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Abstract  

The purpose of hospital buildings is to enable the diagnosis, treatment and caring of 

patients. Hospital configurations are therefore complex and deficient functionality at the 

final delivery of construction projects are a known issue. Configuration management is 

essential to ensure that all required functions are fulfilled. Digital building model data can 

provide the necessary information to support management of hospital configurations. 

Data based decisions are dependent on a baseline that contains all required functions. 

Thereafter, connections between data regarding functions, solutions and production 

methods should be established. This knowledge provides opportunities for automated 

data analyses giving real time accurate configuration information, enabling the prevention 

of deviations from the client’s intent and streamlining processes. The studies in this 

compilation thesis investigate this subject from different perspectives. Literature reviews, 

case studies and quantitative analyses of digital building data were the methods used. The 

results show that the systematic management of data and information can ensure hospital 

configurations that fulfil required functions at handover. These studies provide a 

conceptual model showing how configuration information applies to the construction 

project processes. The proposed detailed decision model shows how data from building 

models can support hospital configuration decisions in construction projects. Studies 

show that hospital construction projects management of configuration changes 

information is deficient. Manually managed logs contained insufficient information about 

the changes, while the building model data unused by the investigated projects was 

significantly more reliable. A risk analysis shows that data based configuration decisions 

in construction projects can prevent hospital building deficiencies, or facilitate recovery 

if they have already occurred. Digital technologies can improve the accuracy of 

configuration information, on which automated and industrial production equipment are 

dependent. However, construction project research seldom addresses the potential 

synergy and sustainability effects of different technologies. All case studies performed 

show that the current configuration information management in hospital projects is 

incomplete. Consequences found were cost increase, delays, reduced client value and 

corrective rework. The overall conclusion is that data based decisions can improve the 

control over hospital configurations, ensuring healthcare functions, construction project 

outcomes and sustainability. This thesis identifies a new research field by showing the 

potential of data based configuration decisions.  





Sammanfattning 

Syftet med sjukhusbyggnader är att möjliggöra diagnostisering, behandling och vård av 

patienter. Komplexiteten i utformningen av sjukhus gör att bristande funktionalitet är ett 

känt problem vid slutleveransen i byggprojekt. Därför är styrningen av utformningen 

viktig för att säkerställa att alla erforderliga sjukvårdsfunktioner uppfylls. Digitala 

byggnadsmodeller kan tillhandahålla data som ger information som stödjer styrningen av 

sjukhusutformningar. Databaserade beslut kräver en tydligt definierad basutformning 

innehållande alla funktionskrav. Därefter behöver datasamband mellan funktioner, 

projekteringslösningar och produktionsmetoder fastställas. Denna kunskap ger möjlighet 

till automatiserade analyser som ger information om utformningen i realtid, vilket 

förebygger avvikelser från kundens intentioner och effektiviserar processer. Studierna i 

denna sammanläggningsavhandling undersöker detta ämne med olika perspektiv. 

Litteratursammanställningar, fallstudier och kvantitativa analyser var metoderna som 

användes. Resultaten visar att systematisk hantering av data och information gällande 

sjukhusutformningar möjliggör säkerställande av att funktionskrav uppfylls. Studierna 

tillhandahåller en konceptuell modell som visar hur utformningsinformation kan 

användas i byggprojektprocesserna. En detaljerad beslutsmodell visar hur byggnadsdata 

kan förse sjukhusprojekt med utformningsbeslutsstöd. Undersökningar av hur 

information gällande utformningsändringar hanterades i sjukhusbyggprojekt visade på 

brister. Manuellt hanterade loggar innehöll bristfällig information gällande ändringar, 

medan de av projekten oanvända byggnadsmodelldata signifikant hade förbättrat 

tillförlitligheten. En riskanalys visar att databaserade beslut kan förebygga 

utformningsbrister i sjukhusprojekt och underlätta en återställning om de uppkommit. 

Automatiserande industriella produktionstekniker är beroende av tillgång till tillförlitlig 

av utformningsinformation. Resultaten visar att potentiella synergi- och 

hållbarhetseffekter av olika teknologier sällan adresseras inom byggprojektforskning. 

Alla fallstudier som gjorts visar att nuvarande hantering av utformningsinformation är 

ofullständig. De konsekvenserna som hittats är kostnadsökningar, förseningar, minskat 

kundvärde och korrigerande omarbetningar. Den övergripande slutsatsen är att 

databaserade beslut kan öka kontrollen över sjukhusutformningar, vilket säkerställer 

sjukvårdsfunktioner, byggprojektutfall och hållbarhet. Denna avhandling identifierar ett 

nytt forskningsområde genom att påvisa potentialen i databaserade utformningsbeslut.
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Chapter 1 

Introduction 

Traditionally, engineering processes include designing, developing and producing 

technical artefacts. Besides the structure and function of technical solutions, the intended 

use is important. Hospitals are complex buildings, where the fulfilment of intended use is 

essential to ensure patients safe and adequate care. Problems with deficient healthcare 

functionalities at delivery in construction projects are not uncommon. Hospital 

configurations consist of components, parts, systems that are interrelated. However, to 

manage configurations require information on not only components and design solutions, 

but also the intended functions, feasible productions methods, verification and changes. 

The acceptance values for each function are the boundary conditions for the design 

solutions. Feasibility analyses ensure production methods that realise each design 

solution and fulfil intended functions. Continuous verification of functionality fulfilment 

and change control prevent deviations from the client’s requirements. Maintaining clearly 

defined functions throughout the production phase ensures that the delivered hospital 

configurations fulfil them. In addition, unambiguous configurations have the potential to 

improve overall outcomes and sustainable development in construction projects. The 

rapid advancement of new digital technologies facilitates the management of 

configuration information. Moreover, accurate real time digital configuration information 

is a prerequisite for controlling automated equipment, such as robots. 

Today, the success of construction projects not only depends on the measurements of 

time, cost and quality; other criteria are also important, such as client strategies and 

product performance  (Pärn et al., 2017). Traditionally, construction projects focus on 

project outcomes, while the definition of the product is incremental and continues even 

during production  (Larsen et al., 2016). Product development and manufacturing focus 

on product configurations with a lifecycle perspective (Zhang, 2014). According to the 

ISO 10007 guidelines for configuration management (ISO, 2017), the hospital building 

functions should constitute the overall boundary conditions for the development of 

products and its realisation in a project, which Figure 1.1 illustrates. 
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Figure 1.1: Illustration of the relationship between boundary conditions, product and 

project in configuration management. 

Control over configurations requires reliable and accessible data in real time to provide 

accurate information. In the future, configuration information will be a prerequisite for 

optimising the benefits of digitalisation and automation technologies, such as providing 

opportunities to automate processes and develop products based on large data sets. An 

end-to-end perspective is essential to create unimpaired value chains and facilitate the 

digital transformation of processes. Predefined building configurations based on 

information from previous projects and operational use enable optimisations. The United 
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Nations Environment Programme (UNEP) identifies this as essential for preventing 

unnecessary construction work and decreasing environmental impact (UNEP, 2020). 

Data and information about hospital configurations are not limited to the building 

lifecycle. Even after the demolition of a building, its information can transfer knowledge 

to future construction projects and facility management (Hairstans and Smith, 2018), 

which the continuous flow in Figure 1.2 illustrates.  

1.1 Purpose and objective 

These studies were initiated by problems with construction projects delivering hospital 

configurations with unfulfilled functional requirements. Configuration management 

processes aim to define and maintain required functions (ISO, 2017). The research subject 

of end-to-end management of configuration information in hospital construction projects 

is new. It differs from project and construction management by focusing on the product 

configuration regardless of stakeholder and phases (Santos et al., 2017b). In addition, the 

Figure 1.2: Construction projects are part of a building lifecycle, while the 

configuration information is continuous. 
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configuration information asset is not limited to the construction project duration 

(Hairstans and Smith, 2018). The overall aim of this thesis was to explore how data based 

configuration decisions could reduce the risk for deviation from intended functions. The 

objective was to answer the following research questions: 

RQ1. How can configuration be applied in the management of hospital construction 

projects? 

RQ2. What type of data and information are required to support hospital configuration 

decisions during construction projects? 

RQ3. Which are the benefits of data based hospital configuration decisions? 

RQ4. How is hospital configuration information connected to digitalisation and 

automation technologies? 

RQ5. How can hospital configuration control contribute to sustainable development? 

1.2 Research methods 

The overall approach chosen for this doctoral thesis was conceptual theory building, 

where previous research and current practice are synthesised (Meredith, 1993). This 

approach is suitable for research regarding decisions and new technology to provide 

knowledge and a situational base (Ketokivi and Choi, 2014). Conceptual theory building 

consists of two interrelated parts, an operational problem and a scientific model. The 

operational problem was delivery of deficient hospital building functions by construction 

projects that might affect daily operations (Lavikka et al., 2019). The steps of conceptual 

theory building were consistent with those of decision model development, containing a 

knowledge base, variable relationships, data domain limitations and user interface 

(Howard, 1966, Joseph and Gaba, 2020). First, a knowledge base should be established 

containing available information and domain expertise (Marcher et al., 2020). Research 

related to configuration decisions in hospital construction projects (Van Hoof et al., 2015) 

and opinions of project managers of hospital construction projects provided knowledge 

about variables required. Second, model management aims to establish relationships 

between the variables connected to the operational problem (Wacker, 1998). The ISO 

10007 guidelines for configuration management (ISO, 2017) and research relevant to 
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hospital construction projects established necessary relationships. Third, data 

management explores domain limitations regarding input to the decision model (Preece, 

1990). The exploration of available data in digital hospital building models identified 

limitations regarding access and transparency. Finally, the user interface of data based 

decisions was investigated to explore possibilities and gaps (Moody, 2005).  

The knowledge base of these studies was literature reviews performed for each paper and 

a survey collecting the professional opinions of hospital project managers. Model 

management was explored in Papers I and V, while the studies of Papers II and IV 

investigated data management. The user interface perspective was addressed in all papers 

by investigating the current practice. A mixed method approach was chosen to study the 

four steps for modelling data based decisions regarding hospital configurations. Decision 

models are complex and multifaceted, for which a mixed method is suitable (Mohamed 

et al., 2021, Schulenberg, 2007). The approach provides possibilities for analytic 

conceptualisation by providing realistic illustrations of operational problems, possibilities 

of convergent validation and in depth knowledge from different perspectives (Fielding, 

2012). In the construction sector, expertise and skills are often used for decisions and the 

data availability is often deficient, making mixed research approaches common (Marcher 

et al., 2020).  The five papers appended to this thesis have different objectives, inferences 

and data collection approaches, as shown in Figure 1.3. Papers I and V had an exploratory 

purpose to provide models for configuration management, while Paper III had a 

descriptive approach studying research on new technologies in construction projects. The 

other papers had an explanatory orientation by studying the cause and effect relationships 

for configuration changes and deficiencies, respectively. The proposed conceptual model 

in Paper I and the decision support model in Paper V were based on a deductive inference 

approach, the origin being the theoretical assumption that data based information can 

improve hospital configuration decisions. A grounded theory approach was the basis for 

the other papers approach using inductive reasoning, providing knowledge through 

previous research and case studies regarding changes, technology and deficiencies. The 

data collection and analysis in the studies was mainly quantitative. Papers I and V studies 

also utilised qualitative methods in terms of the conceptual model based on previous 

research and the ISO 10007 guidelines (ISO, 2017). All Swedish Regions facility and 

project management organisations were invited to participate in this research project. The 

case studies of Papers II, IV and V included nineteen unique construction projects, 

fourteen hospital reconstructions and five new builds. 
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Figure 1.3: Description of the research approach used in the papers appended to this 

thesis. 

 

1.3 Limitations 

The mixed study as a research approach has issues with epistemic values, such as external 

validity and possibilities to replicate experiments. Therefore, a clear research design and 

rational choice of methods are important (Fielding, 2012). The basis for this thesis was 

the four steps of modelling data based decisions that provided a clear purpose for the 

studies. The methods of each paper were replicable and the research data was published 

open access, except for classified hospital building information.  Several building types 

contain healthcare facilities, but this thesis focuses on hospital structures. Configuration 

information is important during the entire building lifecycle and beyond for knowledge 

transfer, as shown in Figure 1.2. In this research project, the focus was on management 

during construction projects. The investigations into the current management were 
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limited to Swedish conditions. However, the literature reviews from the papers in this 

thesis show that the findings, such as lack of data availability (Marcher et al., 2020), 

deficiencies at construction project delivery (Love et al., 2019) and incoherent 

management of building configurations (Ding et al., 2017), are similar internationally. 

The subject of databased configuration decisions is uncommon in construction project 

research, but there are possibilities to transfer knowledge from research within 

product management and information and communication technologies (ICT). The lack 

of reliable data from the hospital construction projects and building data 

precluded several analysis options. Therefore, the approach changed to 

establishing which data and information are required for data based decisions 

regarding hospital configurations. The case studies in Papers II and IV were 

limited to a specified geographical area to exclude any regional differences in 

comparing projects. In addition, available building model data and project information 

was the criterion for inclusion. Case studies provide limited possibilities to generalise 

but provide in-depth knowledge about configuration data and information in hospital 

construction projects. Possibilities to generalise findings are limited with case studies. 

However, the studies of this thesis provide insights from nineteen unique cases from 

Papers II, IV and V with similar findings regarding data availability and information 

management. 

1.4 Outline of the thesis 

The basis of this compilation doctoral thesis is four journal papers and one conference 

paper, all peer-reviewed. The outline is as follows: 

Chapter 1 introduces the scope of this thesis. 

Chapter 2 presents a background to configuration information in hospital structures. 

Chapter 3 shows the results that substantiate the thesis research questions. 

Chapter 4 summarises the appended papers. 

Chapter 5 contains discussions of the results presented. 

Chapter 6 provides general and specific conclusions and suggests further studies. 
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1.5 Terminology 

Acceptance criteria The client’s functional requirements for accepting the end-

product. 

Acceptance values Measurable values used to ensure fulfilment of the client’s 

acceptance criteria during design and production. 

Baseline 

configuration 

A compilation of all the functions required by the client. This 

governs all decisions regarding the end-product in hospital 

construction projects. 

Building 

performance 

A measurement of how well the physical characteristics of a 

building are functioning compared to the intended use. 

Change control A systematic process with the purpose to ensure that configuration 

changes do not affect intended functions. 

Change 

information 

All the information required about changes to make an informed 

decision. 

Configuration Describes the interrelation between functions and the physical 

characteristics required to fulfil them, such as the resolution of 

imaging equipment and vibration isolation of hospital buildings. 

Configuration 

control 

The information required to ensure delivery of the intended 

functions established in the baseline configuration. 

Configuration 

decisions 

All the decisions that affect the hospital configuration during 

construction projects. 

Configuration 

information 

Information required ensures the baseline configuration, such as 

functions, design solutions, production and verification methods, 

and change management. 

Configuration 

management 

A management process ensuring that hospital building 

performance fulfils the intended functional requirements. 
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Data based 

decisions 

Decisions made based on data and analyses thereof. 

Explicit 

knowledge 

Documented knowledge that is accessible for all stakeholders, 

such as collection, storage and processing of data to provide 

information. 

Function The functions that fulfil the end-user needs in daily operations. 

Healthcare facility Premises that provide healthcare, such as hospitals, outpatient care 

centres and medical offices. 

Hospital Is one type of healthcare facility that often contains different types 

of operations and high-tech equipment. 

Implicit knowledge Transfer of knowledge between persons, such as experiences or 

skills. 

Production Refers to the work required to realise a product, including 

prefabrication and on site activities. 

Realisation The process from the planning of required hospital functions to 

the handover of the actual building. 
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Chapter 2 

Hospital configurations 

The World Health Organisation defines buildings that enable patient diagnosis, treatment 

and care as healthcare facilities (WHO, 2020). Hospitals, health centres or medical offices 

are all healthcare facilities with the purpose to enable patient diagnosis, treatment and 

care, but the building types vary. Healthcare operations set specific requirements for the 

performance of buildings, such as shield enclosure of spaces containing radiation sources 

or equipment sensitive to sources of interference. This broad definition entails many 

facilities with different functional requirements. Emergency hospitals are one type of 

healthcare building that often contains specialised units and high-tech equipment. 

Therefore, the configurations are complex and require interrelated systems to fulfil the 

intended functions. Insufficient building performance can have implications for patient 

care. 

A focus on configuration control assures that building performance enables daily 

functions, which require input on functional requirements, design solutions, production 

methods, and their interrelations (ISO, 2017). Therefore, stakeholders in hospital building 

projects should define intended functions and establish their acceptance values. Designers 

must verify that their solutions fulfil the functional requirements throughout the project 

processes. For each solution, feasibility should be established by defining production 

methods. Verification and change impact analyses are essential to ensure the intended 

functions during construction projects. 

There are standards for healthcare facilities regarding functions, but few on how the 

building configuration should fulfil them. The application and adaption of general 

building codes, environmental certifications and performance evaluations are the basis 

for fulfilling functional requirements. The complexity of hospital buildings requires 

structured processes to ensure configurations during a construction project. Therefore, the 

clients of construction projects must provide clearly defined functions during the entire 

production process (Adam et al., 2019). Hospital configurations are regularly subjected 

to alterations due to new requirements on functionality and the rapid development of 
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medical technology (Lavikka et al., 2019). For example, Magnetic Resonance Imaging 

(MRI) equipment is sensitive to vibrations, external magnetic fields and radio waves 

(Avci et al., 2019). Moreover, the overall structures and transport routes in a healthcare 

facility must enable the delivery of daily supplies without interfering with the flow of 

patients, clinicians or visitors (Hicks et al., 2015). Constantly changing conditions require 

that building configurations enable multiple operational uses. Digital models of buildings 

enable a collaborative design that improves the quality of configurations and efficiency 

(Oh et al., 2015). However, this requires standardisation of data, infrastructure for 

exchange and new expertise in client and Architecture, Engineering and Construction and 

Operation (AECO) organisations. 

More focus on product development with clearly defined hospital configurations that 

fulfil functional requirements can improve construction project implementation. The use 

of evidence based solutions increases the possibility of delivering high performance 

hospital buildings. One way to study this is to evaluate configurations for various 

healthcare scenarios to establish functional requirements, using mock-ups or prototypes 

(Bayramzadeh et al., 2018). Figure 2.1 illustrates functions, design solutions and 

production site connected to an operating room. Virtual or augmented reality allows end-

users to evaluate configurations for different purposes (Ding et al., 2019). Evidence based 

configurations should include results from construction studies and the evaluation of 

already built hospitals. Defining measurable requirements, related design solutions, 

production and verification methods is essential  (Joseph et al., 2014). During the entire 

production process, increased control over configuration ensures adequate functionality 

at delivery. 

2.1 Concrete structures of hospitals 

The primary structural system of hospitals is reinforced concrete, which provides extra 

load carrying capacity for heavy equipment, reduction of vibrations, sound isolation and 

radiation shielding. Figure 2.2 shows several functions that hospital structures should 

enable. For example, vibration sensitive equipment and its interaction with the concrete 

structure can affect their performance. Therefore, a configuration that dampens vibrations 

is imperative. The configuration of the structure must consider several factors, such as 

equipment induced vibrations, building vibrations and concentrated local loads. This 

requires establishing design solutions that isolate vibrations and withstand loads of the 
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equipment during transport and in situ. In operating rooms and other facilities, grids for 

the suspension of heavy equipment in the ceiling constitute a structural requirement. 

2.1.1 Functions 

The functional requirements of hospital structures are complex and require several 

configurations to enable them. Few studies investigate optimal technical solutions for 

different healthcare functions (Van Hoof et al., 2015). In the product development 

industry, prototypes and evaluations during operational use establish which 

configurations best fulfil functional requirements. This provides a basis for the client to 

define functions with acceptance criteria compiled in the baseline configuration (ISO, 

2017). Thereafter, these should be transformed into boundary values for technical 

solutions and constitute the conditions for their designs (Larsen et al., 2016). For example, 

clients of imaging facilities should define criteria for resolutions and radiation levels 

(Sánchez-Barroso et al., 2021) that constitute boundaries for the design of vibration 

isolation and shielding. The following sections describe the hospital configuration 

processes, using vibration sensitive imaging facilities as an illustrative example. Figure 

2.3 shows the conversion of resolution requirements to vibration acceptance values. 

Figure 2.1: Illustration of the connection between the functional requirements, design 

solutions and production site of an operating room (Photos with 

permission from Locum AB image archive). 
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2.1.2 Design 

The baseline configuration is the basis for all design solutions, describing functions and 

acceptance values (ISO, 2017). Evaluations and research results can identify optimal 

solutions, enabling designs with high accuracy (Ding et al., 2019). Evidence based 

designs often focus on end-user functions but do not include building configurations, 

feasibility and implementation issues (Craveiro et al., 2019). Using insufficient 

information about functions as the basis for technical solutions increases the risk of 

configurations deviating from the client’s intent (Chun and Cho, 2015). The production 

methods are often not considered until after the award of a contractor, which leads to an 

increased risk of deviation due to unachievable solutions (Adam et al., 2019). The 

acceptance values for functions should thus be the basis for the choice of design solutions. 

Figure 2.2: Example of functions that hospital structures should enable. 
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Definition of verification methods used through the design process assures fulfilment, as 

Figure 2.3 illustrates. 

2.1.3 Production 

The current sequential processes in construction projects do not facilitate control over 

configurations during production. For example, incomplete design information at the 

beginning of the production phase results in incremental development during 

implementation (Parvan et al., 2015). Figure 2.3 shows the flow of configuration 

information during construction projects, where the effects are inefficiency, late changes, 

cost increases, time delays and disputes (Abdallah et al., 2019). Efficiency in the 

production phase relies on well-defined baseline configurations and feasible designs 

(Aljohani et al., 2017). Involving contractors’ knowledge in the choice of solutions 

increases the ability to avoid deviations and deliver buildings with adequate functionality 

(Parvan et al., 2015). In addition, this enables the contractors to plan their work before 

the production starts and thereby achieve a more efficient implementation (Eleftheriadis 

et al., 2018). 

2.1.4 Verification 

In the development of baseline configurations, it is essential to establish acceptance 

values and measurement methods (ISO, 2017). This applies to the design and production 

phases, such as standards for calculating vibration isolation and equipment for on site 

measurement. The baseline configuration should describe the intended delivery at the end 

of the planning phase. Continuous verification of functions increases the possibilities for 

adequate building performance (Maskuriy et al., 2019). In the case of hospital structures, 

inadequate performance can affect patient diagnosis, treatment and care. For example, 

not fulfilling requirements on the vibration damping of imaging facility floors may affect 

examination results. Investigations of small lesions or the long-term registration of 

physiological events are specifically vibration sensitive (Havsteen et al., 2017). Thus, 

continuous monitoring of compliance with vibration reduction requirements ensures 

accurate imaging diagnoses. The current verification practice is often done as built, which 

increases the risk of inadequate performance and subsequent rework to correct 

insufficient performance (Ding et al., 2017). 
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Figure 2.3: The continuous flow of configuration information in hospital construction 

project processes, using imaging facilities as an illustrative example. 
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2.1.5 Change control 

The development of new equipment and working methods in healthcare is rapid, and 

therefore the requirements for hospital buildings are constantly changing. Some 

alterations to accommodate intended functions are inevitable during long-term 

construction projects (Lavikka et al., 2019). However, control over the configuration 

throughout construction projects can significantly reduce the number of changes 

(Aljohani et al., 2017). Construction research often focuses on the time and cost 

implications of changes, while the consequences on the intended functions are less 

explored (Larsen et al., 2016). Each time the baseline configuration is changed, the 

consequences for intended functions should be assessed (ISO, 2017). The initiation of a 

change in construction projects starts with a request that states the causes that are then 

weighted against the consequences (Ullah et al., 2018). The results of the consequence 

analysis enables the client to make an informed decision regarding whether a change 

should be implemented (Pärn et al., 2017). All accepted changes are incorporated with 

the baseline configuration (ISO, 2017). Thus, with each change, the information flow 

shown in Figure 2.3 begins with defining the required functions. This might in turn 

demand the establishment of new acceptance criteria for resolution accuracy, vibration 

requirements, measurement methods, design solutions and realisation. 

2.2 Configuration information 

The overall purpose of ensuring intended configurations is to optimise the value 

throughout the lifecycle of a hospital. An important part of this management is the 

provision of accurate real-time information. The baseline configuration should contain all 

functional requirements determined by the client with associated acceptance criteria 

(Parvan et al., 2015). Verification methods and acceptance values enable designers and 

contractors to continuously ensure function fulfilment (Jensen and Maslesa, 2015). 

Control over changes prevents product deviation during the design and production phase 

(ISO, 2017). Traditionally, the construction industry uses sequential processes and the 

information is exchange fragmented, thereby increasing the risk of product deviations. 

Implicit (i.e. experience and skills) knowledge transferred between project managers is 

often the basis for decisions regarding the configuration. Thus, the accuracy of the 

decisions depends on individual experience and knowledge (Pärn et al., 2017). However, 

continuous analysis of explicit (i.e. recorded, stored and accessible) knowledge with 
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others can optimise hospital configurations and increase sustainability (Van Hoof et al., 

2015). Figure 2.4 shows that each step of the project oriented sequential processes 

increases the risk of insufficient information and inadequate products. A change towards 

more product focused processes requires interrelated configuration information with 

functions as the boundary conditions, as shown in Figure 1.1. It is about creating an 

unbroken chain where information flows between the different actors and phases. In the 

production process, the configuration information should be reliable, accessible and 

transparent to all stakeholders (Monticolo et al., 2015). Increased focus on configurations 

in construction projects entails feedback from the client on how well design solutions 

fulfil functions in operational use (Ding et al., 2019). Designers and contractors should 

collaborate to ensure that information about the building configuration is accurate in real 

time (Merschbrock and Munkvold, 2015). Evidence based practice that connects 

fulfilment of hospital functions with design solutions and feasible production methods 

reduce the risk of unintentional deviations (Eleftheriadis et al., 2018). 

The COVID-19 pandemic has shown how requirements for hospital configurations can 

quickly change. Therefore, developing adaptable structures that allow for the rapid 

upscaling of patient reception capacities is important (Megahed and Ghoneim, 2020). A 

limiting factor in a pandemic is the availability of staff. Fast creation of large open areas 

was necessary to enable simultaneous monitoring of several patients. Therefore, 

evaluations of how hospital structures fulfilled this functional requirement during the 

pandemic are important. A pandemic may also require the rapid establishment of new 

hospital buildings to provide high-quality care to a large number of patients. Ready 

designs of hospital modules are one measure for the fast construction of new buildings. 

In addition, these are also transportable between areas where they are needed (Zhou et 

al., 2020). Having developed digital models for these units enables knowledge transfer 

globally. The development of standards based on continuous evaluations worldwide can 

thus optimise the configurations of facilities (Luo et al., 2020). 

There are methods closely related to configuration management, which aim to ensure 

products with high performance and client value. Concurrent Engineering (CE), Value 

Management (VM) and Quality Function Deployment (QFD), emphasise the importance 

of configuration information. Processing client requirements is an essential part of CE 

(Kamara et al., 2001). Thereafter, functions are set that fulfil the clients’ intended 

functions. Multidisciplinary teams that consider all aspects of the production process 

ensure fulfilment of the functional requirements (Love and Gunasekaran, 1997). The key 



19 

stakeholders in construction projects, such as clients, designers, contractors and end-

users, often have separate working processes (Oh et al., 2015). This impedes the 

optimisation of the product design and realisation (Shouke et al., 2010). In VM, the aim 

is to reach a common perception and agreement with involved stakeholders on 

acceptance values for the design solutions (Green, 1994). Assisting the client in 

developing functional requirements contributes to an adequate configuration and an 

increased value (Luo et al., 2011). A clearly defined baseline, team composition, client 

involvement and adequate time are factors that facilitate the outcome of VM (Shen and 

Liu, 2003). Quality Function Deployment supports evaluating and prioritising functions 

and design solutions before implementing them in the product configuration (Kamara et 

al., 2001). Converting the client requirements to product functions enables efficient 

work in the design phase and ensures that a product fulfils the client’s intent (Hall et 

al., 2017). The production team uses this configuration information to determine 

feasible methods in realising the product (Wood et al., 2016, Bas, 2014). 

Figure 2.4: An illustration of how incomplete configuration information accumulates 

a higher risk of inadequate deliveries. 
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2.3 Data based decisions 

Research regarding decisions must consider many aspects, such as capabilities, 

experience, business models, capabilities and data availability (Power et al., 2019). In the 

AECO industry, implicit knowledge (i.e. professional interpersonal know-how) is often 

the base for decisions (Pärn et al., 2017). The transformation from manual to digital 

decision making requires several changes, such as more vertical networking and 

technology integration across horizontal organisations (Muñoz-La Rivera et al., 2020). 

New business models extending across organisational boundaries are essential in the 

change from event to data driven decisions (Frisk and Bannister, 2017). For the AECO 

industry decisions, cross collaborations between different stakeholders can define input 

and output data that creates value throughout processes (Maskuriy et al., 2019). 

Possibilities to exchange data are essential for decision support, which the standardised 

IFC schemas for the AECO industry provide (ISO, 2017). Decision support models 

contain a knowledge base of professional experiences and documentation (Power, 2002). 

This provides information about processes and operational problems, which is essential 

for identifying value creating data (Arnott and Pervan, 2005). Models for analysing the 

data can thereafter be used to define relationships, patterns and correlations (Power et al., 

2019). The user interface is also important in decision support to adopt solutions to the 

capabilities and needs (Olawumi and Chan, 2019). 

2.4 Digitalisation and automation 

Currently, new technologies that digitalise and automate processes provide opportunities 

to improve configuration decisions. Digital processing of configuration data enables 

evaluations and development of standardised products (Ding et al., 2019), similar to the 

handling within product development and manufacturing (Zhang, 2014). A prerequisite 

for implementing digitalisation and automation technologies in construction projects is 

clearly defined configurations. The processing technologies shown in Figure 2.5 enable 

analyses of large data sets from different hospital projects, and as a result, there are great 

opportunities to optimise configurations (Oesterreich and Teuteberg, 2016). 
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A digital-physical (see Figure 2.5) transfer is a prerequisite for governing technologies 

such as robots, augmented reality and additive production methods (Bock, 2015, Craveiro 

et al., 2019). Visualisation with augmented reality enables end-users to evaluate functions 

before they are built (Santos et al., 2017b). The control of digital-physical technologies 

is dependent on configuration information. Data storage and network technologies create 

an infrastructure for digitalisation and automation of configuration data (Tay et al., 2018). 

For example, cloud services and networks (see Figure 2.5) enable visualising the building 

models and robot coordination on construction sites, even in remote locations. Physical-

digital technologies provide real-time data from sensors and scanners, which are essential 

Figure 2.5: Illustration of the interrelationships between technologies required for the 

digitalisation and automation of processes. 
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for real-time updates of configuration information and the creation of digital twins (Reja 

and Varghese, 2019). As shown in Figure 2.5, the fast development will lead to 

opportunities that are unknown today. Digitalised processing of configuration 

information can continuously verify the fulfilment of intended functions in hospital 

construction projects and raise an alert in case of deviations. 

Construction research about new technologies is often related to Building Information 

Modeling (BIM). However, as shown in Figure 2.5, digitalisation and automation require 

several technologies and BIM is just one of them. Figure 2.6 shows different standards 

associated with configuration information defined by the International Organization for 

Standardization (ISO). Information Delivery Manual (IDM) (ISO, 2016b, ISO, 2016c) 

standards describe processes and information flow between involved parties during a 

building lifecycle. In hospital construction projects, this enables access to real time 

information about functions included in the baseline configuration and the opportunity to 

standardise and exchange data. 

The ISO 23386:2020 standard (ISO, 2020c) specifies property attributes in individual 

dictionaries and the governance of those in networks, to enable exchange data, providing 

an opportunity to standardise and exchange data about hospital configurations. The 

purpose of the ISO 12006 standards (ISO, 2016a, ISO, 2015) is to show interrelations 

between classification table titles applicable through the entire construction work process. 

This standard may determine interrelations between the different configuration 

information used in hospital projects. Industry Foundation Classes (IFC) is a measure the 

AECO industry has taken to standardise and facilitate the transfer of information between 

involved parties by defining exchange formats, i.e., schemas. In the ISO 16739-1:2018 

standard (ISO, 2018a), the IFC file format and definitions are object oriented, which 

provide unique data for elements and their interrelationship for entire buildings. This 

information is essential for configuration decisions and preventing deviations from the 

intended functionality. However, this requires that all involved organisations manage and 

standardise their input data and consider it a valuable asset, through the lifecycle of a 

hospital. 

The ISO 19650 standards (ISO, 2018b, ISO, 2018c, ISO, 2020a, ISO, 2020b) provide 

frameworks for this information management that consider actors involved during the 

whole lifecycle. Configuration information also has a lifecycle perspective. Construction 

projects should receive information from the property owner regarding the baseline 
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configuration. Thereafter, the project takes over the management of information and 

returns it after completion. Management of hospital configurations requires measurable 

functions, verification values, design solutions, feasible production methods and change 

control. Digitalisation technologies offer an opportunity to make this information 

accessible and enable automated processing. 

Figure 2.6: International standards related to configuration information management. 
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2.5 Sustainable development 

Sustainable development of hospital construction projects has many perspectives, as 

shown in Figure 2.7. Apart from the environmental and economic requirements common 

to all buildings, hospitals provide healthcare, which is an important community service 

to citizens. This means that several of the UN's goals for sustainable development are 

relevant to the construction of hospitals (UN, 2021). The AECO industry’s environmental 

impact is considerable during the lifecycle of buildings. Globally it accounts for 38% of 

the CO2 emissions and 35% of the energy consumption (UNEP, 2020). Moreover, the 

AECO industry is a great consumer of non-metallic minerals, which constitute two thirds 

of the total resource extraction (UNEP, 2019b). The construction industry is also 

chemical-intensive causing both labour exposure and hazardous waste (UNEP, 2019a).  

Configurations with long lifecycles and multiple operational uses reduce the overall 

impact by preventing unnecessary rework and reconstructions (UNEP, 2020). Therefore, 

adaptable building configurations that provide different functionalities are essential for 

sustainable development (UNEP, 2020). Global minimisation of construction work 

reduces resource extraction and environmental impact. Functional requirements on 

hospital buildings are constantly changing, but insights from research studies can help 

predict future needs and possible solutions (Hicks et al., 2015, Van Hoof et al., 2015). 

Figure 2.7 shows how data based configuration decisions contribute to the UN 

Sustainable Development Goals (SDGs). 

 

Well defined configurations designed for long-term use reduce the climate impact of the 

AECO industry, contributing to SDG 13 (UN, 2021). The gain is a reduction of material 

consumption and more efficient implementations (de Soto and Adey, 2016). In addition, 

more coordinated processes reduce production times and transports (Adam et al., 2014). 

The construction of new buildings constitutes a dilemma for governments dilemma 

between providing facilities for human needs while at the same time reducing climate 

impact (Opoku, 2019). Information about configurations enables choosing production 

technologies before the on-site construction phase starts and transfer this knowledge, as 

described in SDG 9 (UN, 2021). The impact on the environment during construction can 

be reduced if production methods are specified for each design solution (Craveiro et al., 

2019). In addition, efficient production planning decreases time consumption and 

transport emissions, according to SDG 12 (UN, 2021). Automated analyses of 

configuration data improve the control over deliveries (Smith, 2014) and reduces rework. 
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Healthcare buildings have a large energy consumption due to 24-hour services, medical 

equipment and special requirements regarding building performance (García-Sanz-

Calcedo et al., 2019). Installation of solar panels contributes to SDG 7 by increasing the 

total energy availability and resilience with on site production. Control over 

configurations can also ensure energy saving functions during production (Craveiro et al., 

2019). Healthcare building is an essential part of providing good health and well-being 

for citizens, according to SDG 3 (UN, 2021), and configuration information provides 

knowledge that optimises building performance (Ding et al., 2019). The fundamental 

services that healthcare buildings enable are important for sustainable cities, contributing 

to SDG 11 (UN, 2021). Therefore, building adoptions that meet climate challenges and 

create resilience to disasters are especially important. 

Configuration information is essential for managing robots on construction sites (Bock, 

2015). The use of robots for heavy work empowers women to join the construction 

industry, according to SDG 5. In addition, work injuries decrease with the removal of 

heavy labour, contributing to SDG 8 (UN, 2021). Furthermore, including occupational 

injury risk analyses of configurations promote decent work conditions (Zhang et al., 

2013). Insufficient analysis of occupational hazards during production increase the 

number of work injuries (Hossain et al., 2018). 

Displacement of land use by buildings affects biodiversity, but urban planning can reduce 

this risk. However, this requires an increased knowledge of all stakeholders involved 

(Opoku, 2019). The development of building configurations requiring smaller land areas 

contributes to less displacement of life on land, according to SDG 15 (UN, 2021). The 

use of lean analyses can reduce hospital configuration and land areas required (Hicks et 

al., 2015). 

Construction sites induce water pollution in the surrounding environment. In the planning 

and design stages, areas sensitive to water pollution should be identified. The 

configuration of the buildings might need alterations to prevent environmental impact 

(Belayutham et al., 2016).  Construction sites and building material manufacturing are 

large consumers of water. Configurations based on scientific evidence of water saving 

methods reduce overall water consumption (Heravi and Abdolvand, 2019), contributing 

to SDG 6 (UN, 2021). Reduced discharge of polluted water is one aim of SDG 13 (UN, 

2021), such as substances from hospitals affecting the environment (Escher et al., 2011). 
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The management of configuration information and fulfilment of SDG 17 (UN, 2021) 

require multidisciplinary teams and cross-collaborations to contribute to overall 

sustainable development. Horizontal digital processes in hospital construction projects, 

with all stakeholders collaborating, may also contribute to sustainable development 

(Merschbrock and Munkvold, 2015). In construction research, finding optimal solutions 

for the SDG:s demand a more overall approach instead of division into separate fields 

(Opoku, 2019). 

Figure 2.7: The UN's goals for sustainable development connected to configuration 

information. 
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Chapter 3 

Data based configuration decisions 

In manufacturing and product development, configuration data are used to reduce 

deviations from the client’s intentions (Whyte et al., 2016). Implementation of these 

practices in hospital construction projects could ensure adequate health care functions. 

Informed decisions require access to data regarding functions, design solutions and 

production methods (ISO, 2017). Evaluations from operational use establish which 

combinations best meet the functional requirements of hospital buildings (Van Hoof et 

al., 2015). Another prerequisite for informed decisions is a baseline configuration, stating 

all functions, including their acceptance values (Ding et al., 2017). This is also the 

boundary condition for verification measurements and change control, which reduces the 

risk of deviations from the intended functionality (Craveiro et al., 2019). The complexity 

of the technical solutions in hospital buildings makes manual management of 

configuration information difficult. Digital building models provide opportunities to 

make decisions based on data. However, this places high demands on standardising input 

data and quality assurance of reliability (Solihin et al., 2015). 

3.1 Required data and information for decisions 

The processes in construction projects are sequential, increasing the risk of information 

loss between phases. Configuration information requires management throughout 

building lifecycles and beyond for knowledge transfer, as shown in Figure 1.2. The 

management of this information during construction projects contains several 

configuration critical issues, which might affect intended functions (Li et al., 2017). Paper 

I addresses the applicability of the systematic management of configuration information 

in accordance with the ISO 10007 guidelines (ISO, 2017), as shown in Figure 3.1. The 

basis of the proposed conceptual model in this paper was reviews of construction project 

research. 
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Five areas of configuration information relevant to the construction phases were derived 

from the literature: function, design, production method, verification and change. There 

should be a connection between information regarding functional requirements, design 

solutions and production methods before the realisation phase starts (Eleftheriadis et al., 

2018). In construction projects, this information is constantly changing, even during the 

production of a building (Oh et al., 2015). This increases the risk of inefficiency and 

deviation from the baseline configuration, affecting building performance and project 

outcomes (Parvan et al., 2015). Including contractors in the design phase, instead of post 

award, ensures feasible solutions and determines appropriate production methods 

(Maskuriy et al., 2019). The reliability of verification and change information is essential 

for decision making. In Paper I, the studies of current management show that the 

healthcare construction projects had no systematic management of configuration 

information. There were deficiencies regarding completeness and interrelationship 

between information. 

Figure 3.1: The conceptual model shows the five areas of configuration information 

and their interrelationship (from Paper I). 
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Project managers considered information about functional requirements and design 

solutions to be the most complete, as shown in Figure 3.2. However, new functions and 

design solutions were regarded as common throughout construction projects. This implies 

that the information about functions connected to design solutions was incomplete at the 

end of the planning phase. The use of deficiently defined baseline configurations for 

designs and production methods increases the risk of impaired functions (Kim et al., 

2016). The respondents considered that documentation of changes, verification and 

production methods were available to a lesser extent than functions and solutions (see 

Figure 3.2). Control of changes, verifying measurements and feasible realisation are 

essential parts of configuration information (ISO, 2017). 

Figure 3.2: Project managers’ opinion on which configuration information is 

available at the end of each construction phase (adapted from Paper I). 

Note that changes are not applicable during planning. 
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In Paper II, the aim was to study which information is required to control configuration 

changes by proposing a framework (see Figure 3.3). Available details about the 

configuration constitute a base for requests and consequence analyses, enabling informed 

decisions about changes. In thirteen hospital reconstruction projects, the change 

information determined in the framework was studied in manual logs and digital building 

models. The focus was on structural changes in these projects. However, none of the 

manual logs or digital models had all of the information required in the framework. 

Insufficient management of information about changes affects the functionality of 

hospitals (Hicks et al., 2015). In addition, the risk of delays and a negative impact on costs 

increases (Aljohani et al., 2017). 

 

Configuration management contains recovery and prevention measures to avoid 

deficiencies in hospital buildings, as shown in Paper IV. The application of systematic 

information management brings opportunities to create value chains for hospital 

configurations. Evaluations during operational use can be the basis for establishing 

functions, solutions and production methods that best fulfil end-user requirements 

(Joseph et al., 2014, Van Hoof et al., 2015). This knowledge enables the standardisation 

of hospital configurations based on evidence and provides construction projects with 

reliable baselines. There are standards for functions, designs and productions for 

hospitals, but few evaluations of how these should be combined to meet accurate 

deliveries (Martin, 2014). 

 

Figure 3.3: The framework for control of configuration changes (from Paper II). 
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The proposed conceptual model in Paper I formed the basis for the more detailed decision 

support model developed in Paper V. To ensure the flow of information about the 

configuration amongst the AECO stakeholders, IFC schemas were used. The results show 

that the schemas' were applicable for exchanging building model data as the basis for 

decisions. Thus, bridging the sequential information management in construction projects 

is essential for controlling configurations (Liu et al., 2017). 

3.2 Configuration decisions in hospital projects 

Data based decisions about hospital configurations in construction projects require the 

establishment of necessary data, analyses and information. The studies in Papers II and 

V present how building model data provide information, and analyses of building model 

data for change control in hospital projects were shown in Paper II. All papers except 

Paper III investigated required configuration information regarding hospital buildings. 

The conceptual model presented in Paper I establishes the key areas of information and 

the flow connected to the construction process (see Figure 3.1). Based on these key areas, 

the Paper V studies resulted in a flow chart for configuration decisions and a database 

model for decision support, as shown in Figures 3.4 and 3.5, respectively. Together with 

the change control framework in Paper II (see Figure 3.3), these models provide a 

knowledge basis for data based decisions in hospital construction projects. 

Before the design phase starts in a construction project, the client should define required 

functions and their acceptance criteria (Larsen et al., 2016). A suitable criterion for 

imaging facilities is the resolution required for adequate diagnosis, as shown in Figure 

2.3. The database model in Figure 3.5 shows the entities key areas of configuration 

information and the composite attributes for the data required. Primary Keys (PK) are 

unique identifiers for all data in an entity. Foreign Keys (FK) represents primary keys 

from another linked entity. Functions that are not measurable, such as a good working 

environment, should be further detailed. The number of people, sound and temperature 

levels for a room is adequate acceptance criteria, enabling verification throughout 

construction projects. In Paper I, the project managers considered handling functional 

requirements as important for the quality of the end-product, but much less their 

documentation. This implies that implicit knowledge is the basis for decisions rather than 

explicit codified and digitised information.  Prototypes enable clients to define and 

prioritise functional requirements (Abrishami et al., 2020). For example, mock-ups help 
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the end-users test scenarios in a setting similar to the planned building configuration 

(Whyte et al., 2016). None of the hospital projects in Paper IV had a defined baseline with 

measurable functions, and there were a large number of deviations from the initial 

designs. Defining baseline configurations can be the basis for establishing standards for 

different daily functions in hospitals (Bayramzadeh et al., 2018). 

Figure 3.4: The decision flow chart for configuration decisions (from Paper V). 
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A conversion from acceptance criteria to values for building performance is essential for 

the designers’ development of solutions (see Figure 2.3). High quality technical 

specifications require that the designers base their specifications on these values (Larsen 

et al., 2016). Ambiguous or incomplete information about designs causes rework, leading 

to increased costs and delays in construction projects (Lind and Brunes, 2015). However, 

project managers in Paper I considered complete design specifications the second least 

important for high quality healthcare buildings. The design of concrete structures for 

hospitals must consider several different functions, as shown in Figure 2.2. Detailed 

designs based on initially developed layouts and non measurable functions increase the 

risk of deficiencies, as the cases studies of Paper IV highlight. To support decisions about 

design solutions for hospital configurations require data that provide information about 

all constituent parts and their effect on adjacent components, as shown in Paper V. 

Figure 3.5: The database model for configuration decision support, presenting the key 

areas as entities and associated composite attributes (from Paper V). 
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The acceptance values and verification methods established with the baseline 

configuration enable continuous building performance monitoring during the production 

phase (ISO, 2017). In construction projects, performance inspections are often conducted 

as built, increasing the risk of inadequate deliveries (Parvan et al., 2015). Data from 

building models allow for the continuous monitoring of acceptance values to ensure 

adequate performance (Ding et al., 2017). However, the AECO industry often uses 

implicit knowledge or analogue documents, which impairs continuity, accessibility and 

reliability (Solihin et al., 2015). The results in Paper I show that the production methods 

were not fully documented according to project managers even at the end of the project 

(see Figure 3.2). The implications of this are difficulties in evaluating how well 

production methods fulfil solutions and functions. The exchange of data on resources and 

implementation processes in the decision support model in Paper V facilitate the 

feasibility evaluations of productions methods. 

Continuous verification of functions ensures product quality and reduces changes due to 

unachievable designs and/or production methods (Fernandes et al., 2015). The 

investigations of current practice in Paper I show missing links between functions, their 

measurement methods, and acceptance values, precluding configuration verifications. 

The lack of baseline configurations and standards connecting function, design and 

production increases the risk of deficiencies in hospital buildings, as Paper IV shows. In 

accordance with previous studies (Ding et al., 2017, Parvan et al., 2015), the results from 

Paper I confirm that verification methods are primarily available at the end of production 

(see Figure 3.2). The project managers of healthcare construction projects also 

corroborated this, as half of them did not consider verification performed during 

production. Building models provide data that are essential for verification, as the model 

in Paper V shows. 

Construction projects have problems with configuration changes after the project's scope 

has been determined. Incomplete design specifications and insufficiently collected 

functional requirements are examples of causes (Aljohani et al., 2017). A clearly defined 

baseline in the planning phase reduces the risk of insufficient product quality, cost 

overrun and time delays (Larsen et al., 2016). However, the project managers responding 

to the survey in Paper I rated control of changes as least important for a high quality 

configuration at delivery. The management of changes requires detailed information 

about what elements are included (Santos et al., 2017b). In the thirteen cases studied in 

Paper II, the available information in the manual change logs was deficient compared to 
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the building model data, as shown in Figure 3.6. Information was especially deficient 

regarding included elements, type of change (addition, removal or modification), and the 

number of elements. Change management is dependent on detailed information about the 

configuration as a basis for requests, consequence analyses and implementation decisions 

(ISO, 2017). Neither manual logs nor building model data contained all required 

information for informed decisions. In construction projects, change decisions are often 

based on implicit knowledge rather than systematic handling (Ullah et al., 2018). The 

results from Paper II confirm this as changes to load bearing structures were significantly 

more common in building models than in manual logs or by estimation of project 

managers. Building model data can thus contribute to an informed decision regarding 

configurations as it provides detailed information about components, systems and 

adjacent spaces. The lack of standardisation of input data is an obstacle to implementing 

digital technologies in the AECO industry (Solihin et al., 2015), which the results from 

Paper II confirm. 

Figure 3.6: The number of cases with detailed information about elements associated 

with changes in IFC files and manual logs (adapted from Paper II). 
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3.3 Benefits of data based configuration decisions 

Research about construction projects often addresses problems associated with an 

insufficiently defined baseline, such as deficiencies, changes, cost overruns and delays. 

The results from Papers I and V show that data based control over configurations can 

ensure hospital functions and support decisions. Figure 3.7 shows how configuration 

information has the potential to improve building performance. Evaluation of existing 

hospital configurations provides a basis for standards for connections between function, 

design solution and production methods. In addition, possibilities to choose 

configurations based on data enable optimisations. The realisation based on evaluations 

and optimisations enables the selection of efficient realisations. All the key areas of 

information are important to ensuring building functionality (ISO, 2017). Lack of control 

increases the risk of deviation from the intended configuration and deficient end-products 

(Viana et al., 2017). The result from Paper IV confirms a relationship, as shown in Figure 

3.8. For example, 152 requirements defined by the client as absolute were not fulfilled at 

delivery. In addition, there were over two thousand deviations from the intended 

configuration. Preventive measures to reduce the risk of deviations (i.e. standardising 

connections between function, solution and production methods) were not implemented 

in the studied hospital projects. 

Figure 3.7: Benefits of configuration information for realisation, evaluation and 

optimisation (from Paper V). 
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There are numerous studies on cost overrun and time delay due to changes in construction 

projects (Aljohani et al., 2017). Changes during the production phase reduce efficiency 

due to design revisions, rework and disputes (Charehzehi et al., 2017). The consequences 

of changes from the baseline configuration are less studied, although this may impact the 

intended functions (Pärn et al., 2017). Visualisation technologies help end-users ensure 

the fulfilment of requirements continuously during design and production (Santos et al., 

2017b). The results from Paper II show that using building model data improves change 

control during construction projects. However, this requires assurance that the input data 

is adequate and reliable. Systematic management of changes prevents deviations from the 

client’s intentions (Love et al., 2014). 

The results from Paper IV show that the consequences of deficiencies in the studied 

hospital projects were the same: cost increases, time delays, inadequate deliveries and 

rework, as shown in Figure 3.8. Deviations cause deficiencies that increase costs and time 

in hospital construction projects due to corrective measures during design and production 

(Hicks et al., 2015). The project studies in Paper IV show that the cost and time increased 

by 20% and 37%, respectively. Deviations increase the risk of inadequate deliveries, 

which configuration control reduces (Mohammadpour et al., 2019). Figure 3.8 shows that 

the construction projects delivered areas that were 9% less than intended. Rework to 

correct deviations or deficiencies results in adverse project outcomes (Adam et al., 2019), 

and unnecessary resource extraction and other construction related environmental 

impacts (UNEP, 2020). In Paper IV, the investigated projects had a total of 776 rework 

orders. 

Figure 3.8: A bow-tie risk analysis that shows connections between configuration 

information and hospital deficiencies (from Paper IV). 
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Reliable configuration information facilitates the implementation of new technologies in 

hospital construction projects. Automated digital processing of building model data will 

require accurate data to enable optimisations and decision support (Ding et al., 2017). The 

results from Paper II show that unreliable data precluded automated control of changes. 

Therefore, standardisation and management of input data are essential to optimising 

benefits (Santos et al., 2017a). Management of configurations requires information and 

communication technologies. The studies in Paper III show that studies regarding ICT in 

construction projects from 2015 to 2019 have not significantly increased. Reliable and 

accessible configuration data is also a prerequisite for construction work automation and 

industrialisation (Monticolo et al., 2015). For example, the management of additive 

manufacturing (Craveiro et al., 2019) and robots (Santos et al., 2017a) depend on clearly 

defined configurations. The review in Paper III shows that technologies regarding 

automation and industrialisation were more commonly studied than ICT, but few 

addressed end-to-end dependencies and synergy effects. Creating value from data based 

configuration information depends upon several technologies, such as network 

technology and cloud services that provide accessibility. 

3.4 Connection to digitalisation and automation 

The rapid development of new digitalisation and automation techniques, such as data 

mining, deep learning, IoT and robots, will make incremental construction processes 

obsolete, as they require real time configuration information. Several connections exist 

between new technologies (see Figure 2.5) and configuration decisions. Designers should 

have access to digital models of what should be built updated in real time as a basis for 

their solutions (Ghaffarianhoseini et al., 2017). To obtain control during the production, 

the building models should represent the configuration on site (Hamledari et al., 2018). 

In addition, industrial production techniques are managed with this information. The 

digital building model is also part of a construction project delivery to the facility owner, 

representing the configuration as it is built (Pärn et al., 2017). Reliable models with 

accurate configuration information will require several of the technologies shown in 

Figure 2.5. However, construction project research mainly focuses on BIM for design and 

technical purposes (Oraee et al., 2017), as shown in Paper III. 
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Property and AECO organisations have different information management strategies, 

which impede flow and accessibility (Moscati and Engström, 2019), as shown in Figure 

2.4. Therefore, building model research often addresses issues regarding interoperability 

between stakeholders (Santos et al., 2017a). The results from Paper V show that a decision 

support model with standardised IFC-schemas for data exchange enables the flow of 

configuration information between stakeholders (see Figure 3.5). 

The potential effects of new technologies on project management and the environment 

are shown in Figure 3.9. Digital processing of data from multiple projects will provide 

evidence for future configurations and processes. For example, the use of automated 

production methods will enable standardised realisations. Minimising construction work 

reduces the environmental effects, such as the need for corrections and unnecessary 

resource extraction. Configuration information provides possibilities to optimise hospital 

buildings based on data, improving functionality and prolonging lifecycles. Enabling 

multiple uses without extensive reconstruction work makes buildings usable over time 

(UNEP, 2020). The results from Papers II and IV show the potential of automated 

processing of configuration data for change control and reducing the risk of hospital 

deficiencies, respectively. Technologies, such as artificial intelligence (AI), provides 

possibilities for more knowledge based configurations (Mohammadpour et al., 2019), 

while current practice often relies on implicit knowledge transferred between persons 

(Martínez-Rojas et al., 2015). 

Figure 3.9: New technologies potential effects on project management and the 

environment (from Paper III). 
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New technologies that provide accurate configuration information can streamline 

processes during a construction project. The results in Paper III show that automation and 

industrialisation are most common in construction project research, as shown in Figure 

3.10, while information- and communication technologies were less studied. 

Combinations and synergy effects of digitalisation and automation techniques were 

almost unexplored. Physical-digital technologies provide reliable configuration 

information, such as the internet of things, robot scanners and digital twins, by collecting 

data from buildings. Processing techniques, such as modeling, contribute with 

information about configurations and AI executes the processing of large data sets to 

identify interrelationships. Robots and additive manufacturing are digital-physical 

technologies that depend on accurate configuration information. Data storage and 

network technologies are infrastructures that provide access to information in real time. 

Figure 3.10: The number of studies from 2015-2019 that address ICT and automation/ 

industrialisation technologies or both (adapted from Paper III). 
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The results from Paper III show that new technologies in construction projects are 

unequally explored. For example, building information or BIM was significantly more 

studied than other technologies, as shown in Figure 3.11. The second most investigated 

were automation and industrialisation technologies, while exploration of other 

technologies was unusual. Data storage and network technologies are prerequisites for 

collecting and processing data, but they were least studied. New technologies are 

receivers or transmitters of configuration data during construction projects, creating 

valuable information for different purposes. 

Figure 3.11: Technologies associated with digitalisation and automation addressed by 

construction project research between 2015 and 2019 (adapted from Paper 

III). 



42 

3.5 Configuration control and sustainable development 

Construction project work affects several of the UN sustainable development goals, as 

shown in Figure 2.7. Data based decisions regarding hospital configurations can prevent 

deviations from functional requirements. The Paper IV results show that deficient 

information negatively impacts environmental, economic and social aspects of 

sustainability. Unnecessary rework affects the environment, consumes public funds and 

disturbs healthcare services. Asset owners should therefore define baseline configurations 

that fulfil multiple uses without reconstructions. Plans for service life should be included 

in the functional requirements to obtain optimal building performance (Choi et al., 2020). 

Deficiencies in hospital buildings reduce the possibility to provide good healthcare, which 

is an essential part of SDG 3 and 11 (UN, 2021). The models and framework in Papers I, 

II and V provide opportunities to control configuration decisions during construction 

projects. 

Deficient hospital concrete structures might affect patient healthcare and thereby reduce 

the contribution to SDG3 (UN, 2021), as described in Figure 2.2. Designs that minimise 

the area of the building structure reduce land use displacements, resource extraction and 

the impact on biodiversity, meeting goals in SDG 12 and 15 (UN, 2021). Clearly defined 

and feasible configurations make the production phase easier to plan and implement 

(Aljohani et al., 2017). This reduces transport, unnecessary material consumption and 

production time, as the aims in SDG 12 (UN, 2021) state. Functions that are measured 

and evaluated in the operational phase can ensure the development of sustainable 

configurations (Pärn et al., 2017). Automated building data processing can develop 

hospitals that enable different uses without construction work and are durable over time, 

as shown in Paper IV.  This fulfils goals in SDG 9, 11 and 12 (UN, 2021) by offering 

innovative hospital configurations that contribute to sustainable cities and reducing 

building material consumption. The results from Paper V show that new technologies are 

essential for evaluation, optimisation, and realisation of hospital buildings (see Figure 

3.7). However, to obtain optimal value of digitalisation and automation technologies, 

dependencies and synergy effects should be explored. The studies in Paper III show a 

research gap in this field, as shown in Figures 3.10 and 3.11. For example, Figure 3.12 

shows that the connections to sustainability were not frequent in ICT studies. 
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During the production of buildings, wastewater, emissions and energy consumption 

reduce the possibility to fulfil goals in SDG 6, 13, 14 and 15 (UN, 2021), as shown in 

Figure 3.13. In configuration management, feasibility is an important part of controlling 

the production phase. Clearly defined baselines enable detailed energy and material 

consumption planning and preventive measures to reduce emissions, contributing to SDG 

7, 12, 13 (UN, 2021). The use of robots and other industrial technologies provide decent 

work during the production phase, meeting goals in SDG 8 (UN, 2021). Configuration 

information requires collaboration between several stakeholders, as does SDG 17 (UN, 

2021) – Partnerships for the goals. In AECO research and industry, multidisciplinary 

partnerships are essential to fulfil as many sustainable development goals as possible. 

Figure 3.12: Results showing the connections between new technologies and 

sustainability (adapted from Paper III). Presented in percent of the total 

amount of two word phrases in studies between 2015 and 2019. 
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Figure 3.13: Illustration of the UN sustainable development goals connected to 

configurations of hospital structures. 
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Chapter 4 

Summary of appended papers 

Data based decisions to control hospital configurations in construction projects were 

studied in the papers from different perspectives, as shown in Figure 4.1. The results from 

Paper I show the applicability of configuration information and provide a conceptual 

model, while insights on how building data can support structural change decisions were 

given in Paper II. Management of configuration information is complex and require 

digitalisation and automation technologies, which Paper III shows, and the possible 

benefits of deficient management of configuration information were analysed in Paper 

IV. The combined knowledge from the previous studies was the basis for the decision

flow chart proposed in Paper V. Studies in Papers I, II, IV and V investigated the

application of configuration information in hospital construction projects.

Figure 4.1: Summary of the included papers different perspectives. 
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The studies in these papers also investigated which information data based decisions 

require, answering RQ1 and RQ2 from different perspectives. All papers addressed the 

benefits of data based decisions (RQ3) from different perspectives, namely application, 

change control, new technologies, benefits and data based decisions. In Papers II, III, IV 

and V, new technologies’ connections to configuration information (RQ4) were studied. 

Change control using building information data was the scope of Paper II, while the 

automation of configuration information analyses was the objective of Papers III, IV and 

V. Moreover, how data based decisions can contribute to sustainable development (RQ5)

was shown in Papers II, III, IV and V. The perspectives were controlling deviations, using

new technology, minimising hospital building deficiencies and making informed

decisions, respectively. Figure 4.2 provides an overview of how the papers answer the

research questions of this thesis.

Figure 4.2: The connections between the papers and the research questions. 

4.1 Paper I 

Exploring the applicability of configuration information in construction projects 

P. Schönbeck, M. Löfsjögård and A. Ansell

Published in: Intelligent Buildings International, July 2020.

Manufacturing and product development projects use the configuration information to 

ensure product performance. Construction projects focus more on project management 



and outcomes, such as time and cost. The studies in Paper I explored the possibilities to 

apply configuration information in construction projects. This resulted in a conceptual 

model for managing this information, which contained five key areas: function, design, 

production, verification and change management. All functions with acceptance values 

constitute the baseline configuration, which governs all decisions. The establishment of 

design solutions fulfilling the functions and having feasible realisations prevents 

deviations and streamline processes. Control of changes includes request, consequence 

analysis and implementation decisions, enabling early prevention of deviations. 

Managers of Swedish hospital construction projects responded to a survey regarding 

configuration information practices. The results show that the configuration information 

was incomplete or lacking. There was a loss of information between the sequential 

construction phases. The overall results show that configuration information is applicable 

in construction projects. The potential benefits are the accuracy of deliveries and 

improved project outcomes. However, this requires changed information management 

considering systematics, continuity and accessibility. 

4.2 Paper II 

Framework for change control in healthcare construction projects compared to 
current practice
P. Schönbeck, M. Löfsjögård and A. Ansell

Published in: International Journal of Construction Management, July 2020.

In configuration management, the control of changes is important to prevent 

product deviations and thereby ensure intended performance. Therefore, the purpose of 

the studies in Paper II was to compare current decision making with the processing of 

building model data in the same hospital construction projects. First, a framework 

for information to control configuration changes was developed. Second, the required 

change information availability was studied in manual logs and digital building 

models of hospital construction projects. There were significant deficiencies regarding 

available information in the manual logs compared to the building data files. This 

resulted in a substantial underestimation of the number and type of changes. The 

building model data contained details about components, systems and relationships. 

However, a lack of standardised input data in the object models was an incidental 

finding that precluded analyses without manual quality assurance. Systematic 

management with information about requests, 
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consequence analysis and implementation decisions was not present in the logs or the 

digital data. The use of building model data to obtain detailed information about 

configuration changes showed great potential, but requires standardisation and quality 

assurance of input data. 

4.3 Paper III 

Quantitative review of Construction 4.0 technology presence in construction project 

research 

P. Schönbeck, M. Löfsjögård and A. Ansell

Published in: Buildings, September 2020.

The fourth industrial revolution entails many new technologies that will transform 

industries and societies. Construction 4.0 is a term used to explore possibilities and values 

these technologies might bring to the AECO industry. The studies in Paper III aimed to 

investigate how construction projects research addresses digital and automating 

technologies. A scoping review was used to study over two thousand articles from 2015 

to 2020, using key phrases. In general, there were few studies considering digital and 

automating technologies in construction project research. There was a large focus on 

BIM, while investigations of other new technologies were unusual. Studies of automating 

and industrial construction technologies were more frequent than ICT, and two findings 

were especially significant. First, few studies explored the synergy effects of different 

technologies, such as the connections between IoT for collecting data, AI for processing 

and 5G for the transference of data and information. Not considering synergy potentials 

can reduce the value creation of new technologies. Second, the potential of new 

technologies to increase sustainability was unusual and even decreasing in 2019-2020. 

Studies of automating and industrial technologies considered sustainability to a 

somewhat greater degree than those of ICT. 
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4.4 Paper IV 

Potential of automated configuration control to reduce hospital building deficiencies 

P. Schönbeck, M. Löfsjögård and A. Ansell

Published in proceedings of and presented at: International Conference on ENTERprise

Information Systems (CENTERIS), January 2022.

Functional deficiencies at the delivery of hospital construction projects are not unusual. 

The studies establish causes and consequences for building deficiencies in construction 

project research. Reviews of configuration management research identified preventive 

and recovery measures. Connections between causes, consequences, prevention and 

recovery measures were established using a bow-tie risk analysis. Studies of three 

Swedish hospital projects identified the presence of causes and consequences. The results 

show that deviations from intended functions are one of the most common causes of 

deficiencies. Cost increase (20%), time delays (37%), insufficient deliveries (i.e. 

decreased area) (9%) and corrective rework (776 orders) were the consequences. None of 

the investigated hospital projects practised the identified preventive and recovery 

measures to avoid deficiencies. Automation of configuration control based on data 

analyses shows a potential for preventing causes and reducing the consequences of 

deficiencies. However, this requires the establishment of relations between functions, 

solutions and production methods. Data from evaluations in operational use and multiple 

construction projects can provide a basis for standards. In addition, a baseline 

configuration of what is to be built should constitute the governing factor during the entire 

construction project. Hence, the use of data from building models can be the basis for 

evidence based baseline configurations. 

4.5 Paper V 

A decision support model for hospital configurations in construction projects

P. Schönbeck, M. Löfsjögård and A. Ansell

Submitted for review to a scientific journal

The foundation for hospital configuration decisions is a baseline defining all required 

functions, including acceptance values. Information based on building data contributes to 
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establishing connections between functions, design solutions and product realisation. The 

proposed decision support model contains a theoretical knowledge base, an entity-

relationship (ER) diagram representing model management, data management with IFC 

files and a gap analysis regarding the current user interface. A literature review and an 

international guideline for configuration management constituted the base of knowledge. 

An ER diagram represented the model management to establish entities and composite 

attributes for configuration decisions. The identification of IFC schemas for each 

composite attribute enables the use of available building model data. Case studies of IFC 

files from three construction projects of MRI facilities identified possible gaps in the user 

interface compared to the ER model. Based on the literature review, a decision flow chart 

identified five key areas for configuration decisions: baseline, design solution, change, 

production and verification method. These areas constituted the entities of the ER model 

for which composite attributes were established. Reviewing and identifying relevant IFC 

schemas showed good conformity with the composite attributes. However, there were 

gaps in comparison with the model regarding exchange schemas regarding object 

relationships, processes and resources in the files of the investigated cases. The findings 

show that the proposed model has the potential to support configuration decisions in 

hospital construction projects.
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Chapter 5 

Discussion 

In manufacturing and product development, the management of products is central 

throughout the entire lifecycle. This includes data based control over configurations 

through planning, design, production and operational use. The information should flow 

back and forth between phases to improve and maintain a high quality of end-products. 

The starting point for this doctoral thesis was observations of hospital configurations 

being deficient at the point of delivery. The consequences of deviations from the intended 

building performance are associated with insufficient functionality, delays and 

operational disturbances. In Papers I, II and IV, the results show that construction projects 

do not systematically manage configuration information. For example, managers of 

hospital construction projects considered configuration information management to be 

sequential and incomplete in current practice, as shown in Figure 3.2. Few studies address 

the use of configuration information in construction projects to ensure end-product 

quality and performance. The aim of this doctoral thesis was to bridge this gap by 

providing a knowledge basis for managing configuration information in hospital 

construction projects with a focus on structures. Different perspectives were studied, 

namely applicability, the definition of the required information, benefits, connections to 

new technology and sustainability. 

Configuration information has a lifecycle perspective that includes all phases of a product, 

but these studies were limited to construction project processes. Hospital construction 

projects encounter a multitude of complex configuration decisions, which makes the 

value of data based decisions high. Papers I, II and IV contain studies of Swedish hospital 

projects, but literature reviews imply that conditions are similar in other countries. A 

challenge in studying the subject of configuration decisions has been the lack of 

accessibility and reliability of the data from hospital projects. In the studies of Paper II, 

automated analyses of changes were impeded due to incomplete or incorrect data, making 

manual quality assurance necessary. The lack of available data limited the possibility to 
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test the model in Paper V. Instead, a case study identified gaps in current practice that 

precludes data based decisions in hospital construction projects. Quality assurance of 

building configurations still relies on individual knowledge rather than an objective 

analyses of data (Love et al., 2019), which Papers I and II confirm. Moreover, sequential 

information management precludes end-to-end processing and value creation (Nakayama 

et al., 2020). The results in Papers II and IV confirm this, as incomplete data lead to 

insufficient change control and deficient deliveries in construction projects. New 

technologies facilitate the management of configuration information and place high 

demands on the reliability of input data, as Paper II shows. Paper III contains studies of 

how research addressed new technologies and found gaps regarding synergy effects and 

contributions to sustainability. The studies in this thesis show that data-based decisions 

can improve the deliveries of hospital construction projects, but also point to difficulties 

with the implementation of such. Issues that require solutions are as follows: the 

assurance of reliable data, the definition of processing procedures and the determination 

of information creating value in an end-to-end perspective. 

5.1 Applicability of configuration information 

The management of configurations requires real time and accessible information to 

prevent ambiguities regarding what to deliver. Information about product functions, i.e., 

the baseline, is central in managing products throughout their lifecycles (ISO, 2017). 

Collecting functional requirements for hospital buildings are complex, involving 

politicians, citizens and different categories of personnel. Missing essential functions 

have long-term effects for patients or result in unnecessary corrective construction work 

(Adam et al., 2019). The design solution must fulfil the requirements of specific and 

complex functions. In addition, feasibility during production must be assured (Parvan et 

al., 2015). During the production phase, the baseline configuration and associated 

solutions should be unambiguous and changes to them minimised. The acceptance values 

connected to the baseline configuration should govern all decisions. 

In Paper I, the results show that managers of hospital construction projects do not 

prioritise clearly stated explicit configuration information. The management of functional 

requirements was regarded as significantly more important for a high quality end-product 

than complete information about it. Managers considered change control least important 

for the quality of hospitals, while research studies imply the opposite (Chun and Cho, 
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2015, Aljohani et al., 2017). Development of equipment and patient care is rapid and 

functional requirements might alter, causing configuration changes (Lavikka et al., 2019). 

This was confirmed in Paper I, where managers assessed the alteration of requirements 

common in the design and production phase. However, implementation of systematic 

change control as described in Papers II and V prevents the effectuation of adjustments 

that have negative consequences. 

The results from Paper I show that key areas of configuration information applied well to 

the construction project processes. Parts of the information were currently available, but 

there were issues regarding accessibility between phases and completeness. Knowledge 

and guidance on how to manage configuration decisions are provided in Papers II, IV and 

V. These studies establish the systematic management of decisions about hospital

configurations, which are applicable regardless of whether they are data based. However,

to reach the highest value of these models, reliable building data should constitute the

foundation. The complexity of hospital configurations increases the possibility of

benefiting from data based decisions. The studies in Paper IV show the potential to

improve outcomes in hospital projects with automated configuration control. Processing

large data sets enable the establishment of relationships between functions, solutions,

production methods and usability for end-users. The knowledge can establish

interrelationships and enable optimisations, as shown in Figure 3.7.

5.2 Data based configuration decisions 

Building configurations consist of large data sets, and basing decisions on them requires 

the use of several digital tools, especially for hospitals with high complexity. Building 

model data is mainly used for design purposes, but less so for the automation of processes 

(Shou et al., 2015). Reliable input data is a necessary condition for all data based 

decisions, as the model in Paper V shows. The illustrative example of the configuration 

information process in Figure 2.3 shows the need for connecting different information 

types. The AECO industry has established standards for design calculations and 

inspection measurements, but these are not related to fulfilling functions. These 

sequential processes increase the risk of product deviation and inefficient 

implementations (Adam et al., 2019). The studies in Paper I and V establish content and 

relationships between different types of configuration information in hospital projects. 

The IFC schemas for required data were determined in the Paper V model, ensuring 
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exchange between stakeholders. However, the attributes and input data must be 

determined before testing in real cases is possible. The establishment of functions and the 

baseline configuration is the foundation for all decisions, which none of the studied 

hospital projects had. As Papers I and IV show, the determination of the end-product 

configuration was incremental and continued during realisation. Clearly defined baselines 

describing what should be built are prerequisites for managing hospital configurations 

(Hall et al., 2017). Furthermore, a baseline configuration without measurable acceptance 

values will preclude verification, and the delivery's accuracy becomes challenging to 

prove. 

There should be a clear connection between the design solutions and the functions they 

should fulfil to enable the verification and consequence analyses of changes. Knowledge 

of dependencies between solutions is important to prevent the changes of one function 

from affecting others. The results from Paper II show that this type of information is 

available in the building model data. Feasible production methods should be documented 

with the design of solutions. However, the studies in Paper I show that only half of the 

project managers consider this the case at the end of the design phase. Involving 

contractors in the design phase provides the information required and streamline the 

implementation (Eleftheriadis et al., 2018). It is essential for healthcare facilities with 

technically challenging configurations to establish production methods early in the design 

phase. Transferring knowledge between projects regarding which production methods 

that realise complex technical designs are essential to prevent deviations, but this 

information was among the least documented in the cases studies of Paper I (see Figure 

3.2). This precludes the establishment of connections between functions, solutions and 

production methods. 

The definition of rework is an construction activity to correct deficiencies and the studies 

in Paper IV show that it was common in the cases studied. There was a connection 

between deviations of hospital configurations and rework, implying that functions were 

not continuously verified. The results from Paper I confirm this approach since 

information about verification methods was not considered available until the end of 

production. Inspections after completion preclude proactive measures to prevent and 

correct deviations during design and realisation (Parvan et al., 2015). The studies in Paper 

II provide a framework for change control, which is an essential part of managing 

configurations. The results show a significant underestimation of changes in the manual 

logs of the construction projects.  The management of configuration information requires 
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new working processes that are more circular and not as currently sequential. 

Multidisciplinary teams that collaborate to fulfil all intended functions ensure accurate 

hospital configurations (Liu et al., 2017) and facilitate the vertical integration of new 

technologies (Schneider, 2018). The lifecycle of building information continues after the 

object it represents, as shown in Figure 1.2. Hence, access to configuration information 

from previous hospital buildings provide knowledge and create value in the development 

of new ones. 

5.3 Outcomes of data based configuration control 

Standards connecting functions, feasible design solutions and production methods enable 

stakeholders to focus on their area of expertise instead of incremental product 

development (Ding et al., 2019). Figure 2.2 shows examples of configurations 

reoccurring in hospitals, such as rooms for vibration sensitive equipment, radiation 

shielding and heavy loads, where functions could be standardised. The results from 

Papers IV and V show the benefits of preventing deviations and optimising 

configurations, respectively. The implications of deviations in the studies of Paper IV 

were cost increase, time delay, decreased building area and rework orders, as shown in 

Figure 3.8. All of which are known issues in construction projects research. However, 

data based configuration control is not frequently explored as a measure to reduce these 

problems. As construction work becomes more industrialised and similar to 

manufacturing and product development, the benefits of knowledge transfer from these 

industries to the AECO industry increase. 

The results from Paper I show that the current hospital configuration management is 

deficient, but the model provides measures to improve it. Parts of the required information 

were present, but interconnections were often missing. Creating end-to-end value chains 

require a continuous flow of information not connected to specific phases or stakeholders. 

An example of interrupted value chains is the change management studied in Paper II, in 

which the cases had no baseline configuration, consequence analysis and implementation 

decisions for configuration alterations. Information about changes during the design was 

almost non-existent and incomplete during production. Data from the building models 

provided detailed information about the components and their interrelationships but 

lacked requests, consequence analyses and implementation decisions. Change data 

provide knowledge of frequently requested alterations and enable integration of those in 
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future hospital configurations. 

Reliable configuration information can facilitate the AECO industry’s entry into the 

fourth industrial period, whose main characteristics are automation and data exchange. 

Effective management of industrial technologies requires accurate configuration 

information, and digital technologies are the providers of this information. Supplied with 

reliable input data processing techniques, such as AI, provide valuable information about 

hospital configurations. However, one main finding in the studies is that the input data is 

deficient and incomplete. Other studies confirmed these findings (Viana et al., 2017). 

Hence, creating valuable configuration information with new technologies will require 

knowledge of the data formats that enable automated processing. 

5.4 Relationship to digitalisation and automation 

New technologies are dependent on accurate data for the processing and management of 

equipment. Configuration information describes the components that constitute a 

building. Hospitals are complex with many functions with large data sets that after 

processing provide valuable information. Digital processing techniques, such as AI, 

increase the capacity to analyse data to retrieve information for decisions (Joseph and 

Gaba, 2020). The fourth industrial revolution will change societies as a whole (Tay et al., 

2018). All industries must therefore explore which data and processing add value to daily 

operations. The AECO industry has fallen behind others in preparing for a transition, even 

though the potential benefits are evident (Craveiro et al., 2019). Therefore, it is essential 

to apply knowledge from other industries. For example, to manage industrialised 

production requires clearly defined configurations before the design and production 

starts. The exploration of new technologies in construction project research is mainly 

focused on BIM, as shown in Figure 3.11. However, the transition towards data driven 

processes entails multiple technologies and requires cross-collaborations. There is a risk 

that the predominant focus on BIM reduces the capability to implement new technologies. 

For example, AI or robotics that require other preparations for analysing and using data. 

In preparing for digitalisation and automation technologies, new work processes in 

construction projects are an essential factor. Figure 5.1 shows the information cycle in 

the current sequential workflow of construction projects, while digitalising technologies 

continuously provide information based on large quantities of data. The information about 
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hospital buildings should be considered an asset that is accessible and maintained by all 

stakeholders. 

Digital technologies enable the connection of data required to verify building 

performance and ensure intended operational use (Jensen and Maslesa, 2015). This 

enables real time access to configuration information and increased control. Artificial 

intelligence enables the automated processing of configuration data that improves product 

definitions (Mohammadpour et al., 2019). Connectivity increases with the 5G technology, 

which enables real time updates of digital building models on site (Reja and Varghese, 

2019). The new technologies require a product focus, improving configuration decisions 

regarding hospitals. However, the construction projects investigated in Papers II and IV 

did not utilise the possibilities of new technologies to ensure adequate hospital functions. 

The results from Paper III show that studies about new technologies in construction 

projects have not significantly increased over the last five years. Other studies confirm 

that digital building models provide the opportunity to analyse configuration data in 

construction projects, but often the management is manual (Santos et al., 2017b). The 

results from Paper II show that the possibility to use digital data to control changes is 

impaired by insufficient preparation of input data and a lack of working processes. To 

create value with new technologies regarding hospital configurations, data and 

information regarding the functions should be transparent, accessible and reliable. This 

will require establishing which data adds value and preparing it for processing with new 

technologies. Standards for this data management are essential to enable cross-

organisational value and knowledge transfer. 

Figure 5.1: Difference between information chains in current construction processes 

and possibilities with multiple sources (from Paper V). 
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5.5 Sustainable development contribution 

The results from the appended papers show that there is a connection between 

configuration control in hospital construction projects and sustainable development. In 

addition, the need for cross-collaboration between AECO actors to achieve reliable 

information is shown. Triple helix collaboration is one example that involves research, 

public sector and business organisations to facilitate interdisciplinary and cross-

organisational knowledge transfer (Leydesdorff, 2018). Several UN Sustainable 

Development Goals connect to construction work, but hospital buildings should also 

provide healthcare services to citizens (UN, 2021). Therefore, decisions regarding 

hospitals should be based on evidence to enable daily functions to diagnose, treat and care 

for patients (Hall et al., 2017). 

Minimisation of construction work is essential to reduce environmental impact and 

resource extraction (UNEP, 2020). This will require flexible configurations that enable 

different uses and are durable over time. The COVID-19 pandemic has shown a need for 

the rapid conversion of facilities to accommodate new conditions. A hospital contains 

many complex functions and the possibility to make informed and sustainable decisions 

depends upon analyses of building data (Pärn et al., 2017). The current manual 

management of configuration data will be obsolete, as Papers II and IV show. A transition 

towards automated decisions is essential for sustainable development. Value ICT depends 

on an end-to-end perspective, as does sustainability. Therefore, the processes and 

collaborations developed for increased sustainability may also facilitate ICT 

implementation and vice versa. 

Automated production methods rely on accurate configuration data for their management, 

such as robotics (Bock, 2015), 3D printing (Craveiro et al., 2019) and prefabrication 

(Lessing et al., 2015). Providing this information requires the identification and 

preparation of input data to enable necessary analyses. The results from Paper III show 

that the sustainability potential of new technologies is not frequently investigated. 

Construction projects have a considerable impact on the environment and resource 

extraction. Therefore, more studies of how new technologies can reduce these effects are 

important.  The lack of reliable configuration data shown in the studies of Papers I, II and 

IV impair control, which reduces possibilities to increase sustainable development in 

hospital construction projects. The provision of the decision support model in Paper V 
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increases the possibility of accessing data for analyses to provide information for 

configuration decisions. However, as shown in Figures 2.4 and 5.1, building models are 

only part of the available data necessary for complete configuration information. 

Contributing to sustainable development will require new data and information 

management processes to control configurations in the AECO industry. 

Prefabrication and additive manufacturing offer possibilities to monitor environmental 

impact during production. However, these technologies require accurate configuration 

data (Craveiro et al., 2019). The manufacturing of building parts in an industrial 

environment increases the control over emissions compared to on site work. In addition, 

material waste is often reduced in streamlined industrial fabrication (de Soto and Adey, 

2016). Additive manufacturing enables the use of new materials that can reduce the 

resource extraction in hospital construction projects. Adaption and customisation for 

specific purposes are other advantages of industrialised production methods (Ding et al., 

2019). 
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Chapter 6 

Conclusions and further research 

Information in construction projects are often managed sequentially, but configuration 

control requires an unbroken end-to-end perspective. Studies of configuration 

information management in the context of construction projects are unusual. However, 

new digitalisation and automation technologies require reliable configuration data and 

information, increasing the need for studies on the subject. This doctoral thesis shows that 

a systematic management of configuration information is applicable in hospital building 

projects. In addition, models for data and information management have the potential to 

ensure adequate functions of hospital structures. Digital technologies facilitate the 

collection and processing of data to support configuration decisions. The potential 

benefits of models for data based decisions are fewer building deficiencies, improved 

project outcomes and contribution to several of the UN sustainable development goals. 

Data analyses to predict and optimise configuration decisions require adequate and 

organised input data, as shown in Figure 6.1. However, all but one of the Swedish Regions 

property and project management organisations expressed concerns regarding traceability 

and access to data. None of the investigated hospital construction projects used the 

available building model data to manage configurations. In addition, the project managers 

of hospital projects were unaware that the manually managed logs contained insufficient 

information to provide an adequate basis for configuration decisions. The lack of access 

to reliable data in the case studies limited the analysis options and required a top-down 

approach, starting in the two top levels of the pyramid in Figure 6.1. The models and 

framework provided in the studies describe how configuration decisions can be predicted 

and optimised. Based on this knowledge, necessary input data were determined and how 

it should be organised to facilitate exchange between involved stakeholders. A 

transformation from manual to automated decisions requires that all stakeholders consider 

configuration data an asset equally valuable to the physical building. Overall, the 

conclusion is that data based configuration decisions can improve hospital construction 

projects deliveries of functions, outcomes and sustainable development contributions. In 

the following sections conclusions for each research question is presented. 
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6.1 Feasible application of configuration information 

The results from the studies of this thesis show that configuration information 

management applies well to construction processes. Building model data can provide 

information about relationships between hospital functions, design solutions and 

production methods. However, this requires construction project processes that ensure a 

constant flow of data and information. This thesis shows how the hospital configuration 

information is interrelated. The construction projects investigated in the case studies had 

parts of the data required, but it was not used to manage configurations. Baseline 

configurations represent the client’s intentions with a hospital building, which detailed 

data from digital models can provide. The comparison of design solution data to the 

baseline enables verification of function fulfilment. Establishing production methods for 

different design solutions enable detailed planning of the realisation. If changes are 

required, the baseline provides a foundation for evaluating consequences for the required 

functions. Hence, the application of configuration information in hospital construction 

projects is feasible and provides continuous control over intended functions. 

Figure 6.1: Illustration of how data, information and digital analyses provide steps 

towards higher value creation. 
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6.2 Decision support for hospital configurations 

This thesis shows what data is required to support hospital configuration decisions. The 

findings show that building model data and associated exchange schemas provide a basis 

for several configuration decisions. Data about elements, systems and their relationship 

from building models can define the baseline configuration, which constitutes the 

foundation for all associated decisions. Design solution decisions are supported by 

comparing configuration data to the baseline configuration. The choice of production 

methods requires data about the design solution to be realised in construction projects, 

supporting decisions about resources and processes. Evaluations against the baseline 

acceptance values enable verification of function fulfilment. The use of the proposed 

framework for managing change information can prevent the risk of implementation 

decisions affecting the intended functions. In the case studies of this thesis, the input data 

deficiencies provide a basis for possible improvements to enable configuration decision 

support. Analyses of large data sets enable evaluations, optimisations and 

standardisations to support decisions about hospital configurations. 

6.3 Creating value with data based decisions 

In hospitals, the performance of daily operations has a close relation to the configuration 

of the building structure. These studies show several values of the systematic management 

of configuration data to ensure hospital functionalities. Defining the relationships 

between function, design solution and production method data enable standardisations 

that support future project decisions. An adequately defined baseline configuration 

enables recovery from hospital building deficiencies by securing a return to the client’s 

functional requirements. Other possible beneficial effects of data based decisions are the 

evaluation and customisation of production methods. The findings also show that there 

are positive effects on project costs and delivery times. Hence, data based configuration 

decisions create value by ensuring accurate healthcare functions. The collected data also 

provides possibilities to transfer knowledge to future projects regarding functional 

hospital configurations. Cross collaboration between researchers, industries and 

organisations can determine a coherent value chain of data to support configuration 

decisions. 
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6.4 Interrelations with digitalisation and automation 

In this thesis, the studies show a strong connection between configuration information 

and digitalising and automating technologies. Digital technologies provide possibilities 

to process configuration data for decision support, but this requires reliable and accurate 

inputs. The potential of using digital technologies to collect, analyse and create value of 

configuration data is high. Studies of current practice in the case studies of this thesis 

show that the configuration data were incomplete or missing altogether, increasing the 

risk for incorrect decisions. Control of automated and industrial construction technologies 

requires accurate digital configuration information. Improving data management is 

therefore imperative to create a value of digital and automating technologies. In 

construction project research, BIM is the predominant subject while other technologies 

are less studied. However, optimising synergy and sustainability effects of configuration 

information require exploring many different technology combinations. An end-to-end 

perspective of configurations, instead of the current division into phases, is essential for 

implementing digitalisation and automation technologies in construction projects. 

6.5 Effects on sustainable development 

Currently, contributing to sustainable development is one of the most important issues 

worldwide. Data based decisions regarding hospital configuration are connected to 

several of the UN sustainability goals. The main contributions are optimisation of 

configurations and streamlining the production phase. Analyses of building data can 

establish connections between design solutions and different hospital functions. 

Transferring this knowledge between projects enables the development of hospital 

configurations fulfilling several different purposes. Thus, the need for construction work 

when changing healthcare activities reduces. Connecting design solution and production 

method data streamlines the realisation of hospital buildings, which reduces the amount 

of construction work. In addition, this knowledge provides a basis for choices of 

production methods with the least environmental impact and resource extraction. Thus, 

this thesis shows that data based configuration decisions in construction projects can 

contribute to several sustainable development goals. 
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6.6 Further research 

Based on the results of the studies included in this thesis, the overall conclusion is that 

there is a potential value in data based decisions regarding hospital configurations. It is 

reasonable to assume that the advantages are similar for other types of buildings. The 

findings show the complexity of managing hospital building data and configuration 

information in construction projects. The interface for information exchange before and 

after a construction project requires cross collaborations. One important interface of 

information exchange is with the client that should provide and receive accurate 

configuration information in connection with the project. Therefore, an end-to-end 

perspective is essential to creating optimal value. This requires stakeholders to manage 

the information as an asset equal to that of the physical building. The exchange of 

knowledge between researchers and practitioners enables the identification of 

opportunities, risks and value creation with hospital configuration data. 

The studies of this thesis have raised new research subjects to explore. The results show 

that project managers of hospital construction projects consider implicit knowledge 

management more important than documented and accessible configuration information. 

Additional studies are required to investigate if these opinions affect the implementation 

of data based decisions. The findings show the need for data preparation to enable 

automated analyses. Further exploration of data and formats that facilitate processing is 

required. The research gap found regarding synergy and sustainability effects of new 

technologies requires further investigations. For example, how combination of different 

technologies can potentiate benefits and contribute to sustainable development. The 

results show a connection between insufficient configuration control and deficient 

deliveries in hospital construction projects, but additional studies are needed to establish 

the connections in detail and identify preventive measures. The proposed decision support 

model with applicable IFC exchange schemas for configuration data and information 

provide a basis for further studies to establish detailed attributes and input data. 
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Suggestions for future studies related to the subject of this doctoral thesis: 

 Establish value creating attributes and input data for the database model from 

Paper V. 

 Investigate which managerial obstacles exist for implementing automated 

decisions in hospital construction projects. 

 Establish the ecosystem of technologies required to analyse hospital 

configuration data. 

 Determine the required preparation of building data to enable the use of decision 

support systems for hospital configurations.
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