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Using System Dynamics to Support
Strategic Digitalization Decisions

Hazal Deniz Kaya1 and Irem Dikmen2

Abstract: Although digitalization has become a prospect that is counted on for many problems in the construction industry, there have been
limited attempts at exploring decision-making processes in construction firms concerning the integration of digital technologies and impacts be-
yond the projects. In this research, the system dynamics (SD) approach was proposed to investigate digitalization as a strategic decision considering
the inherent relationships between project company and business levels. The SDmodel was conceptualized, formulated, and tested by conducting a
demonstrative case study within a modular construction company. Conforming to the strategic priorities of the case company, business process
engineering principles were adopted to model the existing practices and assess the impacts of implementing digital technologies such as building
information modeling (BIM), enterprise resource planning (ERP), and radio frequency identification (RFID) at different maturity levels. The
simulation tests revealed that the impacts of technologies are influenced by the internal dynamics of projects and company competencies as well
as external uncertainties. The SDmodel has the potential to improve strategic decision-making by anticipating the causalities and feedback between
the decisions and consequences of technology integration. The findings and model development steps proposed in this paper can be used by other
companies that aim to make process improvements with digital technologies as well as researchers exploring the implications of digitalization in
construction considering competencies and uncertainties.DOI: 10.1061/JCEMD4.COENG-14112.© 2024 American Society of Civil Engineers.

Author keywords: Digitalization; System dynamics modeling; Strategic decision-making.

Introduction

Digitalization has been conceived as the panacea for poor produc-
tivity in construction, and there is a strong interest among policy-
makers to support digitalization within the industry (McKinsey
Company 2020; European Construction Sector Observatory Report
2021; RICS 2022). Oesterreich and Teuteberg (2016) proposed
the use of Industry 4.0 technologies within the construction value
chain from different perspectives of adoption such as economic,
social, and environmental. Similarly, Wang et al. (2020) stated that
the industry is on the edge of a major revolution thanks to the dig-
ital technologies of Industry 4.0 such as big data, cybersecurity,
cloud technology, additive manufacturing, and augmented reality.
Expanding upon these, Sawhney et al. (2020) framed Construction
4.0 as encompassing the trends and technologies that will change
the way of design and construction in the built environment. Indus-
try 5.0 iterates on the technological advancement of Industry 4.0 by
integrating humans within the paradigm and prioritizing sustain-
ability for a new production model within the industry (European
Commission 2021). Considering that the construction industry is
slow to implement technologies and adopt business models to dig-
ital environments, it is still not clear how the industry will embrace
the changes brought by narrowly conceptualized Construction 5.0.

The reason behind this can be linked to the unique characteristics
of construction, such as the existence of many parties within the
value chain, project complexity, and uncertainty (Oesterreich
and Teuteberg 2016). Nevertheless, contributing to the competitive
landscape of the industry, building information modeling (BIM)
fills the gap of structured information exchange through digital
modeling and simulation, especially for design, and enables the
overall integration of construction processes with other technolo-
gies. For example, Tang et al. (2019) demonstrated the integration
of real-time data from internet of things (IoT) devices with BIM,
and Li et al. (2017) integrated radio frequency identification
(RFID) for prefabricated construction. Using real-time data driven
from sensors or IoT devices for BIM processes, digital twins (DTs)
stepped forward for the integration of the physical world with the
virtual. As autonomous systems, DTs paved the way for advanced
project management practices by helping data communication, bet-
ter predictions, and flexibility to uncertainties for construction proc-
esses (Pan and Zhang 2021). Despite the popularity of considering
BIM a prerequisite for the digital transformation of the industry,
skepticism still continues for the development of an integrated
BIM environment, which can be observed by the prevalence of using
modeling tools only for internal development and design stages.
Challenges of implementing BIM have been listed as technical dif-
ficulties such as inadequate experience, incompatibility of software
and interoperability issues (Abd Jamil and Fathi 2020), legal con-
cerns (Arensman and Ozbek 2012) and the need for a paradigm shift
toward collaborative working and change in behavior of practitioners
in the industry (Eadie et al. 2014; Hajj et al. 2021).

Despite various attempts in the literature to consider technology
adoptions, construction industry professionals still have unclarity in
their minds about which technologies need to be integrated, for
which purposes, and how to implement them in practice (Lavikka
et al. 2018; Wang et al. 2022). Hence, to improve the current status
quo of the digital transition of construction firms, practitioners need
to recognize the new opportunities of technologies together with
the technical, organizational, and external factors within a strategic
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context. In this regard, this research primarily aimed to explore
the strategic decision-making process in construction companies
concerning implementing different digital technologies and assess
the impact of digital technologies at the project level. A systems
approach has been used to model the decision-making process be-
hind the technology integration, including the project processes as
well as company-level and business-level factors. The research was
carried out in collaboration with a modular construction company
operating in international markets. Because the research aims to
understand the strategic value of technology adaptation from an
inclusive systems perspective, systems dynamics (SD) was used
to simulate decision-making processes within this company. The
developed SD model assessed the impacts of several factors such
as company capabilities, project and management-related aspects,
and benefits, as well as challenges associated with digital technol-
ogies and external uncertainties in the project environment. In the
forthcoming parts of this paper, first, the research background will
be presented on decision-making for digitalization. Then, the re-
search methodology will be presented, followed by the developed
SD model and demonstration of the case application. Simulation
results from the demonstrative case study will be discussed, as well
as general research findings, contributions, limitations, and recom-
mendations for future studies.

Digitalization in Construction

Digitalization is a strategic decision that can enable companies to
reach their long-term objectives. Nevertheless, digitalization as a
research topic in construction has generally been limited to the
demonstration of digital technologies as promoters of project per-
formance, especially in terms of cost and schedule. For example,
Bryde et al. (2013) focused on the benefits of BIM in project
management and revealed the major benefits as cost reduction
and control. Kang et al. (2008) and O’Connor and Yang (2003)
stated technologies have a strong positive correlation with schedule
performance; Hwang et al. (2019) investigated the effect of BIM on
rework during design and construction; and Zhu et al. (2022) pro-
posed the most prominent applications of smart technologies as
progress tracking, real-time monitoring, and schedule estimation.
Where the literature is mostly focused on the use of individual
technologies for different tasks, there is a need to create a proper
strategy to help construction organizations define key goals, perti-
nent actions, and assessment techniques (Love and Matthews 2019;
Nikmehr et al. 2021). Moreover, although these studies revealed the
benefits of individual technologies, there is still a lack of studies
that comprehensively elaborate upon the impact of technologies as
strategies and analyze this under the circumstances of project con-
ditions, current company competencies, and external conditions.

On the other hand, prior to discussing the effects of technologies
on the process, the acceptance and use of different technologies
have also been addressed in the literature using different perspec-
tives and methods. Among these, one of the most commonly em-
ployed methods is technology acceptance models (TAMs), which
place individual behavior, intention to use, at its core place. Accord-
ingly, the TAM posits that users’ intention to adopt technology is
shaped by two key beliefs: perceived usefulness and perceived
ease of use. These beliefs, in turn, can be influenced by external
factors like system characteristics, development processes, and
training (Xu and Lu 2022). In the construction industry, the model
is widely used to understand the acceptance of different technolo-
gies such as BIM (Lee et al. 2015), enterprise resource planning
(ERP) (Chung et al. 2009), and smart construction systems (Liu
et al. 2018) based on cognitive constructs of individuals. Therefore,
in most of these studies, tactical conclusions have been drawn for

the success of technology implementation in organizations.
Although these studies elaborate on the reasons behind the mindset
of technology users, a widely held viewpoint is that the TAM is in-
sufficient in predicting technology adoption at the organizational
level, and a commonly observed phenomenon is that once a construc-
tion organization invests in new technology, it tends to become a de
facto obligation for operators to incorporate it into their work proc-
esses, which is overlooked in the existing literature (Sepasgozar
2023). Therefore, when considering the objective of this study as
understanding the strategic value of digital technologies for construc-
tion, the focus has shifted from the influence of individual behaviors
in the technology acceptance process to the potential visionary
achievements that can be attained upon technology implementation
and its subsequent effects on processes using a systems approach.

Ernstsen et al. (2021) indicated the three visions of the construction
companies for digitalization as efficient construction (modularization),
user-data–driven built environment [real-time data of IoT, virtual
reality/ augmented reality (VR/AR), sustainability] and value-driven
computational design (digital designs for simulating changes, digital
twin cities). The authors stated that the innovation and digitalization
visions of the industry should be approached by combining different
discourses such as technology, business, and policy rather than
focusing on the benefits of individual technologies. Similarly,
Almeida et al. (2022) proposed assessing the integration of industry
4.0 (I4.0) technologies into production systems by evaluating
sociotechnical factors such as people, organizational structure, and
external environment. For the construction industry, the sociotech-
nical perspective used by several authors (Li et al. 2019; Lavikka
et al. 2018) suggests that digital technology integration must be
investigated by considering both organizational and technical
factors.Rather than just the evaluation criteria, the interrelations
between these criteria and how the dynamics behind that influence
the digitalization decision is another missing part of the current
body of construction management knowledge. Although there have
been several studies that model the dynamics of decision-making
for construction projects such as discrete even process simulation
(Doloi and Jaafari 2002), dynamic risk management systems (Zhou
and Zhang 2010), and dynamicmultiobjective optimization of projects
(Guo and Zhang 022), there is a lack of studies that focus on the
dynamics of the digital technology integration decision-making
process. This study attempts to fill the research gap using SD as
a tool to simulate and explore the considerations that companies
need to take into account when making decisions about digitaliza-
tion by combining both organizational and technical factors as well
as multiple technologies.

The main purposes of SD are understanding complex systems
and improving decision-making for the problems exhibited in them
by understanding the behavior of different components over time
(dynamism) and with feedback effects (Forrester 1997). SD has
been widely used in the strategic management literature to model
different systems and support various decisions. Applications include
modeling of project success (Lyneis et al. 2001; Lyneis and Ford
2007), sustainability assessment (Yao et al. 2011; Zhang et al.
2014), analysis of the competitiveness of construction firms
(Ogunlana et al. 2003; Dangerfield et al. 2010; Barnabè 2011),
performance management Yildiz et al. (2020), and selecting the
best approach for delivering projects (Nouh et al. 2023). Although
there is much research in the existing literature regarding project
planning, control, and strategic decision-making by system dynam-
ics, to the best of the authors’ knowledge, there are no studies that
analyze the outcomes of technology integration, particularly digital
technologies, using this method. With the intention to fill this gap in
the existing literature, this research endeavors to demonstrate how
SD can be used for simulating the impacts of different technologies
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on processes and influence the decision-making process itself with
a demonstration in a modular construction company.

Research Objective and Methodology

The objective of this research has been identified as modeling
dynamics of technology implementations within companies taking
into account project, company, and business factors to support digi-
talization decisions. It has been hypothesized that a systems approach,
particularly SD, can be used for this purpose. The case study type of
research is relevant for this research objective because in SD, a spe-
cific system or problem is modeled with its constituent components
and interactions. Case studies are compliant with construction project
management research because each project is a case with specific
physical requirements and unique control as well as management
methods (Gomes Araújo and Lucko 2022). The case study was de-
signed using the systems thinking perspective. Systems thinking pro-
poses comprehending how things affect each other as a whole and
considers problems part of the system rather than isolating them from
other constituents (Sterman 2001). Based on the idea that the strategic
value of technology adaptation cannot be fully understood without an
understanding of the system (the processes, actors, and their interre-
lationships), internal dynamics as well as the external environment,
systems thinking, and SD modeling were used in this study.

The research used the two-step modeling methodology of SD,
as proposed by several authors (Sterman 2000; Forrester 1997;
Senge 1990). The first step is conceptualization and qualitative
modeling, which comprise causal loop diagramming (CLD). Then
causalities are converted into level and rate variables to imitate the
behavior of the system by different numerical calculations as quan-
titative models. The term “level” refers to anything that builds up or
diminishes over a certain period, whereas the rate displays how
much the level has changed over time. The level and rate are for-
mulated in SD using stock-flow diagrams (SFDs). Levels are rep-
resented by the stock variables, whereas rates are variables of flow.

The two-stage model of the SD process is composed of four
sequential steps: (1) conceptualization, (2) formulation, (3) testing,
and (4) simulation (Sterman 2000). The conceptualization step en-
compasses problem articulation and defining system parameters
and interrelations. For problem articulation, the strategic position-
ing of the case company in terms of digitalization was investigated,
which included describing the internal (resource-based) and exter-
nal environment of companies for both current and future scenarios
(Price et al. 2003). The system parameters and interrelations were
described for both current and future strategies in the project
process chain by evaluating different digital technologies. Then,
the parameters were converted into formulations, transferred into
a computerized environment, and tested with initial parameters
for validity iteratively. In the final step, different scenarios in the
project environment and strategic goals for digitalization were
simulated in Stella Architect version 2.3.1. For the sampling part
of the SD model, typical inputs were used for a medium-sized
modular construction project of the case company. This typicality
also encompasses the extreme conditions of the projects, which
improve the reliability of the case study application. As the data
source, interviews and oral feedback were used, which were de-
picted as group model-building (GMB) sessions. The research steps
are illustrated in Fig. 1. The selection process of the case company
and model development steps will be explained in the next section.

The Case Company

The research was carried out in collaboration with an international
construction company that was exploring digital transformation

possibilities and was willing to collaborate with researchers.
The company is one of the earliest established firms in Turkey
for prefabricated modular steel structure production, export, and
international contracting services, with more than 40 years of ex-
perience. Because the company emphasized globalization as a stra-
tegic goal in recent years, it completed many projects worldwide
and has a presence in more than 60 countries. Moreover, the com-
pany is one of the 250 biggest contracting companies in the world
and has appeared in the Engineering News-Record (ENR) list for
the last 10 years (ENR 2018). The company is experienced in BIM,
emphasizing modern methods of construction such as design for
manufacturing and assembly (DfMA) and designing for industrial-
ized methods of construction (DIMC) over traditional methods of
construction. With its experience in the industry as well as the will-
ingness to collaborate, the company was found to be a good partner
in this research. A modular construction company was also consid-
ered a good research partner due to the opportunity to analyze the
effects of technologies on both controlled (fabrication and produc-
tion process) and uncontrolled (assembly on site) environments.

The case company contributed to the SD model development
with the involvement of staff in different modeling sessions, which
were structured according to the framework proposed by Vennix
(1995), as explained in the next section. The framework was com-
posed of creating models by brainstorming, with the experts having
diverse industrial knowledge and backgrounds. Considering the
disconnection between the cognitive models of C-level executives
and the management and digitalization team in the company, the
integration of experts from both groups was found to be crucial for
model development. The process was structured and conducted
in 1–2.5-h sessions where three experts participated in seven ses-
sions in the case company. The group discussions during the
sessions were recorded and transcribed.

Group Modeling Sessions

In the SD development process, knowledge elicitation from the
company experts involved five main steps. The background of
the experts is given in Table 1.

First, a preliminary study was conducted as the initial GMB ses-
sion where the aim of the study and the need of the case company
in terms of digitalization were configured. For that session, the con-
tribution of the chief technology officer (CTO) of the company was
essential to ascertain the initial requirement to use SD modeling for
strategic analysis. Then, the system boundary was defined in the
second session as the problem articulation step. For that step, the
methodology of SD modeling was introduced to the experts, and
the predeveloped basic Stella model was created as an example of
the process chain of similar modular construction projects. Then,
experts provided feedback on the existing project processes and
future digital technology integrations. Model formulations and
parameters were transferred into the computerized model iteratively
by the contributions of experts. After clarifying the parameters and
interrelations with the mathematical formulations, the baseline sce-
narios were tested for different external conditions and evaluated.
The GMB sessions are summarized in Table 2.

Development of the SD Model for the Case
Company

Initial Session: Strategic Positioning and Technological
Improvements

In the initial session, the current situation of the company, technol-
ogies currently used, reasons behind the decision to digitalize,
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Table 1. Expert profiles

Expert ID
Education

level
Years of experience

in industry Industry Current title
Experience in digital

transformation

1 MSc 10 Building/residential BIM/digitalization expert High
2 MSc 10 Building/residential BIM/digitalization expert High
3 PhD 15 Building/residential Chief transformation officer High

Fig. 1. Research steps.

Table 2. Summary of group modeling sessions

ID SD step Session aim
Session

duration (h) Experts Session output

1 Conceptualization Understanding the strategic
position and goals for digitalization

2 C-level executive,
two digitalization experts

Existing and redrawn business
process chain

2 Conceptualization Defining system parameters 1 Two digitalization experts As-is causal loop diagrams
3 Conceptualization Finalizing conceptual maps 1.5 C-level executive Reconfigured (digitalization options)

causal loop diagrams
4 Formulation Model assumptions 2.5 Project manager,

two digitalization experts
Computerized models

5 Testing Baseline testing 1 Project manager,
two digitalization experts

Finalized stock flow diagram,
findings and discussions

6 Simulation Scenario analysis 2 C-level executive Findings and discussions

© ASCE 04024009-4 J. Constr. Eng. Manage.
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digital technologies intended to be implemented, and related key
performance criteria were evaluated together with experts. The
company was using BIM as a modeling and simulation tool, espe-
cially for design automation. The technology development process
was managed by a technology team, which is responsible especially
from the design stage and in improving BIM coordination among
different departments and processes of the projects. Moreover, the
company was experienced with the ERP system that had been used
for the last 5 years for controlling inventory, creating material lists,
and overall planning of logistics and production. The main reasons
behind the digitalization strategies were expressed as increasing
productivity and responding quickly to the changing environment.
Due to the frequent changes in market conditions, immediate rem-
edies such as procuring materials, hiring people, and doing overtime
became more difficult, and there were considerable cost overruns
that could be compensated for with process improvements by digital
technologies. Another reason for seeking technological solutions
was identified as decreasing rework. Considering the necessity
of material supply for the entire process chain, the accuracy problem
of the existing material lists was emphasized. For exploration of the
general and digitalized process chain of the case company, the con-
cept of business process reengineering (BPR) was used, as proposed
by Hammer and Champy (1993). As previously stated, the scope
of the model is configured in accordance with the strategic objec-
tives and pertinent project processes concerning the digital technol-
ogies employed within the context of the modular case company.
Modular construction projects involve creating building sections
or complete units off-site in factories, which are then transported
to the designated location for assembly. Because modular construc-
tion has differences from the traditional construction process, such
as production of repetitive units with multiple intended uses and
standardization (Innella et al. 2019), in this research, the main proc-
esses of modular projects were considered. The initial group mod-
eling sessions underscored the case company’s primary focus on
specific processes, including design, supply, production, and con-
struction. The BRP and SD model development would be similar in
traditional construction but might have included different processes,
resulting in different findings.

The company was expecting to further implement BIM in differ-
ent processes. That statement of the experts merged with the liter-
ature of BIM to define the parameters as maturity levels that
embrace integration from different perspectives. In this research,
the proposed model of Succar (2010) was used, which encloses
both the technological and policy aspects, depicting three maturity
levels: (1) object-based models, (2) model-based collaboration, and
(3) network-based integration, which is supported and extended by
other research in the literature (Yilmaz et al. 2019; Khosrowshahi
and Arayici 2012). Model-based collaboration refers to the commu-
nication of models or parts of models using both proprietary and
nonproprietary formats [e.g., issue for construction (IFC)]. It can
take place within a single project lifecycle phase or between
two phases, such as architectural and structural model exchange
during design and steel model exchange during production. At
the network-based integration level, integrated models that are rich
in semantics are developed, exchanged, and maintained co-
operatively throughout the project lifecycle phases. For the supply
process, the company was seeking to enhance the integration of
ERP systems for inventory management. Additionally, the RFID
technology was selected by the case company to enhance material
tracking by smart gateways in front of factories. At the factory and
construction sites, tracking building components with RFID was
identified as a priority. Despite having a competitive advantage
through modularization, the experts noted that the company had
to follow certain strategies and procedures to minimize the risk

of accidents. One of these was adopting new technologies, such
as safety tools (wearable devices, sensors) for construction sites.
The related digital technologies identified as a result of the initial
session are represented in Fig. 2.

At the end of the initial session, the company experts prioritized
the digitalization strategies for the current inefficiencies and men-
tioned possible technology integrations within the processes. First,
the C-level executive of the company underlined the acceptance
of BIM as an automation tool from the design departments and
the interoperability problems between BIM models for processes.
Therefore, the priority was identified as increasing automation
of design by improving the level of details of object-based models
and competency of the technology team of the company. The sec-
ond priority was stated as improving the time and cost of data
integration to BIM models for better project management. The
third priority encompassed the second level of BIM, model-based
collaboration, defined as improving the level of interoperability
between different models and processes. The fourth priority was
determined as updating the ERP module with material lists from the
BIM. Experts identified implementing RFID for element tracking
during supply and production as the fifth priority. The sixth priority
was to improve BIM as a network-based integrated tool with other
technologies. Considering the importance of keeping down the un-
controlled working environment, the final priority was defined as
the implementation of safety tools. Subsequently, the strategies and
technologies derived from company experts were translated into
system dynamics model parameters. The aforementioned technol-
ogies and process-based improvement strategies were contingent
upon the company’s engagement in the modular construction do-
main. For instance, the integration of ERP technology into the
model was prompted by the company’s inbound logistics opera-
tions and uncertainties within material supply, thereby necessitating
the inclusion of relevant parameters in the simulation process. How
the priorities and technologies were modeled in SD will be ex-
plained further in the following sections.

Conceptual Modeling

As the first step of SD development, for conceptual modeling, the
system parameters and causalities were determined by causal loop
diagramming. Considering the time-dependent simulation feature of
SD modeling, conceptual models were created for schedule perfor-
mance, which was then used for analyzing cost performance indica-
tors in computerized modeling. First, as-is CLD was drawn for the
current project management process, which was configured accord-
ing to model structures in the construction management literature
and feedback from the company experts. The basic feedback struc-
ture of the project management system was composed of essential
elements such as (1) project progress, (2) errors and reworks,
(3) project planned schedule, and (4) management strategies and
consequences of these actions. Because the experts mentioned dif-
ferent remedial actions for different project processes, model param-
eters were changed for each process in the computerized modeling
section. For project progress, the commonly adopted logic is that
the required work finishes with a completion rate that depends
on the productivity and number of resources (Lyneis et al. 2001).
Productivity was defined as the work done for a unit of time per
resource in this research. The resource represents the expanded def-
inition of sources used for the specific task (e.g., production and
construction labor or design teams). Nonetheless, the project almost
always flows less than perfectly, encountering some errors and
thereby rework. Errors have different representations in the literature
of SD, such as error fraction (Lyneis et al. 2001; Love et al. 1999),
positive denotation as acceptance rate of completed tasks (Wang and

© ASCE 04024009-5 J. Constr. Eng. Manage.

 J. Constr. Eng. Manage., 2024, 150(4): 04024009 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
01

/2
9/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



Yuan 2017), and quality (Pargar and Kujala 2021). Considering
the expressions of the experts, the error ratio was found more con-
venient to define the erroneous portion of the work and predicted as
a percentage for each project process in the quantitative model.
As the third aspect, the project planned schedule and requirements
were configured. The schedule pressure defines the ratio of actual
completion time (required time to correctly complete the work)
to planned completion time. When a project falls behind the
planned schedule there are general remedies such as overtime and
resource allocation, which originate in different balancing (B) and
reinforcing (R) loops, as can be seen in Fig. 3.

For instance, from Fig. 3, B1 represents that as the actual
completion time increases, so does the schedule pressure, which
increases the actual error ratio and therefore the rate of task com-
pletion and time again. Accordingly, management strategies like
overtime for releasing schedule pressure and increasing the resource
level for reducing remaining work were modeled with its conse-
quences such as employee fatigue and congestion on the work site
that result in lowering productivity and increasing errors (Lyneis
and Ford 2007). Therefore, the system parameters and feedback
loops were constituted based on the methods proposed and widely
used in the SD literature, such as Lyneis et al. (2001) and Lyneis
and Ford (2007).

The rationale behind the stated feedback loops constitutes a ba-
sis for strategically redrawn conceptual models for digitalization
strategies. Therefore, after configuring the existing management
strategies and project dynamics, digital technology parameters
were added according to the experts’ feedback from the previous
session. The mentioned technologies and their strategically directed
impacts were added to the CLD of each project process in accor-
dance with the group modeling sessions conducted with the experts
and were therefore in line with their anticipations of technology
influence on processes. Additionally, the study also consulted the

existing literature on digitalization in construction management to
validate the rationality of stated causalities.

As strategic objectives related to BIM, the automation capabil-
ities, interoperability between different models, and level of inte-
gration were aimed to be improved in the company. Considering
the maturity levels of Succar (2010), the first maturity level is
object-based models related to the automation of design parameter.
It is stated that the parameter majorly affects the productivity of
the design team, which was reflected in the efficiency parameter.
Then, increasing the level of four-dimensional (4D) and five-
dimensional (5D) models is related as a strategy and relevant
technology parameter defined as the effectiveness of project man-
agement. The experts mentioned that schedule pressure due to any
changes in the planned durations can be managed effectively by
this parameter. As the second maturity level, model-based collabo-
ration was chosen as another technology parameter as the depic-
tion of interoperability between models. The last maturity level,
network-based integration, was considered a system parameter that
was connected with the error ratios of production and construction
processes regarding its benefits for closed-loop visibility and trace-
ability of progress through real-time status. Considering the stated
strategic goals of the company for the supply process, the accuracy
of material quantities was stated as a system parameter connected
with the order contingency, which refers to inventory and overall
material management through the ERP systems. Considering the
importance of availability of supply in avoiding material discrep-
ancies for modular construction companies, RFID technology was
linked with the missing materials system parameter, which imple-
ments tags to material packages and trucks to read management
information for supply (Demiralp et al. 2012). For the production
process, the case company experts stated their existing manage-
ment strategy for possible delays or external requests increased
resources (e.g., hiring labor, upscaling the amount of equipment),

Fig. 2. Digitalized business process chain.
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which provides backup for other projects in the portfolio. Because
factories generally work for the maximum hours, there was no over-
time option. Increasing productivity as the main objective of pro-
duction, RFID technology was considered by the experts of the
digitalization team in the factory, and real-time information on pro-
duction positioning can decrease time-consuming identification
of the location of materials or units. Therefore, RFID technology
was connected with the efficiency and error detection parameters
(time of rework detection on the production site) of the production
process. Also, the additional effort and time required due to the
separate modeling of the design and production process was ob-
served as a process inefficiency. Thus, the modeler added an inter-
connection between model-based collaboration and the production
modeling system parameters. The related operational parameters
and causalities can be observed from the finalized CLD of produc-
tion process as an example in Fig. 4.

Considering the uncontrolled environment of construction sites
and the strategic goal of decreasing errors, health and safety man-
agement was added as a system parameter and connected with the
safety tools parameter. BIM maturity levels were linked with stra-
tegically relevant parameters such as communication on site to in-
crease productivity or the effectiveness of project management to
release schedule pressure. The technology-related system parame-
ters and their linked model parameters are given in Fig. 5.

Consequently, the mentioned system parameters and causalities
were decided together with the company experts according to the
case company’s inefficiencies, strategies, and expected benefits
from digital technologies as well as previous research findings re-
ported in the literature, such as for the maturity levels of BIM
(Succar 2010), impact of ERP on the supply chain (Tambovcevs and
Merkuryev 2009; Powell 2013), and RFID influence on missing

materials (Demiralp et al. 2012). Although the technologies and
causalities may differ in another company, the objective of this
paper was to demonstrate the influence of SD on decision-making
in technology integration. Hence, SD was proposed as a generic
method, and how it can be developed and implemented in practice
to test impacts of digital technology was demonstrated by the case
company. Based on the conceptual model, each process was drawn
in the Stella Architect CLD window and transferred into stock-flow
diagrams, as will be explained in the next section.

Computerized Modeling

The CLD for each project process was converted into SFD in Stella
to test and simulate the system. First, different boundary conditions
and model assumptions were defined for adapting real-time set-
tings. The model comprised endogenous and exogenous factors,
which were categorized into six groups: (1) initial (2) project ob-
jectives (performance indicators), (3) resource and capability,
(4) external factors, (5) managerial actions, and (6) formulations.
Accordingly, the endogenous (internal) factors encompassed
parameters such as the project’s initial values (e.g., project scope,
anticipated durations, material inventory). For the second group,
the actual completion time of the processes and total project dura-
tion were considered. Then, the final resource and material levels,
overtime factors, and contract conditions (e.g., liquated damages)
were equated with unit prices for project cost analysis. The factors
under the third category indicate project resources (human, equip-
ment), planned productivities, and technology integration capabil-
ities, which are exogenous project and company-specific system
parameters that have undergone internal changes for different sim-
ulations. The external uncertainties from the client and market were
defined together with management strategies. The formulation

Fig. 3. As-is CLD of project management.
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parameters were added to the model as converters aiming to trans-
fer information to variables and ensure dimensional consistency.

Accordingly, the determined technology parameters and their
causalities were reflected in the computerized model with 5-point
Likert scale ratings and formulations.

For instance, the automation of design parameter was calculated
as a percentage according to the rating of the level of detail (LOD)
in object-based models, level of interoperability, and competency
of the technology team. The LOD of object-based models refers
to parametric modeling as the preparation and modularization of

Fig. 5. Technology model parameters.

Fig. 4. Production process conceptual loop diagram with technology strategies.
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as-built models for optimization and informed iterations of design
(Sharma et al. 2017). Moreover, for that equation, the capability
of the digitalization team was chosen as a limiting factor for
automation through BIM. Similarly, the effectiveness of project
management parameters was rated in the Likert scale consid-
ering the level of time and cost data integration in BIM. The tech-
nology parameter of RFID was rated as yes or no and modeled
as binary digits in the model, as given in Supplemental Data,
Table S1.

Considering the supply process, the IF THEN rule was defined
to link the accuracy of material quantities with the implementation
level of ERP. The experts assumed full or perfect accuracy (1) if
ERP level were high, and for the current ERP level, (moderate)
accuracy was stated as 0.7. Similarly, it was assumed that for the
increase in level of interoperability (frommoderate to high [between
3 and 5]), efficiency would increase by 25%. The exemplified
model equations are given in Table S2 in Supplemental Data.

Although productivity was defined as the unit of work that is
done in a week by one resource (units/weeks/resource), these
parameters reflect the planned or initial estimations of the company.
Due to the changes in circumstances in the project dynamics, in-
herent consequences of managerial actions (e.g., fatigue), or tech-
nology integration, it can change positively or negatively. In this
context, the efficiency parameters were added to the model as con-
verters collected these impacts and transferred them to actual pro-
ductivities, as can be seen from the finalized SFD of the design
process, as given in Fig. 6.

The quantified technology parameters were used in the equa-
tions of the connected system parameters, as stated in conceptual
modeling. To quantify the impact of technology parameters on pro-
ductivity and error variables in the computerized model, GMB-4
was conducted, and the expected impacts of the future scenarios
were reflected in the model formulations as IF ELSE statements.
For example, for the design process, the impacts of automation
were reflected in the design efficiency equation with different con-
stants, as given in Eq. (1)

Design efficiency ¼ IF ðAutomation of design

≥ 0.6 AND Automation of design < 1Þ
× THEN ð1.20 × FatigueÞ
× ELSE IF Automation of design

¼ 1 THEN ð1.5×ÞELSE Fatigue ð1Þ

The actual error ratios were quantified considering endogenous
(e.g., the effect of schedule pressure on errors) and exogenous var-
iables (technology parameters). For instance, BIM maturity level 3
and network-based integration have an influence on the level of
construction errors; however, considering the human influence
on errors, as experts stated, even with flull technological maturity,
there can be a minimum level of errors assumed to be 5%. Errors
create rework, but with a delay because rework discovery takes
some time, where rework detection can be reduced by technology
use (e.g., with RFID for production). These assumptions were in-
corporated in equations, as given in detail in Supplemental Data
Table S3.

Although this aspect may not be subject to empirical validation,
it is important to emphasize that the central aim of this paper is not
to posit correlations between an advancement in technology and an
equivalent upsurge in productivity or decrease in time. The main
argument behind the model is that impacts of technology should
be concurrently evaluated with internal factors (such as mitigation
strategies, external and internal capabilities, etc.) and considering
dynamic processes.

In addition to model parameters, assumptions were made related
to (1) the flow of project processes and (2) external factors. The
project process was initially modeled from the time perspective,
and its unit was selected as a week for a medium-sized modular
project. The project flow was modeled according to the task
dependencies and logical relationships between the processes.

Second, the modular construction company was encountering
uncertainties due to additional work requests by clients. Change

Fig. 6. Stock flow diagram of the design process.
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orders at the design stage may result in additional work, or there
may be additional production units (panels, modules) requested
with the same design. To reflect these aspects, two exogenous
model parameters were implemented as change orders and produc-
tion work increase as additional flows to initial stocks with STEP
built-in software. Considering the timing of change orders is un-
certain in projects, it was randomly simulated for different scenar-
ios. On the side of material supply, the third external parameter
order increase was configured to model the amount of additional
material required in case of insufficient supply.

For the production process, the initial level of resources was
iteratively altered by the simulation itself to finish the project in
the expected duration by increasing the resource gap in hiring time.
However, similar to many workplaces, there is a capacity, an upper
limit of resources. For that, the crowding effect on productivity was
reflected in the efficiency equations. Although production and con-
struction processes have a similar pattern for model development,
the main difference is the parameter of maximum production capac-
ity, added as another company-specific capability parameter. The
finalized SFD of the production and construction processes can
be found in Figs. 7 and 8, respectively.

After deciding on the model parameters, interactions, and as-
sumptions that include both the resources and capabilities of the
case company and external market-related uncertainties, the SFDs
for each process were created by the conceptual causalities and
mathematical equations, as summarized in Supplemental Data,
Table S3, and presented in detail in Kaya (2022).

The finalized SFD of each process is dependent on not only
technical factors of projects but also human factors (e.g., initial pro-
ductivity and error parameters) and company capabilities such as
the competency of the technology team, existing level of technol-
ogy integrations, and consequences of selected managerial actions.
Consequently, the duration of each process and project, final

resource and material levels, overtime factors and liquidated dam-
ages multiplied by unit cost percentages for the SFD of the project
cost are given in Fig. 9. The details of the time and cost sector equa-
tions are also given in Table S4, Supplemental Data.

Model Validation and Verification

As the third step of the SD development, the system parameters
and defined equations were iteratively validated with different tests
from the literature. Coyle (1977) defined SD validation as exam-
ining the purpose and confidence of a model for real-world reflec-
tion. In the construction management literature, model validation
has been usually conducted by case studies and compared with
real-world data by consulting with industry experts (Dangerfield
et al. 2010; Ogunlana et al. 2003). Within the scope of this study,
the model validation was conducted in two ways: (1) by validating
the structure and assumptions and (2) by verifying the technical
correctness of equations and implementation. Forrester and Senge
(1980) stated that for structural validity, the model can be compared
with the descriptive knowledge of the real system, and behavior
may be tested regarding the observed real-system behavior. Thus,
a structural verification test was conducted to compare with the real
world. In this research, the group model-building sessions provided
empirical validation, as guided by the experience of the participants
and descriptive knowledge. This empirical validation encompassed
the continuous discussions with the partners during the group mod-
eling sessions, which shaped the conceptual models of each pro-
cess. The model parameters, including the project, digitalization,
and extreme conditions, were defined together with the company
experts and iteratively validated throughout the sessions. Structure
verification entails a direct comparison between the model’s struc-
ture and the actual system it represents, in this case the real modular
construction project processes. Verification may involve experts

Fig. 7. Stock flow diagram of the production process.
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Fig. 9. Stock flow diagram of project cost.

Fig. 8. Stock flow diagram of the construction process.
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reviewing the model’s assumptions in relation to relevant aspects of
the real system and examining how these assumptions align with
existing literature on decision-making and organizational relation-
ships. Initially, the modeler used similar system dynamics models
from the literature as a basis for the project process, such as error
generation and rework structures, productivity, and schedule pres-
sure equations (Lyneis et al. 2001; Lyneis and Ford 2007); then, the
technology-related strategy parameters and external conditions of
the projects were added to the model according to discussions with
the experts for each process. At the end of the conceptual models
of each process, during GMB-3 and GMB-4, both the opinions of
C-level executives (verifying the strategy parameters) and project
managers (verifying the logic of sequence of processes and mana-
gerial action parameters) were used for validating the structural
relevance of the model.

As one of the key validation steps for computerized modeling, a
dimensional consistency test was conducted with the unit checker
of Stella Architect. Initially, when transferring conceptual models
to stock flows, it was noted that the model had over 50 unit warn-
ings. To ensure consistency, adjustments were made to the units.
With experts, the main units for each process were established, such
as production “units” and supply in “tonnes.” To rectify errors, dif-
ferent conversion factors were implemented in the model; for in-
stance, errors arose in the Stella software due to the discrepancy
between the unit of design completion rate (“Buildings/Weeks”)
and the order (“Tonnes”). To address this issue, the model was
modified by introducing the parameter “Units per Building” to re-
present the units required for producing and installing one building.
These units were then converted into material units using the “Raw
Material per Unit” factor. However, it is important for these unit con-
version parameters to align with the real system. Hence, a parameter
verification test was conducted in collaboration with the experts
from the case company. Ultimately, after clarifications and adjust-
ments to the units, the dimensional consistency was verified using
Stella Architecture. The parameter verification test was conducted,
which examines whether the parameters are relevant to the system’s
descriptive and numerical knowledge. Necessary changes were done
iteratively during the group modeling sessions, and the computer-
ized model passed the test because the company experts set the val-
ues for each parameter comfortably for simulation. As another
critical test, the extreme conditions test was applied to understand
the behavior of the system under sudden shocks by evaluating differ-
ent imaginary maximum and minimum values. First, the test was
applied for technology-related input parameters and then sudden
shocks, such as change orders. According to the data of the baseline
project, both groups of parameters were tested for worst scenarios
and modified according to the behavior of real projects under these
circumstances. The necessary changes made for these two tests are
summarized in Table S5 and Table S6, respectively, in the Supple-
mental Data. As a result of 61 tests in Stella (Kaya 2022), the de-
veloped model was finalized. Thereafter, as the most important part
of the validation step, the model was tested with the inputs of the
experts and compared with the actual project data. The conducted
baseline testing and results of the scenarios simulations are pre-
sented in the following section.

Simulation: Scenario Analysis and Testing of
Strategies

The simulation included two one-off tests with the company. To
uncover the dynamic behavior of the model under various future
situations, scenario testing was carried out, and the impacts of tech-
nologies were analyzed. The inputs for the baseline testing are
given in Table 3.

For simulation purposes, random numbers were generated for
the timing of change orders and production work increases. A base-
line scenario was tested with the given inputs of the case project,
which encountered change orders during the design stage (Week 2)
and additional unit requests during production (Week 7). Accord-
ing to the simulation, for a 45% work increase, the project cost
increased by nearly 50% with a 30-week project duration, with
5 weeks of delay from the planned duration. During GMB-5, the
project manager and digitalization experts compared the results
with real project data and stated that the results were reasonable
for the baseline scenario, so the final SFDs were set for scenario
testing. The comparison of the performance indicators of the model
and real project can be seen in Table 4.

A total of seven priorities, as previously discussed, were opera-
tionalized as strategies in the existing model by changing the level/
maturity of technology parameters. The strategies were selected

Table 3. Data of major variables for the baseline scenario

Category Parameter Input Units

Design Initial design work 4 Buildings
Initial designer productivity 1.3 Buildings/

week/team
Design team 1 Team
Planned design duration 3 Weeks
Design error ratio 30 %

Supply Units per building 250 Units/buildings
Planned supply duration 5 Weeks
Missing material 20 %

Production Initial production work 1,000 Units
Planned production duration 12 Weeks
Resource Productivity 1 Units/week/

resource
Max. production capacity 130 Units/weeks
Initial resource 80 Resource
Production error percentage 20 %

Construction Planned construction duration 8 Weeks
Resource productivity 5 Units/week/

resource
Initial resource 30 Resource
Construction error percentage 10 %
The upper limit of resources 40 Resource

External Change order 15 %
Production work increase 30 %
Material order contingency 15 %

Technology LOD in object-based models 4 (1-5)
Level of integration of time
and cost data

2 (1-5)

Level of interoperability
(model-based collaboration)

3 (1-5)

Level of integration of processes
(network-based integration

2 (1-5)

Competency of the technology
team

4 (1-5)

RFID 0 (0 or 1)
ERP 2 (1–3)
Safety tools 0 (0 or 1)

Cost Design team cost 5 %
Production resource cost 20 %
Construction resource cost 7.5 %
Material cost 50 %
Indirect cost 15 %
Uncompensable delay cost 2.5 %
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and implemented in order of importance, as stated in the initial ses-
sion and conceptual modeling. Moreover, for specific technologies,
the external conditions were altered (as Scenarios 1 and 2), and
results were evaluated. The changes from the base case in each sim-
ulation are given in Table 5.

Finally, the results of each strategy are given in Table 6, along
with the baseline.

Testing the Impacts of Alternative Digitalization
Strategies by Simulation

The first strategy was determined as increasing the automation of
design by increasing the level of details in the object-based para-
metric models that provide further coordination and facilitate
change management. The parameter increased by one level under
the same circumstances as the baseline scenario. Accordingly, the
automation of design improved from 64% to 80% for the same
competency of the technology team. Considering the external
change requests from the client for the case project, the strategy
was not entirely sufficient to decrease cost increases and delays.
The major impact of the strategy was observed in decreasing design
errors. The second strategy was determined as improving the

integration of time and cost data, which influenced the effectiveness
of project management for design and construction processes, as
given in Fig. 10.

Accordingly, it was observed that the reason behind decreasing
cost and design errors was releasing the schedule pressure and
therefore the requirement of overtime and its negative impact on
design errors. Therefore, the overtime cost for design was impeded
by this strategy. The third strategy of the company was to improve
the interoperability for different models; therefore, the related
parameter increased by one level. The simulation results for that
strategy indicated the major influence on cost by increasing the pro-
duction and construction efficiency, which eliminated the demand
for resource allocation and thus decreased resource cost. The con-
ceptually linked aspects of model-based collaboration for produc-
tion modeling and communication on-site generated a significant
resource level decrease for the existing dynamics of the project,
as given in Fig. 11.

As the fourth strategic priority, ERP system integration was im-
proved, and current material lists was coordinated with BIM. The
results of the simulation indicated that this strategy mainly influ-
enced the material cost, improving inventory levels. Nevertheless,
during GMB-6, with the experts, it was observed that because the

Table 4. Comparison of model with project data

Category

Cost
increase
(%)

Actual design
duration
(weeks)

Actual supply
duration
(weeks)

Actual production
duration
(weeks)

Actual construction
duration
(weeks)

Project
duration
(weeks)

Uncompensable
delays
(weeks)

Baseline 52.73 4.24 9 18.06 8.11 30.41 4.17
Project data 53 4 9 18 8 31 5

Table 5. Changes in the base scenario for simulations

Simulation Related technology parameter Baseline rating (i) With improvement (iþ 1)

Strategy 1 LOD in object-based models 4 5
Strategy 2 Level of integration of time and cost data 2 3
Strategy 3 Level of interoperability 3 4
Strategy 4 ERP 2 3
Strategy 5 RFID 0 1
Strategy 6 Level of integration of processes 2 3
Strategy 7 Safety tools 0 1
Scenario 1 Production work increase 30% 10%
Scenario 2 Time of change orders Week 2 Week 12

Table 6. Key findings of strategies

Key outputs

Category

Cost
increase
(%)

Project
duration
(weeks)

Uncompensable
delays
(weeks)

Actual
design error

(%)

Actual
production error

(%)

Actual
construction error

(%)

Baseline 52.73 30.41 4.17 34.7 23.1 10.0
Strategy 1 52.59 30.36 4.17 27.5 23.1 10.0
Strategy 2 51.42 30.35 4.17 24.0 23.1 10.0
Strategy 3 34.15 28.3 2.18 24.0 22.6 10.0
Strategy 4 33.98 28.3 2.18 24.0 20.0 10.0
Strategy 5 26.98 27.5 1.47 24.0 20.0 10.0
Strategy 6 23.7 27.45 1.34 24.0 8.0 4.0
Strategy 7 20.9 27.45 1.34 24.0 8.0 4.0

Note: Strategy 1: Improving LOD in object-based modeling for BIM, Strategy 2: Improving time and cost data integration for BIM, Strategy 3: Improving
level of interoperability, Strategy 4: Improving ERP with BIM, Strategy 5: Implementing RFID, Strategy 6: Improving the level of integration for BIM, and
Strategy 7: Implementing safety tools.
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determined order contingency for the project was not sufficient for
the external change requests, the impact of ERP could not be fully
understood for inventory management. Therefore, another scenario
was tested, with a 10% production work increase, as given in
Fig. 12. Accordingly, the strategy enabled decreasing the excessive
material ordering with more accurate and updated material lists,
which resulted in a 9% decrease in material costs.

The next strategy of the company was implementing RFID tech-
nology, which drastically improved workforce productivity by
decreasing the amount of time needed to track production units.
As a result, there was less demand for extra resources in the case
of change orders and material discrepancies in supply, which re-
sulted in a cost decrease. Because the simulations revealed that
the RFID technology significantly increased productivity and sped
up the detection of reworks at the construction site, during GMB-6,
another scenario was tested with the experts as an extreme situa-
tion: requests from the client at Week 12. In the extreme scenario,
RFID was not adequate to manage the delays because there was a
need for an additional material and resource allocation strategy at
the end of the planned project duration, as depicted in Fig. 13.

As the sixth strategy related to BIM maturity, the level of
network-based process integration reduced the production and

construction error ratio, which increased the overall schedule per-
formance. The last strategy, implementing safety tools for construc-
tion sites, increased the existing construction efficiency by 89%,
which also reduced construction cost, as also given in Table 6.

Discussion of Findings

After the simulations were complete, in GMB-6, company experts
were questioned regarding whether the simulation assisted them in
understanding the advantages of digitalization considering the
company and project dynamics. It was revealed that SD was par-
ticularly useful for analyzing the impacts and interactions between
technologies, project and company factors, and external factors
under different scenarios. Some of the findings that may affect de-
cisions on digital technology adoptions can be listed as follows:
1. About the impacts of capabilities and external factors: It was

revealed that, even if Strategy 1, which was increasing the level
of detail of the object-based models, were implemented, full
automation to manage change orders during design would
not be possible if the competency of the technology team, inter-
face management process, and collaborative design practices
were not improved. On the other hand, the third strategy,

Fig. 10. Strategy 2 and design overtime.

Fig. 11. Strategy 3 and resource levels of production and construction.
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Fig. 12. Strategy 4 results and material inventory.
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Fig. 13. Strategy 5 results for production resource levels.
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increasing the level of interoperability (model-based collabora-
tion), was discovered to be the most potent factor in lowering the
cost increase due to change requests by accelerating rework
detection for design, increasing productivity by eliminating the
necessity of two separate production and design models, and
enhancing communication on the construction site. SD findings
showed that both the impacts of ERP and RFID-related strate-
gies were dependent on external conditions such as supplier per-
formance and internal factors such as management competency
of the company. For instance, the benefit of the ERP strategy
was influenced by how reliably contingencies were estimated
by the company. There is a need for better planning and accurate
contingency estimations to maximize the benefits of ERP and
RFID. This finding highlights that companies should evaluate
the potential benefits of a new digital technology or feasibility
of a digitalization strategy by considering the company capabil-
ities as well as the occurrence of alternative scenarios that may
happen as a result of changes in the external environment (Love
and Matthews 2019; Nikmehr et al. 2021).

2. About the impact of dynamic external factors and reactive strat-
egies: The model represented a trade-off between company
actions or resources and the impacts of technology-related strat-
egies. In that regard, implementing RFID was identified as a
viable digital technology due to its potential to increase produc-
tivity in the factory, but the simulation results pointed out the
incompetency of technology if there is a need for high resource
reallocation under extreme external conditions. Therefore, the
maximum production capacity of companies is decisive in this
context and limits the expected performance. Therefore, the
benefits of digital technology are contingent on dynamic con-
ditions and reactive actions to be taken by the company.

3. About the impact of digital strategies on managing risks: The
company was operating in an uncertain environment, where
the one of the expectations from technologies was about decreas-
ing the risk. Technologies like BIM and RFID mainly reduced
the requirement of overtime and additional resource allocation
in case of any delays by increasing automation and productivity.
By looking at the model outputs, the experts became aware that
using these technologies would decrease vulnerability to external
uncertainties and delays. Moreover, increasing the maturity of
BIM with process integration and combining it with other tech-
nologies like IoT and the cloud (maturity level 3) is expected to
decrease human-related errors, as also highlighted by Tang et al.
(2019). The findings demonstrate that one of the major benefits
of digital technologies is to increase resilience under uncertain
operating conditions.
It is apparent that the most feasible strategy also depends on the

costs. The SD model gave useful insights to decision-makers about
the potential benefits of alternative strategies, but the costs should
be estimated to find the most feasible strategic option(s).

Conclusions

This research proposed that digitalization decisions should be con-
sidered as strategic decision-making problems, and there is a need
for a systems thinking approach to improve understanding of the
existing and future dynamics of business processes as well as
project-related factors. A demonstrative case study was conducted
with an experienced international modular construction company to
reveal how SD models can support decision-making about digital
technologies. For this purpose, the business process engineering
approach was used to model the company’s current and prospective
processes, and different technologies were configured as strategic

options for possible process improvements. The chosen digital
technologies, such as BIM, RFID, and ERP, and their various levels
of maturity were then taken into consideration during the concep-
tualization stage to identify which processes and performance
indicators may be influenced along with the project characteristics,
managerial decisions, and their consequences (feedback). The
computerized model was built for four processes: design, supply,
production, and construction, using Stella Architect software and
iteratively evaluated using structural and behavioral validation tests.
The simulation results led to the conclusion that when taking into
account advantages of different technology improvements, project-
specific conditions (e.g., productivity and errors), the internal capa-
bilities of the company (e.g., competency of the technology team,
management strategies), and external uncertainties (e.g., change or-
ders) have a significant impact on the effectiveness of digitalization
choices. For instance, the impact of ERP depends on both internal
factors (such as contingency estimation) and market conditions
(such as supply); thus, the overall impact of ERP can not be assessed
without considering any one of these factors or conditions. It has
been found that technologies can help cope with changes in the
environment, but their impacts are pursuant to the inherent dynam-
ics of projects and the current technological and managerial abilities
of the company.

The case study demonstrated how SD models can help company
professionals to understand causalities and feedback between their
actions, internal factors, uncertainty, and impacts of digital technol-
ogy. Findings pinpoint that companies should evaluate the potential
benefits of a new digital technology and feasibility of a digitaliza-
tion strategy by considering the company capabilities as well as
alternative scenarios that could impact the consequences of tech-
nology implementation. Although the findings are case specific, be-
cause the SD model involves general strategic parameters such as
internal capabilities, external uncertainties, and maturity levels of
different technologies, it can be accommodated for different proj-
ects and companies using the proposed modeling approach, contrib-
uting to SD literature in construction management domain. Another
theoretical contribution of this paper lies in demonstrating the po-
tential use of SD for strategic decision-making in construction com-
panies, highlighting benefits and limitations of digital technologies
in a case company. It is believed that this study contributes to the
digital transformation research agenda from the perspective that
digitalization strategies should be formulated considering several
company and project-level parameters as well as external factors
that tend to change over time rather than taking the benefits of tech-
nology for granted. The advantages anticipated from technology de-
ployments are constrained by company skills and resources and
vary depending on external circumstances and the firm’s responses,
and SD can be used to examine these dynamics at play during
decision-making.

As in all system development research, some limitations exist.
First, because the SD models only take into account a part of the
system and environment, it is not possible to fully validate and gen-
eralize the models. Second, although the constructed model accu-
rately captures the system and its environment by structuring it
to serve the intended purpose, its operational validity remains to
be tested in the future. Moreover, this research did not take into
account factors such usability or perception; instead, technologies
were seen as tools that simply enable efficient running of proc-
esses, disregarding the factors that could reduce the impact of
technologies, such as individuals behaviors. In future studies, dif-
ferent technologies (e.g., blockchain, robotics) and business proc-
esses can be integrated into the proposed model, considering
different performance criteria as well as technology acceptance of
the organizations.
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