tasks to users. Each user 

will execute the tasks by utilizing various CAE tools and results will be deliverables of the task. 

Information about the generation of these deliverables can be sent back to the WfSS to update 

the status of the task which can be e.g. resolved and update the progress status of the project 

which is visible in the project progress dashboard. 

 

Figure 22 - Conventional WfSS and CAE tools structure 

In chapter 3.4 the main drawbacks of this concept were described and some principle 

requirements that should be realized by an engineering workflow support system to reach an 

effective engineering support for plant engineering projects were concluded. These 

requirements are based on the challenges that modern process and automation engineers 

have in their daily activities when they are working in a globalized engineering environment 

together with many other engineers around the world with different languages and cultures and 

with various modern software tools and tight time schedules. An engineering support system 

CAE TOOL

Workflow Definition

Workflow Management System
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that can fulfil all or some part of these requirements can significantly improve the efficiency of 

executing a process and automation engineering project. 

In chapter 4.2 major scientific efforts to improve the effectivity of conventional workflow 

management concepts during past decade were explained. Although these improvements 

increased the efficiency of WfS systems based on this concept, none of them could cover all 

the principal requirements of an effective WfSS. Moreover, all the scientific prototypes or 

commercial tools for workflow management except PROCEED [35] (which was based on 

object-oriented engineering tools but focused on a specific domain), are based on utilization 

of first or second generation of engineering software tools (CAD or CAE) which are file-based 

and document-oriented. Even if such WfS systems could provide adequate support to 

engineers, their daily tools are changing rapidly with modern technologies and a support 

system based on older generations of engineering software tools will soon become obsolete. 

On the other hand, for the object-oriented engineering systems, still, not much effort is invested 

in new possibilities that these systems can bring to create alternative concepts for workflow 

management tools.  

The architecture of an object-oriented engineering software tool – so-called third-generation – 

was explained in chapter 4.1. A conceptual depiction on the method of conventional utilization 

of workflows and workflow management tools in this type of engineering software tools which 

should have the capacity of containing the complete data model of a plant is presented in 

Figure 23. This picture shows that an object instance in a project data model inherits its class 

from the class library and each class can be associated with various graphical representations 

for several types of 2D diagrams or 3D models. A class can also be associated with sets of 

attributes in various categories. This structure will result in object instances in which, once their 

class is defined, their symbols for potential representation on each specific domain-related 

diagram and set of their attributes will be inherited.  

It also shows that the workflow definition is fixed and located on the metamodel level of a 

project and is dictated to the WfSS. Then tasks which can be deliverables-oriented – like CAD 

or CAE system – or can be object-oriented will be created by WfSS and will be assigned to 

users. WfSS can track the status of objects or status of deliverables or rely on feedback from 

users and update the status of tasks or progress of the project. The principal conceptual 

structure of PROCEED [35] which was built over COMOS as an object-oriented structure is 

basically comparable to this depiction. Based on the requirements list in chapter 3.4, having a 

workflow description on the metamodel level of a project within the engineering tool would 

provide advantages such as: 

- Improved transparency between project progress view and real-time engineering data 

due to embedded WfSS within the engineering software tool. 
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- Easier track of activities and history of tasks and their consequences due to the 

possibility of associating objects or deliverable documents to the tasks. 

- Improved accessibility of engineers to related engineering data. Because the workflow 

definition is embedded in the engineering software, engineers can have access to the 

auxiliary information that they need to execute a task. 

- The possibility of having various abstraction levels in the definition of a workflow. A 

workflow can be designed based on gateways for deliverables or sequence of steps 

for parts of a data model.  

 

Figure 23 - Workflow management and an object-oriented engineering tool structure 

Although this is a significant improvement in the evolution of conventional WfS systems, still 

some principles need to be addressed such as: 

- Flexibility. Figure 23 shows that the workflow for execution of a project first should be 

defined and dictated to the WfSS and then it can be executed. Moreover, there is no 

feedback from WfSS back to the definition of workflow, therefore, the possibility of 

having alternative workflows and comparison of them depending on the project 

situation is not available.  

- Adaptability. there is no relation between the workflow definition and sequence of steps 

and progress of tasks or status of the plant data model. Therefore, the designed 

workflow is fixed and alternative paths within a workflow to overcome a step is not going 

to be considered. 

- Domain-independent. Detailed definition of one engineering execution workflow which 

can generate tasks for engineers for the complete span of process and automation is 
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a near-to-impossible job due to its complexity and variety of abstraction levels in 

different domains. Therefore, scientific prototypes such as PROCEED focused on a 

specific engineering domain and realized the concept of integrated WfSS in the 

engineering software tool for one discipline. 

Addressing such principles with conventional workflow management concepts seems to be 

very challenging, if not impossible. Therefore, in this dissertation, an alternative approach is 

suggested to be used for the design of a workflow management or support system for plant 

engineering.  

5.1.2 Object’s lifeflow 

Object-oriented plant engineering software tools provide vast new possibilities for optimization 

of engineering activities. Possibilities such as simulations and parallel engineering, consistent 

representations of the virtual object in the data model in various 2D or 3D graphical diagrams 

and models, automatic generation of reports based on templates, global multi-user 

environment, domain independence, multi-language, multi-standard adaptability and easy 

integration and data communication based on advanced and generic standards such as 

ISO15926 are only achieved based on a comprehensive metamodel and an integrated project 

data model. Having such structure provides the possibility of optimization of representations, 

attributes, classes, and other auxiliary associations such as report templates, dictionaries, 

vendor’s catalogues master-data, or predefined modules during execution of a project while 

the consistency of engineering is fully preserved. In these systems, the conventional 

challenges that were existing in CAD and CAE tools such as synchronization of data between 

different disciplines will be eliminated partly and, in some cases, will get new aspects such as 

management of consequences of automatically synchronized changes and tracking the history 

of changes. 

Based on all the mentioned new aspects of an object-oriented system, state-of-the-art WfS 

systems were not taking advantage of these new possibilities and utilizing them to create new 

concepts of supporting tools for execution of engineering projects. In this dissertation, a new 

concept for providing engineering workflow support (WfS) for process and automation 

engineering of plants is introduced based on the architecture of new generation of object-

oriented engineering tools. In this concept, a new library of items is suggested to be built on 

the metamodel level and is utilizing a new association to object classes. The main behaviour 

of the new association is similar to other associations that are made for object classes such as 

representation symbols, attributes, templates, etc. This new type of association is made for a 

new type of items i.e. lifeflows. The lifeflow’s library environment provides the possibility of 

designing lifeflows graphically or alphanumerically.  
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Definition of a lifeflow: 

A Lifeflow is defined as an engineering path that every object instance inherited from a class 

should go through from the moment it is created until it reaches its full maturity in the plant 

data model. Full maturity of an object can be defined as a state that all the technical 

specifications and attributes of a virtual object in the data model which is a representation of a 

physical asset are specified and all its process and electrical connections and logical 

behaviours are defined in the data model. 

Instantiation of an object in the plant data model can happen at any time during the execution 

of a project and at any engineering discipline and by any of the users globally. Regardless of 

instantiation circumstances, at the time when a virtual object is created in the data model, it 

has no value in its attributes and it has no representation on any diagrams or graphical models. 

This new virtual object is raw and will go through various engineering iterations such as its 

basic specifications, vendor’s specification, placement of its representation on the process, 

instrumentation, electrical, 3D, civil, safety and automation diagrams and models, connecting 

its process and electrical connections, its control software and so on. There can be many use 

cases that an object is not created as a completely new and naked object and is created based 

on some template from the catalogue’s library or other executed projects. In these cases, the 

virtual object can have a different lifeflow compared to objects of the same class.  

After all the necessary engineering steps are performed in various engineering disciplines, this 

object can be called a mature object which contains significant data and engineering 

information and a history of changes during the engineering phase. The lifetime of these 

objects will not be limited to the engineering phase of the project but also will continue during 

operation and maintenance of the plant until their physical and/or digital demolishment. 

Additionally, lifeflows are independent of the workflow for execution of a project which is 

defined on the project level and considers gateways for distinct phases of the project. Such 

gateways can be passed once a group of objects which share the same lifeflow reach the 

same phase which can be mapped to a project gateway.  

Combination of multiple selected and suitable lifeflows for all the objects within a project 

provides a high degree of flexibility in the method and progress of project execution and will 

eventually result in an optimal workflow for execution of an engineering project for plant 

engineering. Figure 24 shows the conceptual structure of using lifeflows instead of project 

workflows in the architecture of an object-oriented engineering software platform. In this 

structure, WfSS has access to the pool of lifeflows which are associated to object instances 

and provide information about the steps that already happened to an individual object or steps 

that will happen in future, instead of following a fixed project workflow. 
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Figure 24 - Concept of using object's lifeflows instead of project workflows 

For lifeflows, the concept of association is utilized rather than instantiation because using 

associations will significantly reduce the number of lifeflow instances available in a project and 

therefore increase the performance of data analysis. Lifeflows are associated to object classes 

and similar to representations or attributes, there is a Many-to-Many (M:N) type of relationship 

between lifeflows and virtual object classes. This means that one object class can be 

associated with multiple lifeflows or one lifeflow can be associated with many object classes. 

The M:N relationship is a crucial factor in the architecture of such a system because: 

- There are a few hundred object classes in a process and automation of a plant. A list 

of these objects classes can be found in standards such as ISO15926 [18]. There can 

be lots of overlaps in lifeflows of similar classes and therefore one lifeflow can be 

associated multiple times with many different object classes. This will significantly 

reduce the number of lifeflows that should be designed to achieve a reliable 

engineering support system.  

- In some cases, there can be multiple paths for bringing an object instance into its 

maturity and selection of these paths can be dependent on various parameters such 

as project type and specification, project progress and context, availability of specific 

human resources, or participation of external sub-contractors. Therefore, multiple 

lifeflows can be associated with one class and each of them can be activated 

depending on the situation. Activation of the optimal lifeflow and parameters that play 

roles in the selection of a lifeflow for an object is discussed in chapter 5.3.  
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Each lifeflow consists of a sequence of steps and their relations and decision points, 

nevertheless, each lifeflow is abstracted as a new type of object in the metamodel and 

therefore each lifeflow object can have its own attributes, aggregations of steps, and 

associations to other lifeflows as well as associations to object classes or object instances. 

Associations of lifeflows together or association of steps of lifeflows to other lifeflows create 

new possibilities that will significantly simplify the design of lifeflows. For example, for a 

repetitive sequence of steps which can be similar in many lifeflows, a lifeflow segment can be 

created and specific steps within lifeflows can be associated to this lifeflow segment. A simple 

use case can be the tendering process which can have some routine steps for similar device 

categories such as pumps, compressors, and blowers. In the lifeflow of these classes, the 

tendering and purchasing steps can be associated to another lifeflow segment designed to 

execute purchasing procedure. Some of the main values and achieved possibilities in the 

utilization of lifeflows compared to project workflows are summarized and elaborated as 

follows: 

- Domain-independent. A lifeflow can contain all the sequence of steps that should 

happen for any technical virtual object instance e.g. a pump or non-technical virtual 

object instance e.g. a document through its lifetime. Although these steps can be 

executed in different disciplines and by different resources, object’s lifeflow itself is 

cross-disciplinary. Each step within a lifeflow has its own attributes and these attributes 

can provide information about the responsible department or predefined resources for 

execution of a step. Thereby, handovers and gateways between disciplines can be 

controlled within a lifeflow.  

As explained before, it is possible to define one or more lifeflows for any object instance 

which is inherited from an object class. To have more clarification on the concept of 

lifeflows, first, it is important to explain the definition of a virtual object in a plant data 

model. This object can be: 

• A digital delegate of a physical asset e.g. devices, instruments, piping and fitting, 

cables and wires, civil structures etc. A virtual object can also be a conceptual 

abstracted model of a physical asset as a module. The components of the module 

can be neglected in the virtual model or can have digital delegates which are 

aggregated under the main object.  

• A functionality which is associated with multiple digital assets e.g. measurement 

tag, control tag, services, etc. A function or also a service is a group holder of 

various devices that work together to fulfil a task. These devices can be in distinct 

locations and may not be connected directly together but can be grouped together 

by the service that they are providing to a plant. For example, a measurement tag 

function includes the sensor, wires, terminals and I/Os.  
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• A digital unit which contains multiple digital assets. 

• A digital location that represents a physical location and has an association with all 

the digital assets that are placed in that location. Locations also can have 

aggregations e.g. a building can have floors and each floor can have rooms. 

• A logical stream which is flowing in an electrical connection such as wires or 

process connections such as pipes. An example can be signals, potentials, 

chemical flow streams, chemical components. 

• A drawing that contains multiple sheets or individual sheets. 

• A folder that contains some other objects e.g. drawings folder, devices folder, etc.  

• A project that contains the complete plant data model.  

An example of defining lifeflows for non-technical objects can be creating a lifeflow for 

releasing P&ID sheets. This lifeflow can define the steps that should be taken for 

creation of a P&ID sheet, management of revisions, reviews and validations, versioning 

rules, and eventually releasing it and storing it in the documents management systems.  

- High flexibility by a combination of lifeflows to achieve an optimal workflow for the 

project. Since the workflow is not fixed anymore, the WfSS has the possibility of 

evaluating lifeflows which are associated to individual objects which are relevant to be 

analysed for the general progress of the project and accordingly suggest next 

engineering steps to be done. In this way, a fixed workflow is transformed into a 

dynamic workflow that can adapt itself at any stage of the project depending on the 

real-time progress of engineering activities on individual objects. Additionally, a 

dynamic workflow will provide the possibility of being executed in various project types. 

Despite the differences in the project types, lifeflows of individual objects can be very 

similar e.g. the engineering activities that should be performed on a pump in a large-

scale nuclear power plant design project and a small-scale wastewater treatment can 

share many steps.  

- The rule-based progress of lifeflows. In the WfSS, which is observing the lifeflows of 

objects in the data model, there can be various rules defined based on status of objects 

in their lifeflow e.g. if all the devices associated with a function are in the status of “end 

of design”, in the lifeflow of the function the next step which is “validation” of the function 

can be activated. Therefore, some of the manual actions that are based on logical 

analysis of the situation and reacting based on some rules can be integrated into the 

lifeflows and WfSS. These rules can be project specific or can be generic. The example 

mentioned above can be a generic rule and therefore can be implemented in a way 

that covers all the objects in all the projects which are governed by a WfSS.  
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- Dynamic adaption and possibility to change between lifeflows during project execution. 

In some cases, depending on conditions there can be multiple lifeflows available for an 

object class and consequently, its instances in the project data model. For each of 

these alternatives, certain prerequisites can be implemented as attributes of their 

starting point or at each of their steps. Because at the end of each step of a lifeflow, 

WfSS can analyse the context and conditions, in case of availability of multiple lifeflows, 

the result of the evaluation can be a selection of other lifeflows. Methods of evaluating 

and selection of alternative lifeflows are explained in chapter 5.3. For example, assume 

one lifeflow for sensors is to aggregate them under functions and define the complete 

measurement or control loop using typicals. Prerequisite of such lifeflow which can also 

be the optimal engineering practice is to have the typicals library for the instruments 

classes. In case such library is not available for all sensor classes and especially for 

the sensor that has such lifeflow, WfSS can switch to alternative lifeflows for those 

sensor instances of the class which have no typicals yet. The alternative lifeflow defines 

the specification of sensors and their hook-up definition as the first step and to a 

different user. Therefore, the overall workflow is adapted to the current situation of the 

project and can provide a high efficiency in the execution of the project. Although the 

second lifeflow is not the optimal engineering path but the initiation of it considering the 

project situation, becomes the optimal step towards the progress of the project and is 

more efficient than no actions due to lack of typical project. 

- Support of simultaneous and parallel engineering. In sequential engineering, one 

phase of a project should be finished and handed over, thereafter, the next phase can 

be initiated. Conventional WfM systems can only handle sequential workflows and such 

approach in today’s competitive engineering environment is not considered as an 

effective approach. By utilization of lifeflows, each object is living in its own path 

towards maturity and whenever it is passing one engineering phase executed by any 

user at any location, it can go to the next phase regardless of other objects of the same 

class or general conditions of the project. Therefore, engineers with different 

competencies, geographical locations and time zones and different responsibilities can 

contribute to the objects at any state they are to bring them to the next step. WfSS here 

has the responsibility of evaluating the data model and based on defined rules, cluster 

the equivalent objects with the same state and same “next step” to create an execution 

task for such groups and organize these tasks to an available engineer.  

- Independent of changes in human resources and user’s access. It was explained 

before that conventional workflows are highly dependent on the competence and 

conditions of users who are responsible for the execution of workflows. On the other 

hand, lifeflows are the sequence of steps that should happen in order to make a digital 
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asset fully designed and specified and these steps are regardless of who should or can 

execute them or how he/she is going to access the digital object i.e. via client 

application or web application, etc. Lifeflows disregard all the human factors such as 

cultures, languages, availability, competence etc. because they demand the absolute 

necessary actions which a digital object needs to follow its engineering life path.  

- Expandable and editable at any time. Once an object status is reached the end node 

of its lifeflow, that object is considered as designed and released. Nevertheless, at any 

point during the execution of a project, a lifeflow can be modified and expanded. The 

association concept instead of instantiation of lifeflows for object instances will provide 

the possibility of recognition of this change by WfSS and restart the activities for an 

object instance to fulfil its expanded lifeflow. If the method of instantiation for lifeflows 

were selected instead of associations, modifications of lifeflows should have been 

managed by using version numbers of object’s lifeflows and class lifeflows.  

It should be noted that if a lifeflow change is before the end state, e.g. one of the steps 

is replaced or a step is added in between, for all the objects that already passed that 

state, no automatic action can be recognized by the WfSS. Nevertheless, since all the 

objects which should be revised due to an update in the lifeflow, are associated to the 

modified lifeflow and can be flagged or modified manually, they can be brought back to 

a safe status.  

- Accurate and automatic feedback about the status of each object to managerial project 

progress dashboards. Since the lifeflow of each object is predefined and its current 

state within its own lifeflow is known to the system, it is possible to have an accurate 

estimate of how a project is progressing and what are the bottlenecks of the project 

execution. Such managerial reporting can be generated on various levels of abstraction 

by data mining of the plant data model.  

- More accurate suggestions for the creation of engineering tasks and the possibility of 

user management vs. workload. Because WfSS is aware of the number of objects that 

are clustered together, because they share the same next engineering step to be 

performed and the typical effort per object in each step - e.g. specification of sensors 

based on ISA is recorded as 3 hours/sensor in an attribute on the step within the lifeflow 

– WfSS can estimate the overall effort for a task and distribute the tasks accordingly 

between different users of a department. Also, statistical generation of reports such as 

the definition of the bottlenecks, lack of resources, support to solve the backlog etc. 

can be some of the possibilities and features that can be created by further data mining 

and analysis of lifeflows and states of objects. Such possibilities and features are not 

created in the scope of this dissertation and can be considered as next practical steps 

based on utilization of lifeflows in an industrial project.  
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- The possibility of performing analysis on lifeflows of physically or logically 

interconnected objects to evaluate the ecosystem which an object is located in. For 

example, a heat exchanger can have its own lifeflow which can include basic design, 

specification, rating, and sizing etc. nevertheless, if this heat exchanger is involved in 

a service that should provide the heating medium, there are many other factors that will 

contribute to the completeness of that service. Analysing lifeflows of all logically 

connected e.g. specification of utility flow streams or physically connected e.g. piping 

connections and pumps and valves will provide a general understanding of the context. 

These data that can be translated to meaningful information can provide suggestions 

for optimization or merge of lifeflows and creation of predefined modules for specific 

services and eventually lifeflows for modules instead of individual devices. This topic 

will go beyond the scope of this dissertation and can be an additional topic based on 

lifeflows for modularized plant engineering.  

Some of the above-described points are addressing the basic expectations from a WfSS for 

plant engineering and some of them are additional values that will be achieved by utilization of 

lifeflows. In both cases, they are clear indications of the superiority of concept of lifeflows 

versus conventional workflows.  

5.2 Context modelling & evaluation methods 

5.2.1 Characteristics of a context-sensitive system 

One of the main characteristics of a modern engineering workflow management system that 

was described in chapter 3.4 was adaptability of the workflow to the actual situation and the 

progress of the project. Such adaptability requires an understanding of the actual project 

context at any point in time from the viewpoint of every engineering task combined with an 

overview of next possible actions to bring effective progress to the project. Such characteristic 

can only be achieved by development of a context-sensitive application which observes the 

dynamics of the project at a certain point in time and reacts to these changes accordingly to 

provide the maximum possible efficiency in selection of assignments to engineers and 

distribution of tasks among all participants of a project regardless of their discipline, location, 

access methods etc.  

Available literature surveys about context-sensitive engineering software systems provide a 

variety of descriptions and definitions for “context” in engineering environments. One 

commonly accepted definition of the context in engineering software environment is “any 

information that can be used to characterize the situation of an entity”, where “an entity can be 

a person, place, or object that is considered relevant to the interaction between a user and an 

application, including the user and applications themselves” [43]. The term context-sensitive is 
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an expression that is used for such systems, nonetheless, any engineering system that has 

the capacity of analysing the actual context is not defined as a context-sensitive system. A 

system can be called context-sensitive if “it uses context to provide relevant information and/or 

services to the user, where relevancy depends on the user’s task” [43]. This means the system 

should make decisions based on the results of context evaluation and consequent to those 

decisions, provide users with some sort of support to progress in the project. Therefore, the 

core of context-sensitive systems is the ability to analyze numerous data-points in a network 

of relations at every decision point for every user involved in a project and provide the users 

with rational information or suggested tasks that are supposed to be the optimal next 

engineering steps to maximize the progress efficiency of the project.  

In literature “context-sensitive” is generally used to describe any type of system that can use 

context to provide more accurate and relevant outcomes [44]. Wherever applications with a 

high degree of flexibility, adaptability, and capable of acting autonomously on behalf of users 

are in demand, using context-awareness techniques can be considered as one of the 

principles of modern applications [44]. Once an application is aware of and sensitive to the 

dynamics of the environment that it should react to it, it can provide much faster, flexible, and 

accurate outcomes or supports. Development of context-sensitive applications is inherently 

complex. Such applications adapt to dynamic and changing context information: physical 

context, computational context, and user context/tasks. Moreover, context information is 

gathered from a variety of sources that differ in the quality of information they produce [44].  

One of the first steps towards the development of a context-sensitive application is the 

recognition of its main characters, specification, limits, and constraints. Characterization and 

formalization of the context are then used for the next phase which is the development of a 

model for the context. A well-designed reference model can be a key parameter in any context-

sensitive system [45] and will be used as the backbone of the algorithms for context evaluation. 

In some cases, it wouldn’t be possible to develop a complete model in advance for context 

evaluation algorithm. Nevertheless, in these cases, modelling patterns can be used to train 

algorithms for evaluating the context. These patterns can be created by users in a pattern 

library with identifications that can help algorithms to select an appropriate pattern based on 

some specification of the situation.  

Most of the context-sensitive applications will follow a procedure to perform one loop of 

acquisition and modelling, evaluation, reasoning, decision, and dissemination [43]. A WfSS for 

plant engineering also is no exception from these steps and should go through them every 

time an engineering task is resolved by a user and new tasks depending on the project context 

and targets should be created. These steps and their application in our project will be 

discussed in the following. 
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5.2.2 Data acquisition 

A plant data model can contain several thousands of elements and millions of attributes and 

associations. At every phase of engineering related to every engineer, a very small portion of 

the complete plant data model is relevant for the WfSS to analyse. Based on results of such 

evaluation, WfSS will make respective decisions and eventually create engineering tasks for 

the users. The first step in this procedure is defining the relevant boundaries for a context to 

be evaluated and capturing data only within those borders. This phase starts with the definition 

of the data boundary for the problem at hand, i.e. the scope of data acquisition from the overall 

data model should be defined. It would be unnecessary, inefficient, and low performant if at 

every step of a lifeflow for every object in the plant data model the whole data model should 

be analysed. In our system, the problem is defined as an “execution step” in the lifeflow and 

the scope is defined based on elements which are included within the boundaries of this 

problem. Such boundaries can be concluded based on the boundaries of the reference data 

model for the complete lifeflow or sections of the RDM which are associated with the steps 

within a lifeflow. 

To make an example, in the “Rating and sizing” step of a control valve within its lifeflow, first 

some attributes of the connected pipe such as a diameter, class, material, etc. should be 

defined. Also, the power supply and control connections including the wires and cables should 

be engineered. In this example, the problem at hand is “Rating and sizing” of the valve, and 

the boundary of data to be gathered includes the connected pipe, the connected control, and 

power wires.  

There can be three methods for definition of context model and boundaries in which they will 

be described, as follows:  

- Based on RDM in each step of a lifeflow or a generic RDM for an object class. If the 

initial object class has an RDM association available, boundaries of that model can be 

considered as the boundaries of the context that should be evaluated. Such evaluation 

will provide results about, missing objects or associations in the data model of an object 

instance in the project, as well as missing values of attributes for all the objects in the 

scope, compared to RDM. Moreover, they recognize any mistakes in the data model 

by comparing the classes of objects to the RDM e.g. there cannot be a reactor device 

aggregated under a heat exchanger. Parts of these general rules can be defined on 

the meta-model of the engineering software tool and here these rules can be expanded 

using RDM and context evaluation and comparison to RDM. 

- Based on defined patterns. For example, the context of a pipeline can be defined as all 

its pipe segments and branches, information about pipe classes, fittings, and inline 

devices between two main devices which are identified as pipe destinations. This can 
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be defined as a pattern and can be used for the definition of a pipeline in a project. 

Therefore, when a new pipe is created, even if there is no lifeflow or RDM for it, based 

on such pattern, engineers are guided to define the pipe destinations, define the 

segments and inline devices, and provide information about pipe classes as minimum 

specifications for a pipeline object. Pattern-based definition of boundaries cannot 

provide any information about missing objects and associations. Also, they do not 

recognize any mistakes in the data model because there are no compare criteria. 

These patterns act like dynamic rules and can be enhanced during the execution of a 

project. Automatic learning from user’s interaction to create patterns or creation of RDM 

from patterns are the topics that can be addressed in the future following works of this 

dissertation and a further explanation of them will be discussed in chapter 8.3 - Vision 

& future possible research. 

- The third method is when there is no RDM or pattern available and therefore the only 

solution to limit the calculation effort is to analyse certain layers of associations and 

aggregations to the starting object. These layers in Figure 35 for a heat exchanger 

included operation modes, process connections, pipes, and sensors. This method also 

doesn’t recognize any mistakes in the data model and it doesn’t recognize the missing 

objects. This method provides a good overview of the current state of an object within 

its data model and its graphical models in various domains i.e. process design, I&C, 

electrical and automation.  

The first and the third method will be discussed in more details in chapter 5.3.4 - Optimal 

execution path within an RDM, because they will also be used for calculation and identification 

of an optimal execution path for the realization of an object data model. 

The probability for the second and third methods to conclude a clear next engineering step is 

much lower than the first method, nevertheless, they provide a boundary for selecting the 

objects and analysing them which is crucial for performance issues. Moreover, they can 

provide information about the actual status of existing related objects. The WfSS treats the 

second and third methods as fall-back algorithms. The WfSS will use the captured model for 

the following main purposes: 

- Feasibility calculation for execution of a lifeflow in case of availability of alternative 

paths for the same object class. 

- Performing evaluation of the feasibility of executing a step within a lifeflow. 

- Performing evaluation for the effort of executing a lifeflow to its end compared to 

alternative paths. 

- Identification of open issues in an object data model including missing objects, 

associations, attributes etc.  
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- Preparing the data to provide an overview of the general progress of the project for 

managerial dashboard views based on the executed steps of objects and open steps 

until the end of their engineering lifeflow. 

- Generation of tasks for next engineering steps depending on the lifeflow and context. 

Each of these points is part of one or more algorithms that are used in various parts of the 

WfSS, which will be elaborated in the next section.  

5.2.3 Context modelling algorithms 

For capturing the relevant context of an object data model with respect to every execution step 

in a lifeflow, a methodology was developed. In principle, this methodology is following the 

RDL/RDS which is defined by ISO15926 [18] and refined by DEXPI [46] which was elaborated 

in chapter 5.1.2 and was called RDM. It should be considered that developed algorithms and 

procedures are only able to capture the context and by a comparison to the associated RDM 

with an object, identify the gaps and suggest the actions to be taken to reach the next step in 

the lifeflow. Whether such next step is the optimal next engineering step or not is not the 

discussion point of this chapter and will be discussed in chapter 5.3. 

The first algorithm assumes that a reference model such as models from RDL/RDS by ISO 

15926 or an expanded RDM is available as standalone and not within the steps of a lifeflow. 

Here a method should be developed to make a comparison of the object in the plant data 

model and the reference model at any time during the project execution to identify the 

deviations, missing relations or objects, missing attributes on each of the objects or values for 

mandatory attributes. Such understanding will provide the base for the next steps to be 

performed by WfSS. The first algorithm is designed to achieve a base for the first case: 

1. For each object with the status of “Review” or “New” in the complete plant data model, 

Identify the selected object class and find the RDM of the object class in the library. 

2. For each attribute of the object in the RDM, check if the object in the data model has 

that attribute and if not, add the attribute to the object in the data model. If the attribute 

status of the object in the RDM is marked as a mandatory field and the attribute of the 

object in the data model doesn’t have a value, add attribute name and object in the 

data model to the list of missing attributes e.g. value for “flow rate” of “valve” is missing. 

3. For each aggregated object and for each associated object of the main object in the 

RDM, search the aggregations of the object in the data model. If the object was not 

found, add its relation type, missing object, and starting object to the list of missing 

objects e.g. “aggregated” “valve” of “pipe” is missing. If object found, repeat step 2 for 

this object.  

4. Select the aggregated or associated object as the starting object and go to step 2.  
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5. Once the status of the assignment is passed, change the status to “Review”. 

The second case is where sections of an RDM is distributed and available within the steps of 

a lifeflow. In this case, a method should be developed to analyse and compare sections of the 

reference model or RDM with sections of the object in the plant data model. These sections 

are bonded together as a step in the lifeflow and WfSS needs to know the context of the project 

within the scope of that step. Nevertheless, it is not possible to develop a method that only 

compares a segment of the reference data model because the starting object for the algorithm 

is ambiguous and cannot be identified in all cases.  

Therefore, the developed method is analysing and comparing the complete data model from 

its starting object but stops within the boundary of the active step. This approach requires more 

calculation time but provides a robust understanding of the status of the object data model and 

its context in the plant data model. Therefore, if there is a change in the definition of RDM or 

the lifeflow, such change will be applied to all the associated objects at the next evaluation 

round. The second algorithm is designed to provide a solution for the second case.  

1. For each object with the status of “Review” or “New” in the complete plant data model, 

Identify the associated lifeflow and the ID of the current step within that lifeflow (which 

was recently resolved).  

a. If object status is “New”, identify the object class and find the related RDM in 

the library.  

b. Also, if object status is “New” current step is “Start” node in the lifeflow.  

2. Repeat steps 2 to 4 of the first algorithm. Starting object is the starting object of the 

lifeflow and end layer is the outermost layer object class of the RDM segment 

embedded in the current step.  

3. If the list of missing attributes and missing objects is empty, change the status to 

“Passed”, find the next step in the lifeflow and write the ID of this new step to the object 

in the data model and change the status to “In Progress”.  

4. For all aggregations or associations of the starting object in the data model, find the 

main object in the RDM of the new step. If object not found, add relation and object and 

starting object to the missing list e.g. associated wire sensor is missing. If found check 

for mandatory attributes, if values are not defined, add attributes, object, relation and 

starting object to the missing list e.g. the voltage associated wire to the sensor is 

missing.  

5. Once the status of the assignment is passed, change the status to “Review”. 

The third algorithm is the case that there is no RDM or reference model of any kind available 

but there is an associated lifeflow. This method is probably most used for non-technical object 
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classes or simple object classes where they don’t require a reference data model and can be 

fully engineered through a sequence of execution steps.  

1. For each object with the status of “Review” or “New” in the complete plant data model, 

identify the associated lifeflow and the ID of the current step within that lifeflow (which 

was recently resolved).  

2. Find the next step in the lifeflow and write the ID of this new step to the object in the 

data model and change the status to “In Progress”. 

3. Capture the attachments (e.g. sample AutomationML library or check-list) to the step. 

4. Once the status of the assignment is passed, change the status to “Review”. 

As discussed before, in some cases neither a lifeflow nor a reference model can be used. A 

pipeline is a good example of these cases. A pipeline is relatively open in types and number 

of objects that are aggregated under a pipe object or are associated with it. Therefore, instead 

of a model of completeness or a reference model, a pattern that can be utilized iteratively 

would be more effective in understanding the context and state of such object. The fourth 

algorithm is the case that there is no RDM or lifeflow available but there is a pattern defined 

for the starting object class. 

1. For each object with the status of “Review” or “New” in the complete plant data model, 

Identify the suitable pattern in the library e.g. pipeline.  

2. For all the aggregated or associated objects of the starting object, check the rules of 

pattern e.g. sizing and rating attributes of inline devices should be performed.  

3. Once the status of the assignment is passed, change the status to “Review”. 

The rules of pattern are generated based on learning mechanisms from available plant data 

models. In generation of such patterns following conventions are followed: 

• only one level of relation will be recorded in each node, 

• mandatory attributes can be identified based on a flag or rate of appearance frequency, 

• repetition of identification of a same record will reinforce the rating, 

• severity can be adjusted manually by users. 

 

Figure 25 - Snippet of a pattern generated by learning mechanisms 
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Such snippet is translated into: Every process equipment should have at least two connected 

nozzles (aggregated in the data model) with probability of 100% (rating = 1) and its Operating 

Temperature (AID 11458) should be specified with probability of 100% and Operating Pressure 

(AID 11459) should be specified with probability of 80%. 

All above algorithms are designed only to capture the context of an object in relation to a 

segment of a reference model, a complete RDM, a pattern or a lifeflow. After capturing the 

data model, there should be phases of evaluation and eventually invoke of actions which will 

be discussed in next two chapters.  

Selection of each of these algorithms depending on the availability of the RDM or lifeflow or 

other cases will be done in a generic evaluation step prior to execution of the algorithm which 

is valid for all the algorithms. In this step, the object class which had a status change and holds 

a specific state will be identified and it will be checked if a reference model, an RDM, a lifeflow 

or a pattern is available. If during execution of a project, new RDM or lifeflow or patterns are 

created for an object class, the WfSS will perform its regular procedure regardless of the 

creation time of newly available items in the library. This will provide a high degree of flexibility 

for engineers to continuously improve their library of RDMs or lifeflows and iteratively verify 

their plant data model versus the RDM library. Also, it ensures that all the changes that might 

happen in the RDMs or lifeflows are deployed consequently to all the associated objects 

regardless of their actual state, even if they are considered as fully engineered and released 

based on the older versions of RDM or lifeflow. 

One of the main questions that should be answered at this step is; when and how often a 

context should be evaluated? The answer to this question can significantly affect the 

performance of the workflow management system, especially because, even in a mid-size 

plant data model, the system should deal with tens of thousands of objects which coexist in a 

network of aggregations and associations. Moreover, the improvements in the RDM will 

continuously provide a delta between the executed part of the data model and the reference 

models.  

The trigger for initiation of a context evaluation process is when an object state is changed to 

“New” or “Review”. Both states indicate that the user has executed the necessary engineering 

actions which can be either creation of a new object based on engineering requirements e.g. 

a new heat exchanger or completed the tasks of a step and is asking the system to review 

his/her work for completeness. In both cases, engineers are expecting the workflow 

management system to inform them about the next optimal action that should be taken to make 

progress in the overall project. Therefore, the first action of the workflow management system 

is to evaluate the current context and network of its attributes, associations, and aggregations 

for an object. Nevertheless, changing the status of an object will not trigger any action 
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immediately. It only marks the object to be included in the observation list of WfSS for the next 

user who is available for execution of tasks within the plant data model. 

Procedures for generation of tasks by WfSS is a separate step in the overall architecture of 

the system and will be discussed in chapter 6 but before that step, first, it should be clarified 

which next step is the optimal step to provide the most engineering efficiency. This will be the 

topic of the next chapter which discusses methods of finding the optimal execution path 

towards completion of the data model.  

5.3 Selection of an execution path 

5.3.1 Context evaluation 

The evaluation of the context is the first fundamental part of a solution for having an adaptive 

and flexible engineering workflow management system that can provide reliable support for 

the engineers. Figure 26 depicts an abstract procedure that should be performed to invoke the 

next optimal engineering step via WfSS.  

 

Figure 26 - Procedure of evaluation of the context and finding optimal next step 

For some classes, there can be multiple paths to make progress in the project and selection 

of each of these paths requires extensive know-how about the project execution and actual 

context of the project. In case of availability of alternative lifeflows there is an opportunity for 

the WfSS to find the optimal path and therefore, the next building block of the engineering 

support system is to find out - considering the captured context - the optimal next engineering 

step for each object to be executed.  

After an object is identified as a candidate to be checked for its context evaluation and initiation 

of the next engineering step based on the state of the object at the time of evaluation, its class 
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step, the context for the object within the plant data model and limits of the RDM scope will be 

captured utilizing the methods that were explained in chapter 5.2. Evaluation of the context 

provides required data and parameters for algorithms in the WfSS to be able to suggest the 

optimal next engineering step for that object. Additionally, it should be identified if the RDM, 

the lifeflow or the pattern for the object class has any alternatives defined in its group. If an 

alternative of any of mentioned guides is available for the object class, first it should be 

analysed and evaluated if the alternative is feasible to be executed depending on the current 

state of the object, its context and overall conditions of the project and generic relevant 

situation. Checking for alternative paths is performed in every iteration of the procedure for 

context evaluation and task generation. Therefore, engineers can add alternative lifeflows 

during execution of a project to their RDM and to specific object classes.  

The very first step for evaluation of an alternative lifeflow is its feasibility to be executed at each 

point in time during the project execution. For the lifeflows which are already in the middle of 

their execution – for objects where their status is not “New” - the first criteria for evaluation of 

the possibility of a lifeflow is that; the active (Just finished) execution step i.e. the current step 

of the current lifeflow should also be available in the alternative lifeflow as the starting point of 

evaluation. If the current step is not shared between two lifeflows, the system cannot clarify 

the starting point for performing cost calculation or eventually initiation of the alternative 

lifeflow. Such limitation can be eliminated in two ways; method one: at each step of the 

alternative lifeflow, an alias or mapping attribute can identify its counterpart in other lifeflows. 

Method two: an analysis algorithm can judge the current state of the object in its lifeflow and 

identify its equivalence in alternative lifeflows. None of these methods is realized in the scope 

of this dissertation and can be considered as future enhancements.  

It should be considered that, from an engineering point of view, it is not a preferred exercise to 

radically change the engineering approach in the middle of engineering execution time unless 

the alternative path approach is proved to provide a significant improvement or can solve a 

deadlock.  

The concept of lifeflows provides various possibilities to be defined on the execution step 

objects to create additional criteria to be evaluated for the feasibility of a lifeflow e.g. a starting 

step can be linked to a certain typical library project. Therefore, if in the project data model 

where the control loop’s typical library project is still not available, that lifeflow which is 

designed to engineer measurements based on typicals will not be considered as feasible. 

Nonetheless, in this research project, all the lifeflows are considered as feasible if an object is 

“New” and the context of the object allows execution of that lifeflow.  

Once a set of lifeflow alternatives are identified as candidates for further evaluation, the next 

step is to evaluate which of them provides the optimal next engineering step and lowest cost 
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for completion of the lifeflow to bring the object to its maturity state in the plant data model. For 

a selection of the optimal execution path, solutions for two consecutive categories of problems 

should be provided:  

1. Evaluation of context effect refines the choices for WfSS to find the next optimal 

engineering step. 

2. Identification of a path toward the maturity of the virtual engineering object, which 

provides the minimum engineering effort.  

Figure 27  depicts a use case that provides three sample alternative lifeflows for designing a 

valve. The first sample lifeflow is a comprehensive lifeflow that provides all engineering steps 

of designing and engineering a valve up to integration of vendors data into the object 

(Purchase). This lifeflow is relatively independent of other objects and makes no assumptions 

or compromises in engineering steps that should be taken by engineers. Full coverage of all 

actions make this engineering path the most reliable path but at the same time makes this 

lifeflow the costliest lifeflow in terms of investment hours, count of participants, and utilization 

of tools. On this basis, this lifeflow can be identified as the default path for engineering a valve 

in all cases and conditions. 

 

Figure 27 - Three alternative lifeflow samples for the valve’s class 

The second lifeflow simplifies some aspects of engineering steps from the first lifeflow. 

Nevertheless, it assumes that the operation conditions of a valve should be transferred from 
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connected pipeline, the rest of the specification of the valve should be retrieved from a catalog 

object that matches the operation conditions. Although this lifeflow is a simplified engineering 

path which is based on some automated rules, it requires a pipe with defined operating 

conditions and pipe class to be connected to the valve. Therefore, any further engineering 

action is depending on another related object in a sequence i.e. first the pipe should be 

engineered then the valve definition can start. In this example, it is logical and practical to have 

such a sequence and in some other examples, such sequences can only be preferred if they 

don’t cause consequent in delays in the progress of the project. Therefore, detailed 

engineering of the valve is dependent on the availability of a specification item in the catalogue. 

If no suitable template specification for such valve could be found by engineers, this lifeflow 

cannot proceed further.  

The third lifeflow is based on the concept of modularization and suggests defining the sizing 

and rating of the valve based on the pipe class and then selecting a suitable module based on 

predefined criteria from modules library. Therefore, the control design step of lifeflow can be 

skipped and engineers can rely on predefined modules that contain complete control loops 

and I&C connections and infrastructure for the valve. This lifeflow requires the possibility of 

rating and sizing based on pipe class and requires a library of predefined modules associated 

with the project which contains at least one suitable module for the valve. Therefore, execution 

of this lifeflow is again dependent on the engineering of another related object and the 

sequence of engineering of them. Moreover, it assumes that a predefined and verified module 

that is suitable for the valve will be found in the library of modules. This lifeflow is also not 

possible to proceed if one of the above-mentioned parameters are missing.  

The fact that workflow 2 and 3 are dependent on other objects and cannot proceed if some 

parameters are missing will not make these lifeflows unattractive for engineers because as 

soon as required parameters are provided to them, they can be executed faster, with less 

engineering resources, fewer tools involved and more reliability compared to lifeflow 1. The 

main responsibility of WfSS is to find out which of these lifeflows should be activated at each 

point of time and depending on the context and the data model of the valve, make a trade-off 

between the engineer’s time and work efficiency and progress of the project and activate one 

of these lifeflows as the selected engineering path to be executed. In a routine scenario, when 

a new valve is created, by default the first lifeflow is activated therefore engineers are 

supported by the system to execute engineering steps. At the end of each step, the context of 

the valve (including its connections and attributes etc.) will be analysed and as soon as a pipe 

with the required attributes is available, the lifeflow can switch to lifeflow 2 which is faster than 

lifeflow 1 and if a library of modules which contains a suitable module for the valve exists, it 

can be switched to lifeflow 3 which is the fastest engineering path for the valve. Additionally, 
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such concept can act as a fall-back strategy so if the faster lifeflow is stopped due to lack of 

information, users can switch the lifeflow back to the default path. 

In the next sections, using examples and use case, the effect of context on nominating lifeflows 

and method of cost calculation for a lifeflow to be finally selected, will be elaborated. It should 

be noted that the following explanation is only one basic possibility out of many possibilities of 

steps for cost calculation within lifeflows to be able to explain the main concept and 

methodology. Such methods and impacting parameters can be adapted based on the 

specifications of an industrial project in an engineering team that might be interested in the 

utilization of lifeflow-based engineering support systems.  

5.3.2 Effect of context on the selection of a lifeflow 

One of the main reasons for being aware of the context and capturing the state of the context 

in WfSS is to generate more accurate assignments which are adapted to the gaps of the object 

data model and reflect the optimal next engineering step considering the general state of the 

project. Nevertheless, context evaluation can also help to analyse the feasibility of starting a 

lifeflow or to initiate the most suitable lifeflow in case there are alternatives available. A use 

case which was partly explained in the previous section in the selection of alternative lifeflows 

about the valve and the connecting pipe is depicted in Figure 28. In this diagram no pipe is yet 

connected to the valve and therefore, the context evaluation of the valve will not provide any 

data about the connected pipe. Whether this valve is part of any other lifeflow or RDM or is an 

independent device makes no difference in the lifeflow of the valve itself because each device 

should go through its own path of achieving a maturity in the plant data model.  

 

Figure 28 - A simple example of the context impact 

Figure 27, shows that “lifeflow 2” requires data such as flow rate and pipe class of the 

connected pipe to be initiated. A non-adaptive WfSS with this path as a fixed procedure most 

probably would have suggested a task for the user to initially get such data from the pipe and 

then proceed to the next steps. Since the pipe is not yet available, either the user could follow 

the description of the assignment and perform no actions on the valve until the pipe is 

connected or can dismiss the task of the conventional WfSS and uses his own engineering 

knowledge and experience to proceed with the specification engineering of the valve.  

Our designed system, after the evaluation of the context, will eliminate the “lifeflow 2” from the 

feasible options and will proceed to the next step of finding the next feasible and optimal 
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engineering path to support engineers which can be either selection of lifeflow 1 or 3. Lifeflow 

3 also requires a class of the valve as an initial state but doesn’t require any additional object 

for the lifeflow of the valve. Here WfSS can evaluate two options to be provided to the user. 

First a task for the definition of the valve class and then initiation of lifeflow 3 or initiation of 

lifeflow 1. This decision can be done based on further criteria such as effort calculation of 

lifeflow or its rating which will be discussed in chapter 6.1. 

In both cases, the user can proceed with the engineering of the valve towards the next 

engineering step. After execution of any step by the user based on lifeflow 1 or 3, the status of 

the object will be changed to “Review”. In this phase, again WfSS will evaluate the context of 

the valve. Now let us assume that the pipe is now connected, and the operation conditions of 

the valve are defined. Moreover, there is no predefined module for this class of valve in the 

modules library. In this case, WfSS will eliminate lifeflow 1 and 3 and initiate lifeflow two with 

its second step because the attributes which are marked as mandatory for the first step of 

lifeflow 2 are already defined. From this step, evaluation of context cannot automatically 

change the lifeflow of the valve to any other lifeflow because the second step of lifeflow two is 

not shared with and available in any of the alternative lifeflows. Nevertheless, in case lifeflow 

two doesn’t provide any further progress because of any reason, the user can manually switch 

the lifeflow to any other lifeflow and activate any step within that lifeflow. This would provide a 

fall-back strategy for engineers in case the automatism implemented in the system is not 

providing the desired results.  

5.3.3 Lifeflow cost and effort calculation 

Cost or effort calculation for execution of a lifeflow is used for two main purposes. First to find 

out the overall progress of the project and the number of open steps in objects and eventually 

in a project to provide data for the managerial dashboard and second is to find the lowest cost 

lifeflow among available alternatives. For the realization of such concept in the WfSS for both 

these cases, there are three elements that are essential and, in the following, will be elaborated 

and discussed:  

- First, the effort of each step should be identified. There can be different methods for 

identification of the effort of an engineering step such as live tracking of user actions 

with various aspects or manual definition of parameters by experienced engineers 

which we will take in this dissertation. The realistic effort estimate for an engineering 

step consists of many parameters that sometimes are not traceable by systems and 

therefore some attributes for the manual definition of different parameters that will 

conclude the overall effort value on a lifeflow step is created and can be used by the 

engineers that are designing the lifeflows. Some examples of these values can be 

engineering hours required, a number of users involved, and amount of external 
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(import/export) communications. Other parameters such as the number of tools 

required, priority, number of deliverables generated etc. can also be included in future 

steps of this dissertation.  

- Calculation of lowest lifeflow cost depending on the current state of the object and 

project conditions. Calculation of the cost of lifeflows or engineering paths is basically 

the criteria for the algorithm of finding the optimal path to achieve the same target which 

is the complete object data model compared to RDM faster or with less effort.  

- Regular refinement of values of parameters that conclude the effort for a step by users 

after execution of steps depending on the dynamics of the project or adaption of new 

tools or assistants. Such refinement will help to get a more accurate estimate of the 

cost of a lifeflow and an estimate of the probable timeline for achieving certain 

milestones or completion of the project.  

In principle, there are various mathematical methods in the area of optimal path finding for 

travelling between the current state or position and the goal state [47]. Two of the most 

common categories of techniques are deterministic or heuristic-based algorithms and 

randomized algorithms. When the dimensionality of the planning problem is low, for example 

when the agent has only a few degrees of freedom such as our situation with lifeflows, 

deterministic algorithms are usually preferred because they provide bounds on the quality of 

the solution path returned [48]. In the category of the deterministic and heuristic-based 

algorithm, a number of classical graph search algorithms are most commonly applied for 

calculating least-cost paths on a weighted graph and the two most reliable ones are Dijkstra’s 

algorithm and A* [48]. Both algorithms return an optimal path and can be considered as special 

forms of dynamic programming. Each of these methods provides certain advantages in various 

applications. A detailed comparison of these methods is not within the scope of this 

dissertation.  

Method of A* [49] provides the best fundamental for our problem at hand [50] because A* plans 

a path from an initial state 𝑆𝑠𝑡𝑎𝑟𝑡 ∈ 𝑆 to a goal state 𝑆𝑔𝑜𝑎𝑙 ∈ 𝑆, where 𝑆 is the set of states in 

some finite state space. To do this, it stores an estimate ℎ(𝑠) of the path cost from the initial 

state to each state 𝑆 [48].  

Such methods typically need a problem space which can be depicted as a weighted graph of 

nodes and paths. Combinations of different alternative lifeflows can also be considered as a 

network of nodes and paths in between. Therefore, conventional methods of pathfinding can 

be applied to lifeflows too. Left picture of Figure 29 shows a typical problem description for a 

weighted graph and right pictures shows the same graph but in separated diagrams which 

resemble alternative lifeflows and steps.  
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Figure 29 - Typical weighted graph and its equivalent in lifeflows approach 

In the A* method, for reaching from one starting point to the goal point, a path will be selected 

that minimizes the following function: 

 𝑓(𝑛) = 𝑐(𝑛) + ℎ(𝑛) (1) 

Where 𝑛 is the next node in the path, 𝑐(𝑛) is the cost of completing the step 𝑛 and ℎ(𝑛) is the 

cost estimate for a path to reach from 𝑛 to the goal based on heuristics or fixed values of efforts 

on different values of open steps until the end of the lifeflow. On this basis, to provide an 

answer for the optimal engineering path towards the goal of maturity and completeness on the 

virtual object data model compared to its RDM or ending its lifeflow, for each alternative lifeflow 

of the object, two terms should be calculated:  

1- Engineering effort for executing the next step based on the context and evaluation 

results.  

2- Cost of reaching the end of the lifeflow based on heuristics or fixed values. This would 

be the summation of all the costs from all the open steps in a lifeflow.  

Based on the outcome of context evaluation for calculation of the cost to reach the next 

execution step and calculation of cost to reach the goal or end of final execution step, we look 

for a path that minimizes the following equation: 

 𝑓(𝑝) = 𝑐(𝑒𝑠) + ℎ(𝑒𝑠 → 𝑔) (2) 

Where 𝑐(𝑒𝑠) is the execution cost of the next step based on the available context which is an 

estimate depending on the delta between the current context of the object and the RDM, and 

ℎ(𝑒𝑠 → 𝑔) is an estimate of the cost of executing the rest of the execution steps from step 𝑒𝑠 

to the goal or end of the lifeflow which can be calculated based on the fixed values that are 

defined by users on each step.  
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 𝑐(𝑒𝑠) =  ∑ 𝑇(𝑆𝑝) +  ∑ ∑ 𝑇(𝑆𝑓)

𝑛

𝑘=0

𝑚

𝑗=0

𝑝

𝑖=0

 (3) 

Where 𝑝 is the number of checkpoints or possible states in the execution step, 𝑇(𝑠) is the 

execution time estimate needed for the checkpoint, m is the number of embedded execution 

steps and 𝑓 is the number of checkpoints or possible states in the execution step. Checkpoints 

are the internal steps within a step which can have their own attributes and effort estimates. 

The linked lifeflows that can have their own steps can also be calculated based on the same 

algorithm. In the case of alternative lifeflows, the available alternatives will be neglected in the 

cost calculations of the original lifeflow. 

 
ℎ(𝑒𝑠 → 𝑔) = ∑ ∑ 𝑇𝑒𝑠

𝑛

𝑘=0

𝑚

𝑗=0

  (4) 

Where 𝑛 is number of execution steps in the embedded lifeflows in an execution step, 𝑚 is 

number of checkpoints in each execution step, 𝑇𝑒𝑠  is the time estimate attribute of a checkpoint 

or if not available, the overall execution step. These terms will conclude in the following 

expression: 

 

𝑓(𝑝) = ∑ 𝑇(𝑆𝑝) +  ∑ ∑ 𝑇(𝑆𝑓)

𝑛

𝑘=0

𝑚

𝑗=0

𝑝

𝑖=0

+ ∑ ∑ 𝑇𝑒𝑠

𝑛

𝑘=0

𝑚

𝑗=0

  (5) 

Here 𝑇𝑒𝑠  or  𝑇(𝑆) are combinations of different parameters that can be defined on each step 

and can have different weights and multiplication factors: 

 𝑇𝑒𝑠 = 𝑥(𝑇𝑖). 𝑦(𝑇𝑜). 𝑧(𝐼𝑋)    (6) 

In which 𝑇𝑖 is the required hours for execution of a step, 𝑇𝑜 is the number of tools needed and 

𝐼𝑋 is number of import/export transactions needed to fulfil a step within a lifeflow. These values 

should be entered manually by the user in each step or the checkpoint of the step and can be 

later refined with reference to best practices.  

Based on the simple calculations that were explained here, it is possible to evaluate the cost 

of a lifeflow at each point of time and phase of the project and state of the object. Thereby the 

lifeflows which are basically different engineering paths can be compared and the one that is 

feasible and demands less effort or is suggesting a faster path can be selected and activated. 

Once a lifeflow is selected, WfSS can create suggestions for creation and assignment of tasks 

to engineers. The key point in this section is the availability of at least two alternative lifeflows 

to be evaluated and compared.  
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Another application of algorithms that provide the possibility of finding optimal paths to reach 

a target is for the cases where no lifeflow is available and only a reference data model is 

provided for an object. In the next section, these cases will be explained and discussed.  

5.3.4 Optimal execution path within an RDM 

It has been discussed in previous chapters that it is not mandatory to design a lifeflow for every 

object class. In some classes, a reference data model can be available for the complete data 

model of the class and therefore this data model can be used for generation of a lifeflow that 

can be used by WfSS to provide required support to engineers. To flatten a data model into a 

sequence of steps, two concepts can be utilized which will be discussed in the following.  

For both concepts in principle, rules and heuristics can be implemented in an algorithm and 

this algorithm can be used for analysing RDM to conclude the optimal path within the data 

model to realize it for an object in the plant data model. In chapter 6.1 - Design of lifeflows and 

Figure 35 and Figure 38, it was described that a basic interpretation from an RDM based on 

fixed rules can be automatically generated by WfSS to be able to generate the suitable tasks 

for engineers. Nevertheless, such interpretation of RDM is only generated based on relational 

and association levels of an RDM. Nonetheless, the optimal path can be independent of the 

relational levels of an RDM and more related to certain routes within the data model. Figure 

30 shows the basic difference between two possible approaches to interpreting the data model 

of an object.  

 

Figure 30 - Two methods of lifeflow interpretations from RDM 

Left figure is showing the level-based approach to generate the lifeflow and right figure is 

showing rules and heuristic-based generation of lifeflows. These rules and heuristics can be 

generic to provide general constraints for the WfSS to generate a reliable path from a reference 

data model. Left model is used as a fall-back strategy for when no rules and heuristics can be 

found or applied to an RDM. 
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Figure 31 shows the concept of level-based interpretation of RDM for the same heat exchanger 

data model that was explained before. In this figure, it is depicted that pipelines and sensors 

are defined in one step of the lifeflow and in practice, these two tasks will be executed in two 

different disciplines and separated phases. Pipeline definition belongs to process design phase 

and commonly after the process engineering is finished with the P&ID design, there will be 

rounds of review and eventually release of certain versions of P&ID to I&C department for 

further actions. Therefore, a heuristic that can be defined in the algorithm is to first follow all 

the routes that contain classes related to process design. An algorithm that can be used for 

generation of an execution path based on the reference data models can be as follows: 

The starting point is the parent node in the data model which is assumed to be the main object 

class. The parent node should be identified with a Boolean attribute otherwise it is impossible 

for the system to solve the ambiguity of finding the starting point. Objects will be categorized 

into two main categories of the process and I&C engineering. At each node, object classes 

which are categorized under “process engineering” have priority to classes which are 

categorized under “I&C engineering”. Therefore, a route segment where its target node is an 

object class from process engineering class will be selected at the first node. For each next 

node, the same action will be repeated and the overall route which will be a combination of 

different objects will be recorded. This procedure will be continued until a node has no outgoing 

route to a target object with a process engineering object class and by this, the first step of the 

lifeflow is detected and thereby the process engineering parts of the parent object can be 

engineered. If multiple routes which all have objects in the same category i.e. process or I&C 

are detected, at each node the route which the target node doesn’t have an aggregation will 

be selected. An aggregation shows that the target object can be part of another parent object 

e.g. terminal aggregated under a card aggregated under a control cabinet. In most cases, 

engineering of these objects cannot be performed in a standalone step and is depending on 

other objects. In other words, these objects are interfaces to other object’s data models and 

therefore it is preferred to execute all the isolated parts of a data model first before engineering 

the parts which are basically interfaces to other data models.  

Once all the routes with process class objects are executed, a milestone is achieved and next 

can be all routes with a mixture of Process and I&C object classes. There can be reviews 

scheduled once a milestone achieved. It can be decided by the user to make such milestone 

as one step in the lifeflow or make every node which is basically an object a new step in the 

generated lifeflow. The main difference that this decision can make is the granularity of the 

tasks that will be eventually suggested by the WfSS. Figure 32 is showing the result of 

generating a lifeflow based on the above algorithm from the same RDM which was used before 

and was depicted in Figure 31.  
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Figure 31 - Level-based interpretation of RDM 

 

Figure 32 - Rules-based generation of lifeflow from RDM 

This lifeflow included two steps less compared to the level-based lifeflow and it includes a 

review phase after the process engineering phase is concluded. 

Analysing a data model and generating an assumed optimal path is a one-time action and will 

not be repeated during the runtime unless a user will initiate this analysis manually. The 

outcome of this activity can be an object-oriented data model, or a sequential command list 
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stored in a neutral text file as XML which is shown in Figure 33. This is basically comparable 

to a graphical representation of a lifeflow and its steps. 

 

Figure 33 - Lifeflow stored as an XML 

Execution of this lifeflow is like other lifeflows with certain steps that will be sources of 

engineering tasks for users. These tasks can be generated by users based on suggestions of 

WfSS or can be configured to be created automatically in WfSS. In the next section, the 

prototypic design of such WfSS will be described. 
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6 Implementation of WfSS  

In this chapter design development of a workflow support system based on the concept of 

lifeflows is elaborated. Because the trivial features such as graphical dashboards and user 

management functionalities are eliminated in our design and the focus is adaptability, context- 

sensitivity and flexibility of workflows, our designed tool is called workflow support system 

(WfSS) and not workflow management system (WfMS).  

6.1 Design of lifeflows 

A lifeflow in some ways resembles a project workflow but with the difference that it is focused 

only on one instance of an object from a certain object class rather than the complete project. 

Therefore, the engineer who is going to design a lifeflow should understand methods of 

process and automation engineering with respect to each device, service class and eventually 

diverse types of deliverables. A lifeflow, like workflows, can be designed by conventional 

languages such as BPMN 2.0 but it should also include a data model that is readable for the 

WfSS. This data model includes: 

- Attributes of execution steps, start/end-points and decision-making points e.g. 

conditions to start a step, hints to users, execution checklist and responsible 

department or user. 

- The sequence of steps that should be executed after each other, review points and 

decision-making junctions. 

- Association of steps to other lifeflows i.e. compositions to reduce the effort of designing 

the sequence of steps for repetitive tasks.  

In this dissertation three types of lifeflows are designed and discussed, nevertheless, these 

are not the only type of lifeflows that can be created. These three types of lifeflows include:  

- A lifeflow which is based on “model of completeness” (MoC) or reference data model 

(RDM) of an object. The RDM can be designed separately in a different library based 

on the references that are publicly available in standards such ISO15926 and DEXPI 

or based on the best practices of previous projects.  

- A lifeflow which is based on conventional “sequence of events/actions” that are 

recommended to be taken to achieve a fully specified and verified object which can be 

a device, module, function, or service etc. 

- Combination of first and second types. An object class can have both first and second 

types as alternatives or can have the third type of lifeflows depending on the 

characteristics and behaviour of the object class in the plant data model.  
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In following sections, each of these types of lifeflows will be explained and an example will be 

provided. The sample lifeflows from each of these categories are made in Engineering Base, 

a commercial engineering software tool from AUCOTEC AG. This software is also used as a 

basis and platform for the WfSS therefore, the lifeflows and the WfSS are both in the same 

environment. 

Lifeflows based on an RDM: POSC Caesar [51] association under the framework of ISO15926 

– part 4 has provided a reference data library (RDL) that provides the data model and 

classification of various equipment in oil and gas industries. DEXPI [46] also improved these 

data models to provide practical possibilities of exchanging P&IDs between different 

engineering tools on the basis of P&ID standards which are implemented by different software 

vendors in their tools. These models which have the possibility of being downloaded in different 

formats such as XML from free RDLs can be considered as models of completeness. In these 

models, classification of equipment, their characteristics, and attributes, classification of their 

attributes, process and I&C connections, attributes of the connection point, etc. are fully 

defined. Figure 34 depicts a segment from an RDM that shows the simplified version of a 

model for a heat exchanger. This model is extracted from the DEXPI guideline for RDMs. 

Assuming that such data model is providing an adequate scope of a fully designed “plate and 

shell” heat exchanger which is a subclass of a heat exchanger class, this data model can be 

used as an RDM in a lifeflow for designing a heat exchanger. 

 

Figure 34 - Data model of a heat exchanger based on DEXPI RDL 
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These data models are available for all the main equipment and instrument classes in oil & 

gas industries and once they are defined in the library of workflows within an engineering 

software tool, they can be used as the default lifeflow set for execution of several types of 

projects. Nevertheless, there can be some cases that technical design aspects should be 

customized and modified to create a company or industry-specific data models for equipment. 

In these cases, alternative RDMs can be created in parallel or the main RDM can be modified.   

This model represents the principal necessities of engineering a plate and shell heat 

exchanger. In every situation and depending on the project or specialities of such heat 

exchangers, the data model can be extended to cover the parts that are not directly attached 

to a heat exchanger but from the engineering point of view, it makes sense to treat them in 

one cloud of engineering activities related to the design of heat exchanger. Figure 35 depicts 

the expanded version of a heat exchanger RDM for its process and automation engineering. 

The heat exchanger object has a set of technical attributes and it has at least six process 

connection points. Four pipes – two for process inlet and outlet and two for utility inlet and 

outlet - are connected to four process connection points and two sensors are connected to the 

other two process connection points. For each of the pipes, there is a flow stream with at least 

one chemical component and for each sensor, there are two electrical wires and at least one 

electrical signal/potential associated with the wires. The heat exchanger has five operational 

modes of start-up, normal operation, shut-down, emergency shut-down and cleaning, each of 

them has their own specifications to be defined. The heat exchanger has two profiles for the 

utility fluid temperature profile and process fluid temperature profile and each of its operating 

modes also have these profiles but with different attribute values to be defined in their 

specification. Examples of these operation modes can be a start-up, shut-down, emergency 

shut-down, cleaning etc. In these modes, the structure of the data model is fixed but the 

attribute values for operational conditions such as temperature, pressure, flow rates and 

composition of chemical components can be different from the steady state operation of the 

plant. 

So far, the minimum data model for the process part of the heat exchanger is modelled. The 

control and automation parts can consist of various control valves at the process pipe 

connections and control valve at the utility pipes. For each of the control valves, there should 

be at least two wires and at least one electrical potential. For all the wires – including the control 

valves and sensors – their destination 1 is already defined which is the control valve of the 

heat exchanger and their second destination will be terminals aggregated under a junction box 

which will be selected in a separate engineering step. Also, wires should be aggregated under 

cables and cables should be aggregated under cable ducts. The cables, cable ducts, junction 

boxes and all the objects that are containers of other objects can eventually be merged 
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together in a plant data model. For example, cables that are created during lifeflow of three 

nearby heat exchangers can be merged together to form one cable that contains wires of all 

three heat exchangers. There can be various rules for merging results of individual lifeflows 

e.g. cables with the same voltage range can be merged. To continue the automation model of 

our heat exchanger, for each of the terminals in the junction box, there should be another wire 

that connects the terminal to an I/O module. This I/O module should be aggregated under an 

I/O card and the I/O card should be aggregated under a control cabinet.  

 

Figure 35 - Sample extended version of RDM for a heat exchanger 

Realization and management of such data models are not feasible in the first and second 

generation of engineering software tools CAD/CAE which were described in chapter 4.1. For 

the realization of such data models, the engineering tool should provide the capacity of 

covering all process, instrumentation, electrical, and automation object classes and their 

associations and relations among them i.e. the software tool should provide a modelling 

platform that is domain-independent. The third generation of tools will provide such 

capabilities. Here, Engineering Base was selected to be used as such an engineering software 

tool. In Engineering Base, the modelling is done within a tree-view object explorer which 

provides possibilities of creating objects, aggregations, and associations between objects.  

A trimmed screenshot in Figure 36 is representing the realization of a customized and 

expanded version of Figure 34 (refer to Figure 35, the library of Engineering Base).  
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Figure 36 - Part of a heat exchanger data model realized in Engineering Base 

In the equipment folder, which is a folder for digital representation of all physical devices, three 

subfolders for electrical devices, process equipment, and pipes are created. In the Equipment 

subfolder, an object inherited from the class of heat exchanger is created and as its 

aggregates, process connection and operation modes are created. Depending on the need, 

other devices also could be created e.g. nozzles which are neglected here. This approach will 

give the flexibility of having different abstraction levels in RDM based on the object class. In 

the pipe’s folder, four pipes are created, and they are associated with their first destinations 

which are heat exchanger process connections. In the electrical folder automation devices, 

cables and their aggregated wires are created and associated with their destinations. 

Each of the created objects has their association to set of attributes that will characterize those 

objects. Figure 37 shows a sample screenshot of a table of attributes for the heat exchanger. 

It should be noted that in Figure 36, icons having a small arrow icon    on their bottom-left 

corner represent an association between that object and the other objects. 

Control cabinet room

Junction 
Box



98 

 

 

Implementation of WfSS 

 

Figure 37 - Attributes table for heat exchanger object 

Such data models do not contain any managerial steps e.g. the review milestones and are 

purely technical and can cover all pure engineering aspects of process and automation 

engineering of a typical equipment, module, service, or function etc. Nevertheless, they do not 

provide the possibility for defining sequence of steps and do not provide the possibility of 

designing an optimal guideline for engineers. Moreover, it is not clear what are the boundaries 

of responsible domain or users and where are the milestones that require reviews or releases. 

Versions and revisions of objects and documents that hold representations of these objects 

are also neglected in these models. The interaction of WfSS with this type of lifeflow is based 

on the completeness status and directed associations i.e. the starting point is the heat 

exchanger and all its bidirectional associations for the first step. For the next step, all the 

aggregations and directional associations will be in the list to be executed and further steps 

will continue until there is no further aggregation or directional association left in the RDM. 

Therefore, although there is no sequence of steps described in Figure 35, WfSS will 

automatically evaluate the RDM and provide the steps as shown in Figure 38. This 

interpretation is just based on defining every layer of aggregations and directed-associations 

as a one-step boundary to execute the RDM and provide tasks for engineers, so they can 

reach the desired RDM.  

 

Figure 38 - Automatic interpretation of lifeflow from RDM 

We can call this approach a layer-based generation of a lifeflow based on the RDM. More 

information regarding details of this approach is elaborated in chapter 5.3.4 - Optimal execution 

path within an RDM. 
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Although the generation of such a sequence of steps can be done by WfSS there can be no 

logic that can identify the starting point of a data model and therefore, the starting point should 

be defined as an attribute of an object class in the lifeflow. The end-point is where there will be 

no further aggregation or directed association available.  

These models provide a target data model to be achieved at the end of engineering activities 

for an object class but are open in the definition of a reliable and optimal path to reach that 

target. In a network of connected nodes that represents a technical data model, there can be 

numerous paths to complete the data model but not all are feasible nor optimal. The steps and 

transitions which are derived automatically by WfSS are derived based on objects relations 

and not based on rational execution steps and therefore there should be a method that can 

add some logic in clustering the nodes and sequence of execution of objects.  

The second type of lifeflows are the ones which are defining a sequence of actions or events 

that should be executed one after another. They resemble conventional workflows but 

executed on individual objects rather than the complete project. One use case of utilization of 

these types of lifeflows can be cases where no RDM is available or for non-technical objects 

such as drawing/sheet objects. Figure 39 shows another example, which is the procedure of 

tendering, and purchasing equipment or instruments.  

 

Figure 39 - Purchase procedure step 

An example of such types of lifeflows for non-technical objects can be a procedure to manage 

a P&ID sheet through the lifetime of a project. After creation of the sheet, the user should 

define the attributes of the sheet such as its template, standard, associated 

unit/section/location, legends. Then the P&ID is ready to contain the technical representations. 

Whenever the P&ID status is changed from “Review” to “Release”, its version number should 
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be increased, and a new revision of P&ID should be created. The new revision as a PDF 

should be sent to the document management system. This procedure can be similar in many 

cases and therefore this lifeflow can be associated with the “Purchase” step within many other 

lifeflows. For purchasing, first, the spec sheet should be exported and sent to selected vendors 

for tendering. The format of export can be an attribute in the export step. 

Since this step is an object of class “lifeflow step” by itself, it is also possible to attach e.g. an 

AutomationML library package to the export step of the lifeflow to provide some hints, or 

eventually using some add-ons to automate the export step process. If the required format is 

not available, IT should be involved. As soon as the answers for tenders are back, they should 

be compared with the spec and they should be compared together for the best price for the 

offered product. When a vendor is selected, the vendor’s data should be merged to the already 

available data of the object and status should be modified. If the vendor is not selected, the 

user can provide a feedback and the status of the object will go back to one of the previous 

states. Another technical example that can be described is the object class of valves. A valve, 

especially sophisticated control valves which contain local safety controls and remote DCS 

controls, can have complicated data models with references to RDM but for simple valves 

design of an RDM might not bring a lot of value. In these cases, WfSS should be able to adapt 

itself to using a different type of procedures for supporting engineers in their daily work.  

A simplified version of engineering a control valve can be as follows; definition of operation 

conditions and fitting class including flow rate, then performing sizing and rating of the valve, 

then designing the control concept and electrical connections. If sealing is required, the design 

of its seals and hydraulics and eventually dimensioning, installation structure and purchasing. 

Figure 40 depicts this procedure using BPMN 2.0 language in Engineering Base. 

 

Figure 40 - Sample abstract lifeflow for engineering of a valve 

Although these lifeflows are executed for each object instance in the class which is associated 

to these lifeflows, at every point of time there will be several other objects that share the same 

state in their lifeflows and therefore they form a cluster of objects that need to be engineered. 

WfSS responsibility is to identify these objects, form a group with a certain task and assign this 

task to an available engineer. In this type of lifeflow, the boundaries between steps are clear 

and each of the steps can have a discipline or user as a responsible executer. Also, the 
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decision points and the review points are clearly identified as separate steps. Compared to the 

previous type of lifeflows based on RDM, these lifeflows provide a good definition of a path 

and steps but will not provide a definition for the target to be achieved with respect to the data 

model. In some cases where no data model is necessary or available, such lifeflows can act 

as mini-workflows and provide the fundament that WfSS needs for management of steps and 

phases of the project. 

The third type of lifeflows are the most effective ones with respect to technical object classes 

because not only do they provide a guideline for execution of tasks for responsible engineers, 

they offer a reference data model in a possible lifeflow step that can be used as a backbone 

of engineering activities. In other words, they provide a definition of the target to be achieved 

in each step as well as the total steps needed, and they provide a path which is reliable – 

contains review points and milestones and sequences – to reach that target. Figure 41 shows 

a basic depiction of such a concept for the definition of lifeflows. 

This type of lifeflow creates the possibility of defining a path within the RDM which ensures all 

the managerial decision points as well as logical clustering of objects that should be executed 

in one engineering phase regardless of their distance to the starting point. Such concept also 

provides the possibility of generating multiple alternative lifeflows that are based on the copy 

of RDM and can result in the same model but with different paths, sequences of steps and 

review or decision points. 

 

Figure 41 - Combination of sequential steps and RDM 

These lifeflows can be created by the combination of one or more reference models and 

different steps that can be execution steps only or steps that contain an RDM. Each of the 

boxes is a standalone object within the lifeflow and have their own attributes and have directed 

associations to the RDM within them. These associations are one-to-many (1:N) i.e. every step 

in the lifeflow can contain many models but those models will be only associated with that step. 

Realization of above diagram in Engineering Base is depicted in Figure 42. 
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Figure 42 - Realization of mixed lifeflows in Engineering Base 

The left picture is showing the RDM which contains all the equipment, piping, I&C, etc. and 

their connections and associations. The right picture is showing the steps in their sequence 

that should be executed. If a step contains an RDM, shortcuts for associations to respective 

objects are shown under the step icon in the tree view. It should be noted that representations 

of some associations are implicit in Figure 41 e.g. relationship between connections of heat 

exchanger and pipes. In the real data model represented in Figure 42 all the relations between 

objects even if they belong to different steps are preserved and the RDM is complete. Such 

implicit associations are one of the reasons that an association between RDM and steps is 

preferred rather than an aggregation of RDM sections under a lifeflow step object. 

Such types of lifeflows provide a good boundary between the execution steps which can 

contain the information about the responsible department or person, estimate about the effort, 

etc. and at the same time, they provide a reliable technical guideline for what should be 

achieved in each step. Moreover, they can provide reliable feedback to managerial dashboards 

regarding the actual detailed progress of a project but in a desired level of abstraction 

depending on the target user group i.e. project managers or engineers.  

Above mentioned examples show that description of a lifeflow can have various abstraction 

levels and different viewpoints depending on the class of the object. This method will provide 

a high degree of flexibility in creating a workflow that is not bounded by limitations such as 
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detailed technicalities or abstractions due to managerial needs or lack of information about 

details. This is not the case in the conventional workflow management concepts which either 

can be used by project managers to track the main milestones of the project or can be used 

by engineers which would be a description of detailed checklists for performing certain actions.  

Once a lifeflow is designed for an object class and it is associated with instances of that class 

in a project data model, the WfSS should be able to make an analysis for: 

- Comparison of the current state of the object and its context in the project with its 

associated lifeflow and RDM, if available.  

- Availability, feasibility, and cost of alternative lifeflows for the same object class and 

eventually selection and activation of one of the alternatives to be executed.  

Thereafter WfSS will proceed to generate tasks for users based on the steps which are within 

the associated lifeflow of the object instance and compare the actual data model and context 

of the object with the RDM within the step of the lifeflow. Such analysis creates the possibility 

of providing the next optimal engineering task for every user based on the dynamic conditions 

of the project, plant data model, and objects to be engineered. 

In chapter 5.2, a description of methods for analysing the data model and modelling the context 

and its evaluation based on the concept of lifeflows and RDM will be explained. In chapter 5.3 

methods of analysing the alternative lifeflows and comparison of feasibility and effort or 

selection of a lifeflow to be executed is explained. 

6.2 CAE platform selection 

The concept that was introduced so far has the capacity of being developed and implemented 

based on an advanced engineering software tool which has the required object-oriented 

architecture. It is important to be noted that by “object” here, a digital representation of the 

plant data model for physical assets or functionalities is intended. These digital assets contain 

all attributes of the real assets or functions independent from engineering domains and can 

also have digital representations on various sorts of the graphical model which can be 2D 

drawings such as PFD, P&ID, I&C diagrams, or logic diagrams or can be 3D models and 

layouts. In some internet websites or documents, the word “objects” and phrase “object-

oriented” in the context of engineering software tools is used for symbols on the drawings 

which are not what is intended here. Although graphical representations on diagrams can also 

be considered as symbols which contain some attributes, they are diagram dependent and 

therefore domain dependent.  

Currently, there are few prototypic platforms based on scientific visions and concepts [52] that 

can manage an object-oriented and discipline independent engineering software tool and 
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based on our evaluation at the time of performing this research project, only one commercial 

tool was found that can satisfy such concept to an acceptable extent. “Engineering Base” (EB) 

is an engineering software product from AUCOTEC AG which was used as a base platform 

for the development of a workflow management system. There are various criteria and 

prerequisites for selection of such commercial tools. Table 7 provides an abstract overview of 

capabilities of main commercial engineering software tools in the process and automation 

engineering of plants with respect to our criteria for development of a WfSS. This comparison 

is made based on publicly available documentation of mentioned tools in 2016.  

Table 7 - Comparison of available commercial engineering software tools 

 SmartPlant 
(Intergraph) 

OpenPlant 
(Bentley) 

COMOS 
(Siemens) 

ePlan 
(ePlan) 

AutoCAD 
(Autodesk) 

Engineering 
Base 

(Aucotec) 

Object-oriented plant data 
model 

No No Yes No No Yes 

Single, domain-independent 
database 

No No No No No Yes 

Open API and web service 
for the development of add-
ons 

No Yes Yes Yes Yes Yes 

A flexible meta-model for 
new object’s class and 
handling of non-technical 
data 

No No Yes No Yes Yes 

Open catalogue area for 
non-technical items 

Yes Yes Yes No No Yes 

Multi-user / Multi-language 
Yes Yes Yes Yes No Yes 

Flexible user management 
Yes Yes Yes Yes No Yes 

 

Here are some of the reasons that Engineering Base was selected over other engineering 

software tools as a platform for the development of our WfSS. Where possible, a comparison 

between Engineering Base with its nearest competitor with respect to the IT structure and 

software architecture which is “COMOS”, a product of SIEMENS, will be provided:  

- EB is an object-oriented system. It provides a rich library of object classes in which 

users can associate classes to attributes and representative symbols for various 

diagram types in various engineering domains. Also, users can create arbitrary sub-

classes in EB and modify the attributes and symbols of those subclasses from the main 

class. This provides the possibility and significant capacity of introducing and designing 

a non-engineering environment for workflow (lifeflow) design and management 

completely integrated into the engineering software tool. Most of the other engineering 

software tools are not ready to accept non-engineering concepts mixed in their core 

data model. 

- EB with its object model and the class library can cover engineering activities of FEED, 

Process design, I&C, Electrical and partly automation design in one single database 

and in one data model. COMOS is also an object-oriented engineering software tool 
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that supports concepts of inheritance and association and provides a rich object class 

library. Nevertheless, COMOS is not providing one single data model and a single 

database for a complete plant. COMOS FEED provides the data model for the FEED 

in a database. COMOS PT is providing the process design data model and COMOS 

I&C and Electrical have their own data models and databases. To provide a unified 

data model for all the plant, COMOS is recommending using a synchronizer platform 

which is called COMOS platform that makes the communication between various 

modules of COMOS possible.  

- EB is providing an open API and Webservice communication platform for the 

development of add-on functionalities. This communication portal is based on .NET 

development platform and supports programming languages such as C# which 

provides substantial GUI as well as algorithmic calculation possibilities for methods of 

pathfinding and context evaluation.  

- EB is providing an open catalogue area with both possibilities of inheritance and 

association which new technical and non-technical objects can be placed in and used 

by multiple projects and users. Having a catalogue as a library of reference-models or 

RDM for the design of lifeflows is a crucial parameter. 

- EB is providing the required user management functionalities to enable WfSS to identify 

users per engineering domain, their responsibilities, and their current workload of tasks.  

- EB is providing a multi-user and multi-language environment that can be utilized 

independently of machine operating system and geographical location.  

- EB is providing the possibilities for external communication based on standard formats 

such as XML, AutomationML or XLS. 

Figure 43 depicts the boundary of the domain that engineering base data models can cover 

with the single database.  

 

Figure 43 - Engineering Base and its coverage of engineering domains 

Although “Engineering Base” is found to be the only engineering software platform that was 

providing the technical prerequisites of our concept for WfSS based on lifeflows and reference 

data models, it still has some deficiencies such as lack of availability of 3D object models and 

embedded graphical environment, therefore the lifeflows which were designed in the pilot 

example couldn’t handle the 3D engineering steps. 
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6.3 System structure 

Engineering Base is providing a three-tier architecture based on Microsoft components. The 

database of EB is implemented in SQL server database and this database contains the tabular 

form of data, based on some internal criteria in the platform. This layer is not accessible to any 

of the users or API add-ons. Figure 44 depicts the IT structure of Engineering base. 

 

Figure 44 - IT structure of Engineering Base 

Above the SQL Server database, the application server is responsible for translating the 

tabular storage of data in the database to an object-oriented data model of the plant. Here also 

all the rules and methods for management of data model which is called meta-model reside. 

The next level above the application server is the client level. Clients are applications for users 

to create and modify the data and graphical model. The rich client is a desktop application that 

consists of a tree view explorer with the same look & feel of Microsoft windows explorer for 

navigating through objects structure within the plant data model and a graphical engine based 

on Microsoft Visio. This graphical engine allows representation of the plant data model and a 

network of the process (piping) or electrical (cable and wires) relations. 

On the client level, there is a possibility of using API to develop new embedded add-on 

functionalities which can have direct access to the object model of a plant as well as a meta-

model of Engineering Base. This will allow significant control over the plant data model and 

project deliverables. In our design, WfSS engine is located on the client level and libraries of 

lifeflows and RDM for object classes are located on the database level. Figure 45 depicts the 

designed structure based on the structure of Engineering Base.  
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Figure 45 - Structure of designed WfSS based on Engineering Base structure 

In this constellation, WfSS has the possibility of evaluating the project context via a client at 

the need of the user and has an association to the library of lifeflows and RDMs which are 

considered to be the backbone of finding the next optimal engineering path for every object at 

every state. Once WfSS is concluded the next engineering step for a batch of objects which 

have similar states, it will create suggestions for engineering assignments. These assignments 

can be transformed to tasks assigned to individual users or can be treated as a list of open 

issues in the project to be executed by available engineers. This list can be filtered to certain 

units of the plant, locations, deliverables etc.  

6.4 UI and functionalities 

The user interface (UI) of the developed tool for support of engineering activities in the process 

and automation engineering phases of a plant consists of two main building blocks: lifeflow 

design and object model explorer. Figure 46 is the depiction of these building blocks.  

 

Figure 46 - Architecture of the WfSS and lifeflow library 

Lifeflow design: For the design of lifeflows, a devoted area within the project’s area of EB is 

used. In this section, diverse types of lifeflows for different classes can be designed and 

created. A screenshot picture of the lifeflows area in EB with their attributes is depicted in 

Figure 47. On the left side, the data model of lifeflows for various object classes such as a 

blower, compressor, distillation column, etc. is shown and every node can have its own 

attributes set. In the picture, the attribute set of a variation of a lifeflow object is depicted.  
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Figure 47 - Lifeflow library in EB and attributes of a lifeflow 

A lifeflow can have various alternatives e.g. in Figure 47 three alternatives for a valve are 

created. Attributes of lifeflow alternative objects can define priorities for alternatives, default 

alternative, number of involved engineers, and an overall effort estimate for execution of the 

lifeflow. These values will be used for calculation of least-cost lifeflow depending on the object 

status and context. The graphical representation of lifeflows using BPMN 2.0 in Visio is shown 

in Figure 27. On the lifeflow step level, different attributes are used to characterize a step. Its 

execution description, unique ID, effort estimate, number of involved engineers, default 

responsible department, and default responsible user are some of the main attributes of a step 

that can be seen in Figure 48. 

 

Figure 48 - Attributes of a lifeflow step 
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A screenshot from the first window that a user will interact with by opening the workflow support 

system for a specific object is shown in Figure 49. In this figure, a list of the relevant devices 

aggregated under the starting node will be shown. Here user has the possibility of pre-filtering 

the scope of interest by selecting an object in the plant data model and the WfSS will only 

analyse and show this selected scope. This makes the user interaction more convenient and 

will make the performance of analysing the context and lifeflows reliable and within acceptable 

time frames. 

 

Figure 49 - The main window of WfSS 

Each device contains the links to the lifeflow and to the state within that lifeflow as its attributes. 

Also, it has its state and if available, it is assigned to a department or user. There are four main 

functions that users can perform in this window. Each of these functions will take the selected 

object and execute a certain procedure which is explained in the following:   

“Next Step” function is the main and most used function which combines a sequence of 

different algorithms that will be executed one after another. This function embeds all the 

manual steps which can be decided by the system and only interacts with the user in case the 

decision cannot be made by the system. The algorithms which are performed by selection of 

an object and execution this function include: 

- Finding a suitable lifeflow if it is not available yet on the object. When a new object is 

created, there is no lifeflow associated with it by default. Therefore, the first step is to 

associate a lifeflow. If there is only one suitable lifeflow found in the library, it will be 

automatically associated with the object. If there are multiple alternatives and one is 

marked as default, it will be associated with the object. If all alternatives are equal, their 

feasibility based on the object context and project configuration will be analysed and 

consequently, there will be a selection list of feasible and suitable alternatives with 
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information about total cost estimate and number of users involved. If no lifeflow is 

found, a search for suitable RDM without a lifeflow will be performed and if no RDM is 

found, a search for the suitable pattern will be performed. Each of these references, if 

found, will be associated with the object for further actions. Such association is made 

by writing the UID of the lifeflow, RDM or pattern on a respective attribute of the object. 

- The next algorithm which will be executed automatically after the first one is comparing 

the object context with RDM of an execution step within the associated lifeflow or a 

standalone RDM or a pattern. This comparison will populate lists of missing 

associations, objects, mandatory values for attributes and any other parameter that is 

needed to be engineered to complete the data model. In principle, it provides a to-do 

list for engineers based on having the target of realizing a comprehensive data model 

of every object based on its reference data model.  

- At this step, the user can follow the hints for missing items and engineer the object step 

by step. Every object which is missing will be noted as missing and every matching 

item will be shown in green in the list. Once a step is completed and missing item is 

left, the user can change the object state to “Review”.  

- If RDM within the active step is available, next algorithm is verifying the objects against 

their RDM when they have a Status of “Review”. This state means that engineers have 

performed their activities and tasks and are asking the system for review and 

comparison of the object data model with the reference data model. If the object has 

this status, the system will skip previous algorithms. If the object model is consistent 

with the reference data model of the step or RDM, the review is passed, and next step 

engineering step will be activated. In case during the engineering a change happened 

to the RDM or the related lifeflow, WfSS will not pass the step and the gaps should be 

fulfilled before next step can be initiated. 

- At this point, the next optimal engineering step should be selected by WfSS, if lifeflow 

has feasible alternatives, for every alternative lifeflow, if it shares the same current step, 

an algorithm will calculate the cost of lifeflow to its end and compare it with the cost of 

active lifeflow. This cost calculation is a summation of deferent parameters in all steps 

such as a number of engineers involved, time investment, and a number of external 

import/export communications. In some cases where there is no cost estimate on 

individual steps, users have the possibility of entering the effort estimate for the 

complete lifeflow in the lifeflow object itself. The algorithm in this section is designed to 

find the optimal path towards completeness of the data model throughout a lifeflow and 

it will be executed at the end of each step to provide high flexibility and adaptability.  

- Changing engineering paths for execution of an object is more complicated than just 

comparing a few parameters, nevertheless, these parameters are considered to be an 
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indication of possible better engineering methods that can be offered to users. 

Therefore, instead of automatically changing the lifeflows, in cases where alternatives 

with lower costs are detected, there will be a list of alternative paths with their costs 

suggested to engineers and they can decide if it is logical to change the engineering 

path or not.  

- The final algorithm in the area of lifeflows is when the cost of active lifeflow is lower 

than alternatives or by any other reason the lifeflow switch was not decided. In this 

case, WfSS will activate the next step and open the step execution/configuration 

window. If there is an RDM available within the step, the user can view the delta 

between current data model status and the RDM as a reference data model. Also, the 

user can create tasks for engineers to distribute the responsibilities of executing this 

step of lifeflow. The created tasks with the possibility of having links to the objects can 

be viewed in the “Task view” tab for each user. From the task, the user can navigate to 

the object, view the context status, and view the lifeflow.  

- As described before, it is not feasible or useful in all cases to design a lifeflow for 

execution of an object and instead, a reference data model is the criteria. Nevertheless, 

no object is alone in the plant data model and its model has overlaps and dependencies 

to other models. Such dependencies and overlaps require a thorough analysis of the 

context for the target object in order to provide the next optimal engineering step. In 

this algorithm, the context of an object with its dependencies will be modelled and 

based on that, the next engineering step will be calculated. This algorithm will generate 

a lifeflow automatically from an RDM. Since this lifeflow is generated with no user 

interaction and solely based on the reference data model and its comparison with 

current context, it can be regenerated and adapted following any changes in the RDM 

or the context model.  

Above mentioned algorithms are combinations of different steps executed together. 

Nevertheless, each of these steps can be executed individually and independently.  

View Lifeflow: Here a user can view the assigned lifeflow of every object and the attributes of 

lifeflow and steps. On each object, the user can navigate to the associated lifeflow and explore 

through its data model or can view the graphical representation of it in MS Visio.  

Analyse alternative lifeflows: Comparison of different lifeflows is done at the end of each step 

where there is a decision to be made for the definition of the next optimal engineering step. 

Nevertheless, this comparison and initiation of the respective algorithm can be started at any 

point in time by users. By initiation of this algorithm, feasibility, and cost of available alternative 

lifeflows will be calculated and a list of suitable lifeflows with information about the cost estimate 

based on the current context and status of the object will be generated. 
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View context: The actual state of the data model of an object can be viewed at any point of 

time by users and a comparison to the reference data model will highlight the missing 

associations, objects, and mandatory attributes. In principle, the data model of an object can 

also be viewed within the tree view explorer of the engineering tool which in this case is 

Engineering Base, but this data model is scattered through the project and requires many 

navigations in the data or graphics model. Here a comprehensive data model representation 

of every object with its physical connections such as wires and pipes and logical connections 

such as signals and flow streams can be viewed. Moreover, there can be a comparison to the 

reference model in the engineering tool.  
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7 Application: Engineering of a subsystem 

7.1 Problem description 

To validate the feasibility and advantages of the concept of WfSS based on lifeflows compared 

to utilization of conventional workflow management tools in a pilot plant engineering project, 

the WfSS which was introduced and developed in this dissertation is utilized to provide 

engineering support for engineering of a typical subsystem in a multi-user, discipline-

independent environment based on an object-oriented engineering tool i.e. “Engineering 

Base”. For completion of this task, following scenario can be assumed: For a medium-size 

production plant without any central utility section, it is required to add a new subsystem to 

provide an extra amount of cooling water at continuous flow rate with a predefined temperature. 

Therefore, a “cooling water subsystem” needs to be engineered by a team of process, I&C, 

and electrical engineers. The engineering task description is depicted in a process flow 

diagram (PFD) which is shown in Figure 50.  

 

Figure 50 - Process flow sheet of cooling water supply subsystem 

To execute the engineering of this subsystem using conventional engineering methods, a 

series of steps should be followed sequentially. Additionally, following each change that might 

happen during the project, part of this workflow should be performed iteratively to implement 

the consequences of those changes.  

The first step based on the process flow sheets is drafting the P&ID representation of the 

process. In this step, the requested equipment from PFD will be represented on P&ID with 
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their respective symbols and connection lines. After the P&ID is drafted, engineering and 

specification of equipment should be performed. Only after the complete drafting of process 

engineering aspect of P&ID and specification of equipment, it is possible to initiate the control 

concept design and placement of instruments and their specification based on a first revision 

of P&ID. After this step, piping engineers can initiate engineering of pipes and specify the 

connections. Thereafter, the 3D design and mechanical engineering of equipment can be 

started. Once all these activities are performed, certain revision of deliverables will be 

generated which include instrument’s index, P&IDs, and equipment/instruments data sheets. 

Based on these reports, I&C engineers can start activities for engineering the loops, wiring 

design, terminal assignment, and hook-up specification. Once all the field devices are 

engineered, process automation engineers can start to design the logic charts, assign the I/Os 

to control cards and perform the cabinet arrangements. Figure 51 depicts the sequence of 

phases that should be taken for engineering of this subsystem. There are five phases in this 

workflow each of which will be started after receiving appropriate revision of deliverables of the 

previous phase. By changes in the design, a new revision of these deliverables will be issued, 

and consequences will be applied accordingly through the whole chain.  

 

Figure 51 – Conventional engineering workflow depiction 

Such sequential project workflow in a document-based engineering tool can be managed by 

conventional workflow management systems which track the status of deliverables in each 

phase and qualify them to pass the gateways based on the feedback from engineers.  

To be able to make a comparison between project workflows and object’s lifeflows, a 

hypothetical engineering path of individual items depending on their class in a project workflow 

can be created. This Hypothetical engineering path for every item is bounded to the container 

of that item e.g. diagrams and is dependent on the project phase and discipline. Therefore, 

there will be “waiting” phases for every item after its “individual” engineering phase in a certain 

“project” phase. Although within each phase, depending on item’s specification, some of the 

items can be engineered faster and some slower via different engineering paths, the only 
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criterion for passing every project phase is the last item to be engineered in that group which 

permits the release of diagrams or lists. For example, as long as the operational conditions of 

all valves on a P&ID are not defined, P&ID and valve’s lists cannot be released and I&C cannot 

initiate further engineering of control valves. To have a better comparison possibility between 

project’s workflows and object’s lifeflows, Figure 52 is depicting a hypothetical engineering 

path for a valve in a conventional document-oriented engineering environment. The 

corresponding phases of project workflow are also marked in the workflow chart. In this figure, 

all the waiting steps for creation and release of deliverables are depicted.  

 

Figure 52 – Hypothetical engineering path of a valve in a document-oriented environment. 

A project schedule plan based on the phases which are depicted in Figure 51 is shown in 

Figure 53. Using average and typical durations - which was achieved from the empirical study 

in chapter 3.2 - for such tasks will result in a total project time of 48 days for a team of 1 process 

engineer, 1 mechanical engineer, 1 piping engineer, 1 Instrumentation engineer, and 1 

automation engineer.  

 

Figure 53 - Project plan for cooling water subsystem – Conventional engineering 

Such waterfall approach in a modern and competitive plant engineering industry is not 

preferred. Plant engineering companies demand parallel and globalized engineering methods 
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and such engineering methods can only be realized with object-oriented engineering platforms. 

Conventional workflow management tools still cannot support engineers in such platforms and 

especially in parallel and globalized engineering environments.  

7.2 Engineering with WfSS 

Approaching this engineering project with the support of WfSS which was conceptualized and 

implemented within this dissertation, provides the possibility of treating every individual object 

independent of the overall project workflow and therefore, executing the project steps in 

parallel to each other where possible. By starting the WfSS on cooling water operation unit, a 

list of available equipment for this operational unit which is resulted from PFD design is 

represented in the WfSS (Figure 54). In this example, devices are collected from associated 

PFD which is considered to be the requirement description. This list is an initial to-do list for 

engineers to achieve the complete data model of the requested cooling water system. It shows 

the device designation, device class, the assigned user for the device, the available lifeflow for 

the device, the lifeflow variant, its current active step and state within that step. If no lifeflows 

were found, there will be a hint for the user to create a lifeflow for that certain object type. For 

all devices by default, variant 1 of their lifeflow is selected and since they already have 

representation on PFD, their “PFD” step is recognized as completed and ready for review. 

 

Figure 54 - List of devices from PFD 

On every selected row of the list, users can click on “Next Steps” button to evaluate the next 

optimal engineering step for that selected device depending on its lifeflow, context, and state 

(Figure 54). On this point, WfSS will analyze the lifeflow related to the class of the selected 

object and generates tasks with respect to the active step of the object and its context. Because 

the selected heat exchanger has a representation-link to a sheet type PFD (Figure 55 – Right), 

by a context evaluation the “PFD design” step of the lifeflow which also has the same link in 
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its RDM of the lifeflow step (Figure 55 – Left) is recognized as an already performed step and 

therefore it is marked green in the list (Figure 56).  

 

 

Figure 55 - Link to PFD representation for Heat exchanger 

Figure 56 shows a list of tasks which are generated from the default lifeflow of a heat 

exchanger. These tasks are generated based on the steps that are defined in the respective 

lifeflow variant which is currently active on each device. Each step can have different states 

and when a task is completed, the task line will be marked green on the list. Evaluation is done 

in three parts for design representations, related objects, and mandatory attributes and 

wherever there is a missing data compared to the RDM it will be noted as missing item. By 

selecting the menu of a step in the list (Figure 56), users can make different actions such as 

providing feedback, assigning the task to another user or department, or updating the effort 

estimate of the step to improve the accuracy of WfSS.  

 

Figure 56 - List of tasks generated for the selected device 

Here the next step can be a comparison between the actual data model of the object with the 

RDM which is related to the steps of the active lifeflow to view the details of missing data. By 

selecting the option of “compare data model with RDM”, the actual data model of the object 

will be analyzed and compared with the RDM segment which is associated to the selected step 

of the active lifeflow. Figure 57 shows the result of this comparison and evaluation. Here it is 

shown that the nozzles for connecting the pipes are missing. Therefore, the user can follow 

the suggestions and create four nozzles for the heat exchanger. 
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Figure 57 - Result of data model compare with the RDM segment of the selected step of the active lifeflow 

A navigation menu on the left side of the window in Figure 57 will help the user to go back to 

previous steps if it is necessary. For example, it could be seen in Figure 56 that we have 

skipped the second step which was “P&ID design” and therefore, it is possible to go back and 

perform that step. It should be considered that, although steps can be sequential, it is not 

mandatory to exactly follow them one after each other. For example, here the piping engineer 

can already start to add four nozzles for process and utility connections and connect the 

pipelines and specify them, although, the process engineer should still add the heat exchanger 

itself to the P&ID and data model.  

There can be a predefined priority on object classes e.g. in any unit, first tanks and vessels 

should be engineered. Nevertheless, every user who will access to this project at any point of 

time independent of his/her location, language, or discipline will see the actual status of the 

data model of this unit and can contribute to the tasks, considering access permissions. All the 

changes will be effective immediately and their impact will be visible to all other users and to 

algorithms for context evaluation.  

Regardless of selection sequence, once an object is selected by any user and related tasks 

are executed, the plant data model is modified and consequently, project context is affected. 

Such changes will have an immediate impact on next execution steps of related objects which 

will be generated by WfSS. One example can be viewed on valves with diverse types and 

lifeflows. In the initial phase of the project, clicking on “Next Step” button for each of the valves 

will result in a list of tasks which are generated by default variant of valve’s lifeflow. Figure 58 

is showing this list which includes all the steps of designing valves based on valve’s lifeflow 

variant 1.  
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Figure 58 - Default variant of lifeflow steps for a valve 

As an example, based on the progress of the lifeflow of the heat exchanger, at some point 

during project execution, engineers should define the temperature control concept which 

consequently results in some basic definitions of the valves for controlling the flow rate of utility 

flow line to the heat exchanger. Based on those valve specifications related to the heat 

exchanger, valve types will be defined to be either manual valves, remote DCS control valves 

or local control valves. As soon as this information is available for the WfSS, the tasks that are 

generated for engineering of valves will be different, because they are originated from 

activation of alternative lifeflows and/or RDM which fits the actual object context.  

 

Figure 59 - Definition of valve type 

In our example, the attribute “Valve type” with the attribute identification 10252 on the valve 

object is used as criteria to be compared with the condition attribute on lifeflow alternatives. 

On lifeflow alternatives, multiple parameters can be used for selection of optimal lifeflow 

variant. This attribute contains rules for activation of this variation of valve’s lifeflow and it can 

be configured at the design time of the lifeflow variant or at any time during the project. 

Because WfSS will evaluate the feasibility of activated lifeflows at every step-transition of 

object instances, changing the activation criteria during the project is allowed and will not cause 

any problems. Figure 60 is showing the value of the criterion attribute on the valve. Lefts side 
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is showing the attribute on the valve object and right side is showing the rule on the lifeflow 

variant. 

  

Figure 60 - Criterion attribute on the valve (Left) and Lifeflow variant rules (Right) 

Multiple variations of valve lifeflow are depicted in Figure 64 and application of such rules will 

result in activation of the second lifeflow variant for the valve. Figure 61 shows the list of new 

steps generated from valve’s lifeflow variant 2.  

 

Figure 61 - Activation of an alternative lifeflow variant for valve 

While the “DCS control valves” can follow variant 2 of valve’s lifeflow which starts the I&C 

activities faster by selecting the valves from typicals library, manual valves still should follow 

the default lifeflow of valves which is variant 1. Figure 62 shows a list of valves with diverse 

types and different lifeflow variations. This list is filtered to show all the valves in the project 

independent of their unit or physical location.  

Each of these valves is following a suitable variation of valve’s lifeflow and are in different steps 

of their lifeflow variation independent from project phase. For example, line 3 is showing valve 

V1010 which is following variant 1 of valves lifeflow. It is in the step of “Definition of operation 

condition” and in this step, its status is “New”. Because in the definition of this step, it is already 

known that this step should be performed by “Process department”, valve V1010 is already 

assigned to this department but because it is “New” to this step, it is not yet assigned to any 

user. Line 7 is showing valve V1014 which is following variant 2 of valves lifeflow and is in the 
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step of “purchase” and this step is already taken over by user “KBa” from the department of 

“Inventory” and activities in this step are “In progress”. 

 

Figure 62 - List of available valves with diverse types and lifeflow variants 

The starting point of the explained example was a unit (Subsystem) and users were focused 

on the engineering of that unit. Nevertheless, information about lifeflows, their active variant, 

active execution step and their state in that step is recorded on every object instance by WfSS. 

Therefore, it is not mandatory for all users of all departments to work with the support of WfSS. 

In real projects within large-scale engineering companies, engineers who have a fixed and 

defined scope of actions e.g. user X is responsible for “sizing and rating” or administrators who 

are responsible for certain actions e.g. “ordering material from inventory” will receive their 

assignments by clustering the relevant parts of data model which share same steps and states. 

Examples of such clustering can be a list of all “new objects independent of their type which 

should be ordered from inventory”. This list will sum up all the devices with diverse types which 

are following their own lifeflows, independent of project phase and discipline, and are in the 

step of “order from inventory”. Thereafter, this list which is created automatically based on the 

actions of WfSS can be assigned to a user and afterwards, the state of “order from inventory” 

step will change from “New” to “In progress”. Figure 63 shows another example for all the 

devices which are in the same step i.e. “purchase” and their state in this step is “New” and can 

be assigned to a user from the department of “Inventory”.  
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Figure 63 - List of devices with different lifeflows in the same step and state within that step 

As soon as they are assigned to a user, their step will remain “purchase” and their state will 

change to “In progress” until the “Purchase” step is finished. Then their state either will be 

“Review” of the finished step or will be finished and next step will be started in which their state 

in the new step will be again “New”. 

7.3 Achievements 

Compared to Figure 52 which was a hypothetical engineering path of valves in a conventional 

document-oriented engineering environment, Figure 64 depicts multiple variations of lifeflows 

for valves which can be utilized in an object-oriented parallel engineering environment and can 

be activated by WfSS based on different configurable criteria resulted from context evaluation. 

The second variation of this lifeflow can be designed for local control valves which can be 

defined based on typicals.  

Due to their independence from the central control system, their wiring engineering can already 

be specified in a typical data model and reused in the project data model. Therefore, the design 

of their logic diagrams and controller assignment is their next step after their operational 

conditions are defined. In other words, the major part of their I&C engineering can be 

configured based on typicals.  

Each of these variations is an object in the data model of valve’s lifeflow and therefore they 

have their own attributes e.g. activation condition, and associations to multiple valve instances 

in different active projects.  

Comparison of Figure 64 with Figure 52 shows that all the waiting steps to pass an engineering 

phase can be omitted and every object can go through next steps of its engineering path 

independent of other unrelated object’s states. Moreover, once objects are treated individually 

in their lifeflows, their optimal paths can be activated instead of a generic engineering path. 

This will result in more agility in a parallel engineering environment.  
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Figure 64 - Lifeflow variations for valves 

Figure 65 is a depiction of the same steps for engineering of a subsystem which are 

represented in Figure 51, but now in a parallel engineering environment. Here, generation of 

documents is not a prerequisite of starting the next engineering step for objects. In this 

workflow, every object can be treated by any discipline at any point of time depending on its 

individual status during the project execution and the WfSS can guide engineers on the optimal 

time point towards the optimal engineering step on each of the objects depending on their state 

and lifeflow. Documentation can be considered to be the side-product of engineering the plant 

data model.  

Comparison of Figure 51 and Figure 65 shows the steps that can be omitted from the overall 

workflow. It was described before that such parallelization of tasks is not feasible in any 

conventional document-based CAE tool which is not based on the concept of discipline-

independent object-oriented engineering. Moreover, even in object-oriented systems, parallel 

engineering without any adaptive and context-sensitive engineering support system will not be 

effective and can potentially cause a chaos and confusion about engineering tasks to be done. 

Conventional project workflow support systems are also not able to provide adequate support 

for such parallel engineering.  
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Figure 65 - Parallel engineering workflow depiction 

Figure 66 shows the project planning of same tasks using an object-oriented plant engineering 

platform with the support of a workflow support system. Here the instruments that will be placed 

on the P&ID through drafting step will be immediately visible to the instrumentation engineer 

and depend on their generic types and their selected variant of the lifeflow can be further 

treated in instrumentation department. Here instrumentation engineer can start performing 

engineering as soon as each instrument reaches to a definite state in its lifeflow and therefore, 

he is not obliged to wait for final release of P&ID.  

 

Figure 66 - Project plan for cooling water subsystem - Parallel engineering with WfSS 

Automation engineer can start the engineering tasks as soon as the related objects are ready 

for their automation phase in their lifeflow, independent of project overall state. For equipment 

or instruments which require instrumentation and automation in their lifeflow, there is an 

overlap of “control concept design” and “Instr./Electrical” and “Process automation” tasks. As 

Concept 
design (PFD)

Start

P&ID drafting

Equipment 
specification

Piping specification 
and connection 
specifications

Control concept 
design and 

Instruments 
placement in P&ID

3D design / 
Mechanical design

Instrumentation/
Electrical engineering 
(Loop design, wiring, 

terminals assignment)

Process Automation 
(Logic diagram design, 

I/O Assignment, 
cabinet arrangement)

End

Instruments
List & Index

P&IDs Equipment/
Instruments
Data sheets

Logic 
charts

Electrical
diagrams

Cabinet 
layouts

Loop 
diagrams

Instr. 
Spec

Single 
lines

PFDs



125 

 

 

Application: Engineering of a subsystem 

a theoretical estimate based on findings from an empirical study which was represented in 

chapter 3.2, process automation task can be started when more than 50% of instrumentation 

task is performed. 

Using WfSS, the real execution of the project will not exactly follow such plan and schedule 

because the drivers of the project are object’s lifeflows and not a project plan. Therefore, even 

creation of a task’s schedule plan such as Figure 66 is not necessary or helpful when lifeflows 

are in use. WfSS will guide engineers to initiate engineering activities on relevant objects at 

the optimal time and considering the optimal engineering step at every phase. Figure 66 shows 

that the theoretical overall project duration is reduced to 26 days by parallelization of certain 

tasks and Figure 67 shows about 45% time-saving by parallelization of tasks using an object-

oriented parallel engineering environment with the WfSS.  

 

Figure 67 - Project duration comparison between conventual engineering and parallel engineering with WfSS 

Combination of all the explained parameters and concepts together will shape a flexible, 

adaptive, and context-sensitive plant engineering workflow which is based on the actual 

context of the project and provides suggestions about the next optimal engineering steps for 

individual objects or cluster of objects in the same state.  
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8 Conclusion 

8.1 Hypothesis 

Engineering software tools and related computer-based technologies for process and 

automation engineering of production plants are continuously bringing more possibilities and 

opportunities to engineering execution methods. These possibilities and opportunities will 

significantly decrease the engineering time and increase the quality of deliverables through 

automation of tasks which can only be realized based on advanced technologies such as 

domain-independent plant data model-driven engineering.  

On the other hand, such advanced technologies will bring complications and workflow adaption 

challenges to the daily work of engineers. The main question to be answered here is; how it is 

possible to provide an effective engineering support for process and automation engineers in 

such ever-increasing complicated landscape of engineering software tools and project 

dynamic constellations?  

Various academical and industrial efforts during last few years are good indications of 

increased demand for a reliable and effective answer to such question in the current complex 

ecosystem of engineering software tools and complications of modern process and automation 

engineering, considering globalization of projects, tight competition, and dynamic business 

models of companies.  

Common process and automation engineering practices around the world could not rely on 

conventional workflow management tools as engineering support systems because they lack 

characters such as flexibility, adaptability, and context-sensitivity. To support engineers in their 

daily work of engineering a production plant, an engineering support management tool should 

at least provide the aforementioned capabilities as well as conforming to advanced engineering 

software technologies.  

The era of document-based engineering of plants is ending and object-oriented plant modelling 

is one of the fundaments of next generation of engineering software tools and on this basis, 

new methodologies can be introduced that can provide possibilities of conceptualizing 

solutions for the challenges mentioned above. Therefore, in this dissertation, a new 

methodology for management of technical and non-technical virtual objects in an object-

oriented model-driven engineering software platform is described. This methodology is based 

on a novel concept of creating a new aspect to the objects in a plant data model. This new 

aspect is the definition of object’s path towards their maturity i.e. fully engineered status within 

their context in the plant data model. This path is called lifeflow and defined as a sequence of 

events and actions that should happen for every individual object depending on its class to be 

specified and engineered. These events and actions might happen in different engineering 
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disciplines by different users with various competencies, languages, physical locations, access 

methods etc., nevertheless, execution of every step within the lifeflow of every individual object 

is the bottom line for achieving the next engineering step and as a summation of all objects, 

achieving next engineering phase in the project. This system is based on fundaments of 

flexibility, adaptability, context-sensitivity, and conformity to modern technologies of 

engineering software tools. 

The introduced methodology can have various use cases and opens many new possibilities in 

domains of engineering methods and support systems as well as enhanced learning and 

communication capabilities between objects in certain states within their lifeflows and within a 

plant data model.  

8.2 Findings & solutions 

In this section, outcomes of two main parts of this dissertation are summarized. The first part 

is the outcome of an empirical analysis of workflows and the parameters that can have an 

impact on the design and execution of workflows. The second part is the outcome of design 

and utilization of a novel approach for engineering support systems based on an object-

oriented data model-driven engineering software tool i.e. Engineering Base. 

8.2.1 Analysis of workflows 

Analysis of workflows in different process and automation engineering companies showed that 

there are different alternatives to workflows for different domains and disciplines for process 

and automation engineering of a production plant and execution of these alternatives is 

dependent on various parameters such as business model, human resources and company 

location, plant’s location, and the IT landscape. Among these parameters, business model and 

IT landscape which reflects the software tools have the highest importance and biggest impact 

on selection and execution of a workflow.  

The business model can define the specification of data or document intakes and deliverables 

within all the involved disciplines, the arrangement of resources, collaboration with 

subcontractors and manufacturers, methods of tendering and work package distribution and 

feasibility of typical-driven engineering style. The IT landscape which is the ecosystem of 

technical and managerial software tools can dramatically change engineering execution 

methods. Digitalization of engineering processes has provided numerous possibilities of 

automating routine tasks and drastically reduced the effort for communications and 

synchronization between various involved disciplines. Higher quality and more consistency of 

documentation achieved throughout object-oriented and model-driven engineering have 

significantly reduced the effort for verifications at the quality gates. Moreover, technologies 

such as web services for engineering tools and managerial tools have considerably increased 
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the possibilities of machine-to-machine communication and therefore the boundaries between 

tools are being removed gradually. Such communications will reduce the need for additional 

human-driven engineering steps for sending or receiving (import/export) data and documents 

between different discrete systems. Such data ports between systems not only will eliminate 

the data transport steps in the workflows, but also reduce the need for quality checks and 

reviews after every transport iteration. Removing barriers between different engineering 

software tools has such significant impact on the efficiency of the overall engineering workflow 

that various organizations have initiated efforts for generation of generic or domain specific 

standards and formats which provide more synergy during the execution of a project. The most 

important of these standards and responsible organizations are ISO15926, IEC62424, DEXPI, 

and NAMUR. Further openness, acceptance, and deployment of each of these standards in 

engineering companies and software vendors will provide more possibilities of enhancing and 

optimizing engineering workflows.  

Beside the two main factors which were mentioned above, there are other parameters such as 

company’s location, plant’s location and human resources that can have an impact on the 

workflows. Nevertheless, globalization of engineering projects and high-speed internet 

connections provided the possibility of providing engineering software tools available to any 

participant independent of user’s location, language, and competence. Moreover, remote 

access capabilities are independent of the IT structure of clients. Such possibilities provided 

more opportunities to engineering companies to reduce the deviation from standard workflows 

due to lack of available local resources, challenges of language or cultural differences or lack 

of special software tools for all users around the globe. This provided vast capabilities for 

international engineering companies to distribute the engineering phases round the clock. As 

a result, the impact of these parameters as sources of deviations on the execution of a 

workflow has significantly reduced but their influence on optimization of the design of a 

workflow that is effective and competitive is increased. An engineering workflow which is not 

taking advantage of globalization and remote execution possibilities is simpler to be designed 

but far from its optimality and effectivity in the execution.  

Each of the above-mentioned factors has a significant impact on the design and execution of 

workflows, nevertheless, their exact influence on the realization of a workflow depends on the 

severity of the parameter and project context and sometimes even the consequences might 

be unpredictable. The complexity of plant engineering project execution combined with a 

network of parameters resulted in a deviation from the optimal workflow in almost all the 

analysed cases. Such conditions will significantly increase the complexity of creating a 

workflow support system that can accurately provide necessary support for engineers 

depending on the project context in their daily activities. The best practices around engineering 

workflow management are limited to management of tasks and deliverables. Methods of 
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generation of tasks, the sequence of execution of steps and handling the consequences in 

these cases are relying on the experience of senior engineers or similarities to comparable 

projects which were executed before. Various tasks and requirement management tools were 

identified in different disciplines. Such task management tools were mostly limited to fixed 

designed workflows and manual generation of tasks by users, based on the status of the 

project and the individual decision of users. Also, the status of the tasks is highly dependent 

on feedback from users. Most of the task management tools were isolated and provided no 

deep integrations with engineering tools and there was no relationship between the project 

context and the workflow management tool. For every new alternative or change in workflows, 

a new set of steps and criteria for gateways and decision points should be designed and 

implemented into the workflow systems.  

Above understandings resulted in the conclusion that state-of-the-art industrial tools and 

academical concepts are not providing acceptable methodologies or solutions to support 

process and automation engineers in their daily activities and therefore a novel concept and 

methodology are suggested in this dissertation.  

8.2.2 Engineering workflow support system 

The introduced approach for the design of an engineering support system is based on 

utilization of object-oriented model-driven engineering tools and is suggesting utilization of a 

new aspect of objects i.e. lifeflows as the backbone of a flexible and context-sensitive 

engineering support system. Moreover, RDMs defined by ISO15926-part 2 and DEXPI was 

used as a base for having reference models to analyse the context of each object within the 

data model of the project. The following understandings were outcomes of prototyping and 

evaluating the suggested methodology: 

- One of the main challenges of modern plant engineering is a tendency towards 

simultaneous engineering rather than sequential engineering. Conventional workflow 

support systems could not provide the possibility of simultaneous parallel engineering 

and were based and limited to sequential engineering. Utilization of lifeflows provided 

the possibility of simultaneous engineering because every object is living in its own 

engineering path regardless of the project phase. Therefore, at any point of time and 

by any user, certain objects can be accessed, engineered, and qualified for passing 

their current phase and moving to their next engineering step. Once all the objects of a 

certain type and certain lifeflow have passed a phase e.g. all specifications of sensors 

and actuators are defined, this dissertation phase can be passed e.g. “instrumentation 

specification completed”. In this method, the project phases and state of the project at 

any given time are not depending on the feedback from engineers or abstracted status 
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of deliverables but it can be automatically concluded as a summation of the status of 

relevant objects in their lifeflows.  

- Utilization of lifeflows provided the possibility of designing an execution support system 

which is independent of engineering disciplines and conventional project milestones 

such as the release of certain deliverables e.g. P&ID. The support system could 

suggest the next engineering step for all the same-class objects which are in the same 

phase of their lifeflows regardless of plant documentation. Therefore, the support 

system is also object-oriented and model-driven. Additionally, an object can be a 

drawing e.g. P&ID and it can have its own lifeflow which can be a non-technical lifeflow. 

Therefore, the concept of lifeflows also provided the possibility of realizing both 

technical paths e.g. engineering path to design a pump as well as managerial and 

organizational path e.g. document revision and release management, for various 

classes of objects. Such capability doesn’t exist in conventional workflow support 

systems.  

- Two of the other main challenges in the domain of workflow and engineering support 

systems is the flexibility of the support system and its sensitivity and awareness about 

the actual engineering context. The scope of context can be defined as the boundaries 

that can be defined per object class and an example of such definitions can be found 

in RDL of ISO15926 or can be the overall data model for a certain unit or functionality 

in a plant. In both cases, having lifeflows of every object instance and the information 

about the status of the object within its lifeflow can provide a reliable fundament to 

evaluate the context. Evaluation of such context can result in various conclusions. One 

conclusion can be the definition of lists of missing required objects, associations to 

objects or mandatory attributes. Such lists can provide a good overview of the next 

mandatory steps that should be taken to complete the engineering of an object, unit, or 

function. Nevertheless, providing such lists requires a comparison between the current 

object’s context and a reference data model (RDM). Such RDM can be retrieved from 

international standards in various engineering domains such as DEXPI for P&ID design 

object types or can be designed within a company to form a proprietary library. Such 

models can be updated and modified at any point of time during the project lifetime and 

the support system can always compare the actual object’s context to up-to-date 

reference models and provide the missing elements to be defined as tasks for 

engineers. In this method, a high degree of flexibility and awareness about the actual 

engineering context is achieved which can provide more accurate and reliable 

orientation for engineers in their daily activities.  

- To identify the next optimal engineering step for objects which were associated to 

multiple lifeflows, a calculation was performed which had two sequential steps. First, 
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the feasibility of the lifeflow was evaluated and then the cost of completion of lifeflow 

was calculated. The criteria used in the feasibility step was sharing the same actual 

step as the starting point for switching between lifeflows. Nevertheless, the concept of 

lifeflows and their steps allows the definition of preconditions for the complete lifeflow 

or every step as attributes of lifeflow or steps. This way, lifeflow designers even have 

the flexibility of blocking certain engineering paths if some conditions are not available 

in the project or context as well as pushing alternative paths at specific situations. Such 

flexibility of automatically optimizing the engineering paths on the object level 

independent from the project workflow, gateways, and milestones, user’s 

competences, location, access methods, language, etc. is another result of utilization 

of lifeflows and evaluation of context in an engineering environment. Moreover, since 

the lifeflow is defined on the object level, the engineering paths are not abstracted on 

the project level and adjusted to every individual object depending on its class, context, 

and state (maturity) in its active lifeflow.  

Although it is not always feasible to design multiple lifeflows for all the object classes, 

having multiple lifeflow alternatives in classes of technical objects which have 

numerous subclasses e.g. valves and sensors were found to be possible and helpful. 

Moreover, for non-technical classes e.g. P&ID sheets or reports alternative lifeflows 

found to be quite common due to various parameters such as agreements with clients 

or different revision and release in different industries e.g. nuclear plant industry and 

special regulations for document approval. 

The second step in the calculation of an alternative lifeflow is the cost calculation of 

completion of a lifeflow. This step was evaluated based on a few parameters such as 

estimated number of users, estimated engineering hours, and the estimated rate of 

external communication. These parameters were configured as attributes of individual 

steps of lifeflow. These attributes are filled manually during the design phase of a 

lifeflow and can be optimized during the execution of the project. Since the objects are 

associated to lifeflows and lifeflows are not instantiated, the cost calculation will always 

be up-to-date. Cost calculation of a lifeflow will not automatically result in switching 

between lifeflows because there can be more parameters involved in the decision for 

execution of an engineering path. Therefore, once the cost of a lifeflow is calculated 

and is in a comparable range compared to current active lifeflow, a suggestion list with 

the result of the calculation will be provided to the user. There the user can decide if an 

engineering path of an object can be changed to a lower cost path. Although currently, 

this step consists of a relatively straightforward calculation method and manual switch 

between alternatives, the concept of lifeflows provides the capacity of introducing new 

attributes as new criteria for efforts of steps and implementing more detailed calculation 
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methods to finalize more reliable outcomes of calculations. In this case, even the switch 

between alternative lifeflows based on the execution cost can be automated in the 

execution support system.  

- The benefits of designing lifeflows are elaborated and clarified but designing a lifeflow 

for all the classes is a time-consuming task. On the other hand, the data model for 

various classes can be relatively easier to extract from reference data libraries available 

in ISO15926 or a library of executed projects. Therefore, for the case where there is no 

lifeflow designed for a class, two methods of interpreting the data model and generating 

a lifeflow were introduced. The level-based method didn’t provide the optimal result, 

the rule-based method provided the qualified outcome as a lifeflow that can be used 

for execution of the project. The rules for interpretation of the data model are 

configurable and can be optimized. The interpretation procedure for creating lifeflows 

from RDM is not performed during the runtime and is executed upon request of users.  

- Integration of a support system with real-time engineering data was another challenge 

that was addressed in this dissertation and a solution based on the concept of lifeflows 

was suggested. The concept of object’s lifeflows and methodology of utilizing them is 

a generic one that can be implemented on the foundation of every object-oriented 

engineering software. If a software has the capacity to cover the complete lifecycle of 

the process and automation engineering of a plant, the content of lifeflows for every 

object class can also cover the complete life path of a technical or non-technical object. 

In case the data model of an object-oriented engineering software platform is limited to 

a certain discipline, still, the concept of utilizing lifeflows can be a significant value in 

supporting engineers in the execution of an engineering project. 

To have the complete execution support system in a new object-oriented engineering 

software, that software should provide the possibility of designing lifeflows for object 

classes and an association between classes and lifeflows. Additionally, the designed 

WfSS should have the authority and capability of analysing the context of a plant data 

model, executing lifeflows and managing the tasks to be executed by users. 

- One challenge of utilization of lifeflows can be that design of lifeflows is more 

complicated than the design of engineering workflows. During many years of 

experience and numerous projects and publications about methods of plant design, the 

definition of phases in a plant engineering project is comprehensively specified and 

validated. Nevertheless, so far there is none to very little experience on the sequence 

of events that should happen for each object based on its class in a plant data model 

to reach its maturity in its specification and documentation. Therefore, the challenge in 

designing lifeflows can only be dependent on invested time and experience which is 
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missing in the prime phase of such methodology. Additionally, the platforms that 

provide the capacity of containing the full and unified plant data model are in their 

primary phase and therefore validation of lifeflows are limited to such engineering 

software platforms. Also, these platforms are proven to provide significant benefits and 

savings to the engineering phase of plants and are spreading fast among early 

technology adopters in the domain of process and automation engineering of 

production plants.  

Above mentioned points concluded that utilization of lifeflows and designed WfSS together will 

shape a flexible, adaptive, and context-sensitive plant engineering workflow which is based on 

the actual context of the project and provides suggestions about the next optimal engineering 

steps for individual objects or cluster of objects in the same state. This can provide solutions 

in situations that conventional workflows were unable to support engineers effectively.  

8.3 Vision & future possible research 

The concept of object’s lifeflows provides a wide range of possibilities that can be utilized 

during the engineering and operation phases of production plants. This concept can be 

considered as a complementary section of the architecture of any modern object-oriented 

engineering platform. In a current research project, a different aspect of an engineering support 

system which is based on object’s lifeflows and can be implemented over object-oriented 

engineering tools was elaborated and discussed. One of the main actions that can be followed 

in this topic is a generation of more lifeflows for all technical object classes which are defined 

in widely accepted standards such as ISO15926 and ISA.  

An execution support system is only a use case of such generic concept and various other 

methodologies can be developed that are based on lifeflows and potentially can improve the 

efficiency of engineering as well as operation and maintenance of plants. In this section, other 

potentials of this concept and methodology will be shortly introduced:  

- Industry 4.0 or IoT has introduced the possibility of communication between machines 

and devices. In the design phase, these machines and devices are virtual objects which 

hold the complete design specifications and history of decisions. So far there are many 

scientific activities which are focused on building communication protocols and 

methods between objects. Nevertheless, these communications are limited to sessions 

of data transfer and are not able to have an overview of the past and the future 

engineering path of each of communicating objects. By utilizing lifeflows of objects, 

each communicating object can have the possibility of recognizing the previous 

engineering steps and future engineering steps of its counterparts. Such recognition in 

case of similar class objects can conclude a form of knowledge transfer platform 
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between more mature objects in their lifeflow to younger objects. Such flow of know-

how between objects about past experiences can be an extra source of information for 

engineers for decision making. In case of dissimilar classes but related objects, such 

communications can result in more efficient engineering decisions e.g. a control cabinet 

which already passed its heat rate and cooling system test cannot accept new terminal 

racks (which are generators of extra heat) even though the cabinet might have free 

space for new I/Os to be allocated to it. In this case, the engineering step of the control 

cabinet in its lifeflow is known and its counterparts which are other cabinets in their 

earlier phases of engineering or I/Os which are ready to be allocated to certain control 

cabinets are also known to the system.  

- In the engineering environment, there are numerous standards for the definition of 

engineering and non-engineering object classes, their graphical representation, and 

sets of their attributes in various languages and disciplines. Up to this date, no local or 

international standard could be found on the definition of steps that should be executed 

to reach a mature data model for an object of the certain class. Development of such 

standard can result in utilization of an object’s lifeflow in a distributed environment of 

different object-oriented software tools for different applications such as process and 

electrical simulation, engineering documentation, control design, maintenance, and 

operation.  

- Shifting between alternative lifeflows is one of the major benefits of utilizing lifeflows 

because it provides a wide range of flexibility for execution of projects depending on 

various parameters and conditions of individual objects. The algorithms for evaluation 

of alternative lifeflows can provide valuable hints for engineers especially in cases 

where some engineering paths can result in high time investments, unmanageable 

external communications, and need of non-existent resources or competences. In 

conventional engineering workflows, such situations are often unpredictable and can 

cause significant delays and budget overruns. Experienced engineering managers can 

estimate the detailed execution steps of a project and avoid such impasses, 

nevertheless, the complexity of modern, distributed, and globalized process and 

automation engineering bring new challenging aspects which are even outside of most 

project managers experience. Utilization of lifeflows and enhancement of their 

characterization and improvement of the algorithms for evaluation of lifeflows can 

potentially provide more reliability on the selected engineering paths and avoid any sort 

of deadlocks. Although these improvements in lifeflows and evaluation algorithms will 

not directly have any impact on the efficiency of engineering activities, they can 

significantly increase the accuracy of planning the project and lower the risks of 

deviations due to unpredictable factors by humans. 
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In current algorithms, the parameters that are used include the estimated number of 

users, the estimated engineering hours, and the estimated rate of external 

communication. Enhancement of calculation algorithms can include more generic or 

company specific parameters in the specification of steps in the lifeflows and 

consequent actions. Additionally, in this dissertation, no dependencies between the 

steps in the lifeflows and external or non-technical variables are defined. Addition of 

such parameters will increase the complexity of evaluation of lifeflows but also 

increases the reliability of those evaluations and the decisions that are made based on 

them.  

- Another possibility of improving the accuracy of lifeflows is designing tracking 

mechanisms for tracing the real values of cost and effort parameters in different objects 

and refining the values in the steps of lifeflows. For example, the engineering time for 

realization of a step, the number of users involved and a number of export or import 

actions can be traced from the engineering tool and by utilizing a feedback algorithm, 

the values of these attributes on the steps of lifeflows can be averaged and updated. 

This can be one example of the opportunities that can be achieved by designing 

learning mechanisms from the activities of individual objects to improve the accuracy 

of lifeflow for a class of objects.  

- In the current project, it was assumed that the models of completeness for applications 

such as evaluation of the context are predefined based on best practices or reference 

data libraries such as ISO15926-Part 2 or DEXPI. In a platform where numerous 

projects are already executed or are being executed in parallel, there can be thousands 

of objects with the same class which is already fully engineered and completed. In 

conventional engineering there are many challenges for reusing the models of the 

completed objects such as; finding objects (Devices, functions, modules etc.) with the 

same characters, evaluating their relevance to be used as a reference model and lack 

of possibility to compare all the similar objects in different projects.  

As an enhancement, it would be possible to collect and analyse the similar objects with 

the similar context in different projects with the target of generating a model of 

completeness or RDM for object classes based on already executed projects. This 

approach can be helpful in subsystem engineering companies that have numerous but 

small to medium size projects and tend to drive their engineering workflows towards 

modular design. In such cases, for every new object, the system can provide the 

overlaps of data model structure from all previous projects as a mandatory basis for 

the data model structure of similar new objects and therefore guiding engineers 

towards completeness of object data models and eventually the complete plant data 

model. For this approach, the methods of context analysis and comparison which were 
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introduced in this dissertation can be reused for comparison of object’s data models in 

different projects.  

- Another potential capability of lifeflows especially in the operation phase of plants is 

their usage in the concepts of scheduled and predictive maintenance. Since the 

operational phases of an object can also be included in its lifeflow and can be 

maintained during its service in the plant, the scheduled maintenances also can be part 

of the lifeflow. In the concept of predictive maintenance, algorithms are relying on the 

feedback data from the operation of the plant and try to interpret and predict the 

consequences of readings from various indicators in the plant. Lifeflows can provide 

guidance for such algorithms to track the history of engineering steps and sequence of 

actions that should happen to a device based on its class and conditions in the plant.  

Above mentioned points summarize some of the further subjects that can be addressed based 

on utilization of lifeflows as a new aspect of objects in object-oriented software tools for plant 

engineering. 
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