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Abstract—The construction industry is one of the minor
digitized industries, and it has been characterized by a below-
average increase in productivity in recent decades. The modular
housing sector copies the production system of the
manufacturing industry to meet these deficits, which makes it a
perfect example for evaluating Industry 4.0 technologies. This
paper explores the methodology and possibilities of
implementing a digital twin of a modular housing production
plant to optimize its production. The proposed approach based
on a Digital Twin (DT) framework consists of three consecutive
parts: (1) analyzing the production system by using the Lean
tool of Value-Stream Mapping extended (x-VSM) towards
Discrete-Event Simulation (DES) models, (2) collecting real-
time data to track and trace the system’s bottleneck by using
Radio-Frequency Identification Devices (RFID) as a Tracking-
and-Tracing system (TaT), and (3) optimizing it by using DES.
Three scenarios to eliminate waste, increase throughput, and
identify the best possible TaT implementation have been
simulated. The results are a 64 % inventory reduction, a 20 %
faster production lead time, and the finding of the critical part
to be tracked using RFID. The resulting model has shown to be
a valuable instrument for understanding the different process
interdependencies. Moreover, it has been used as a support tool
for middle management to assess the impact of different
optimization approaches quantitatively. Overall, this paper
shows the implications of combining DES and TaT systems
towards a DT of a modular housing production plant.

Keywords—Modular housing building, Digital Twin (DT),
extended Value-Stream Mapping (x-VSM), Tracking-and-Tracing
system (TaT), Radio-Frequency ldentification Devices (RFID),
Discrete-Event Simulation (DES)

I. INTRODUCTION

The competitive situation in the housing market calls for
innovative concepts within the construction industry. In
recent years, the manufacturing concepts of process
standardization and modularity have been successfully
transferred to the construction sector as modular buildings.
Modular buildings are prefabricated buildings consisting of
repeated sections called modules produced in a production
facility. The installation of the modules happens on-site,
where the modules are placed and stacked together to form
the final building. An illustration of this process is shown in
Figure 1.
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Fig. 1. Left: Module divided into its different components. Right:
Stacking of the module to assemble the building. [1]

This concept offers numerous benefits to stakeholders
involved in the construction process, including reducing the
construction time, safety risks, whole life cost, and improved
quality and productivity [2, 3]. On the contrary, some of the
challenges identified by Lu and Liska [4] are the inability to
make changes on-site, transportation constraints, and limited
design options.

The production system used to fabricate the different
modules has many similarities to traditional manufacturing
systems. These similarities enable the knowledge transfer of
classical Lean production theory and its methods, such as
Value-Stream Mapping (VSM), and more innovative
concepts like Industry 4.0 technologies, such as Tracking-
and-Tracing systems (TaT) and Discrete-Event Simulations
(DES) [5].

The counterpart of Industry 4.0 in the construction
industry is known as Construction 4.0, and it is increasingly
being mentioned in the scientific literature [6]. Its essence is
the digitization and automation of the construction sector to
create a digital construction site to monitor progress
throughout the lifecycle of a project [7]. One well-known
application in various industries is the new phenomenon of
Digital Twins (DT) [8]

The use of these technologies provides a potential means
to overcome some of the challenges faced by the construction
industry, such as a steady decline in productivity [9].
However, the practical applications of TaT and DES in the
construction sector are still limited [10, 11], as the industry
has consistently shown skepticism to its adoption [12].



This paper presents how one can profit from Construction
4.0 by implementing a DT in a modular housing plant. The
developed DT includes the technologies of TaT and DES and
uses the Lean method VSM as a basis for its conceptual
modeling. The modular housing sector is chosen as it is a
parade trade of TaT and DES application due to its in-house
and standardized production process.

First, this paper gives an overview of the current state of
TaT, DES, and DT in the construction industry. Follow-on, it
introduces the framework of the presented DT, including the
three used methods that are applied in the real-life case study
at a German modular housing company: (1) the extended
Value Stream Map (x-VSM), (2) the TaT system, and (3) the
DES model. The lessons learned from the methods are

shown. In addition, three different scenarios provide
potentials of the production system gained by the
implemented DT.

II. LITERATURE REVIEW

In the following, the two key technologies of Industry 4.0,
TaT and DES, are introduced and evaluated towards their
application in the construction site. Combining both
technologies, this section further illustrates DT and transfers
it to the research objective of this paper.

A. Tracking-and-Tracing system

TaT originally refers to “methods to determine the
processing or delivery status of an object within a supply
chain of a production or logistics company” [13]. However,
with the development of digitization in the construction
industry, especially with the arrival of fleet management
software, TaT is increasingly known as a working method.

Research surveys have shown that the construction
manager spends a crucial amount of working hours searching
for working equipment, materials, and co-workers. Reducing
these hours can have an enormous impact on cost savings,
showing the great potential of TaT methods in the
construction industry [14, 15].

As part of Internet of Things (IoT) technologies, TaT
systems in the form of sensors are used to obtain positional
data of the objects tracked. As this research study is focused
on an indoor production plant, only indoor location sensing
technologies like radio-frequency identification devices
(RFID) or Bluetooth Low Energy (Beacons) are considered.
The comparative study conducted by Li and Becerik-Gerber
[15] concluded that RFID is the most suitable indoor location
sensing technology among eight sensing technologies.

RFID is “the projection of radio waves and signals to
transmit data and conduct wireless data retrieval and storage
to identify the status of workers and object contents”,
according to Yin et al. [16]. It consists of two components, a
tag and a reader. The tag is installed onto or into the object to
be identified. The reader is connected to an antenna, which
receives the data via electromagnetic fields from the tag.

The real-time data obtained using RFID can be integrated
with DES, where the simulation provides standard production
performance, while RFID data provides actual production
performance and real-time object location. By comparing the
actual and the simulation results, the production planning
strategy can be modified in real-time, accounting for delays
or takt time variations, among others [17].

In a research study developed by Altaf et al. [17],
simulation and RFID have already been used to develop
control systems that serve as decision-support tools in the
building sector. However, these studies have primarily
considered and applied RFID technology as a localization
technology, while, to our knowledge, few studies exist that
have applied RFID technology for generating input data
automatically for simulation modelling.

B. Discrete-Event Simulation

In a discrete manufacturing environment, simulation of
discrete-time events is defined as “a computerised system
capable of creating deterministic and stochastic simulations
in real-time or near-real-time, to monitor, control and
schedule parts and resources” [18]. This kind of simulation is
called DES.

Research has shown that computer-based DES tools can
be employed to check alternative production systems to
understand their features and assist organizations with
deciding to implement Lean approaches [19]. Furthermore,
DES has been considered one of the most flexible analytical
tools in manufacturing system design and operations [20].
Moreover, it provides insights for predicting outcomes of
multiple what-if scenarios, supporting the decision-making
process in any construction company [21]. Moreover, Afifi et
al. [22] proved that a simulation tool helps study complex
construction operations since it facilitates decision-making in
construction. The interest in simulation models within the
construction industry is corroborated in a survey conducted
by Leite et al. [12], where 88 % of the participants described
simulation as a value-adding research direction.

Despite its obvious advantages, the use of DES in the
construction industry has mainly been limited to academia,
and practical applications in the construction sector are still
very limited [23]. Building and analyzing a DES model is still
time-consuming and needs skilled professionals, the cost of
which can be prohibitive to small and medium enterprises
[10]. Furthermore, the limited number of construction
simulation tools was also identified as a barrier to simulation
adoption by Abdelmegid et al. [24].

However, as this study is carried out in a modular
construction plant, its modularity and standardization
facilitate the transfer of some manufacturing simulation tools.
Besides, as all projects are carried out within the same
production environment [25], the barrier of the long cycle
time of simulation studies is not relevant anymore, as the
simulation model can be reused or easily adapted for every
new project.

C. Digital Twin in construction

DT is defined by Trauer et al. [26] as “a virtual dynamic
representation of a physical system, which is connected to it
over the entire lifecycle for bidirectional data exchange”.
This technology is an emerging concept that has become the
centre of attention in the domains of manufacturing,
production, and operations [27]. Besides, the advancements
in Industry 4.0 concepts such as advanced data analytics and
IoT connectivity have facilitated its growth in recent years
[27].

According to Schleich et al. and DebRoy et al. [28, 29],
building a simulation model with high levels of accuracy and
integrating real-time data is the core constituent of a DT. This
work is particularly interesting for this research study, where



a representation of the physical system is built using DES,
and a potential real-time integration using RFID technology
is analyzed.

In the context of construction, DTs are a new
phenomenon. There is little or no consensus among
researchers and practitioners of how DT processes can
support design and construction [8]. However, a common
goal seen so far across the field of DTs in the manufacturing
sector is the idea of real-time simulation instead of
deterministic models. DT can learn and monitor
simultaneously, facilitating decision-making [9] to make
processes significantly leaner based on well-informed and
reliable “what-if” scenario assessments [7].

However, several challenges regarding data integration
and data security still exist in the current applications.
Furthermore, the DT models require people with the right
skills to construct them, many funds, and the Ilatest
technologies with higher computational power to develop
them successfully [30].

D. Research gap and objectives

Overall, the research review identifies a gap in the
integration of DTs to support the construction industry with
decision-making by using TaT for production performance
tracking and running DES for optimization studies.
Therefore, our objectives and its linked research questions
subsequently are defined as follows:

1) Provide insights on how a DT can be applied in the
construction sector: Which general framework is needed to
simplify the integration of a DT?

2) Model and implement a DT framework, combining
VSM, TaT, and DES: How can a DT be integrated into a real-
use case, and which problems are faced?

3) Explore the effectiveness of the DT developed on a
modular housing production plant and show that simulation
can be used as an effective decision-support tool for middle
management in the modular construction industry: Why is the
implementation of a DT worthy?

I1I. METHODOLOGY

The research study is carried out in collaboration with an
industry partner, maxmodul, a subsidiary of the German
construction company Max Bogl Group, who provides the
production process within the modular house building sector.
More details about the methodology and results can be found
in the master’s thesis by Rodriguez Llorens [31] (a co-author
of this paper).

A. Framework

The proposed approach extends the framework presented
by Fischer et al. [32], see Figure 2.
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Fig. 2. Cybernetic control loop for a DT including the update of DES
models by integrating data collected during execution [32,33]

The main idea is that the DT is integrated into the planning
and production system like a cybernetic control loop to
provide the decision-making experts with updated
information and solutions continuously. This loop is fed by an
initial setup of the system itself gathered by the Lean method
of VSM. Then, a DES model is conducted based on this setup,
followed by a parameter study. Finally, if the system diverges,
the collected (real-time) data helps update the DES model to
optimize it.

B. Value-Stream Mapping

The project study started with the data collection process
of the production plant of the industry partner. The plant was
visited several times to gain a complete understanding of the
modular housing manufacturing process. The data collection
tips for process mapping according to VSM described by
Rother and Shook [33] were followed during these visits.

The modules produced by the industry partner consist of
a floor and different types of walls, depending on the module
type. They are all assembled within the same facility. A
simplified material flow diagram is shown in Figure 3. The
facility consists of four main processes: the shell construction
line and the concreting station (blue square), the intermediate
buffer, ceiling, and double-wall stations (green square), and
the final assembly line (orange square).
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Fig. 3. Simplified material flow of the four main production process:
butterfly flow in the shell construction line and the concreting station
(blue square), wall flow in the intermediate buffer, ceiling, and
double-wall stations (green square) and the assembly line (orange
square)

The shell construction line is a flow shop line, where five
different wall types are prepared for concreting. In this
process, formwork and reinforcement bars are installed. For
this entire line, a special transportation casing called butterfly
is needed. The butterflies move from station to station
containing the walls that are later to be concreted. A
schematic representation of an empty butterfly is shown in
Figure 4. Each butterfly may contain from two to up to four
walls of the same type depending on the wall type.
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Fig. 4. The four different possible butterfly states, f.l.t.r.: empty, two
walls of the same type, 4 walls of the same type, 3 walls but only
2 of the same type

The prepared butterflies are transported to the concreting
station using a portal crane from the shell construction line.
The concreting station consists of four compartments, and in
each compartment, up to five butterflies can be concreted at



a time. In the current state, only two of the four compartments
are used. After a specific curing time, the concreted walls are
lifted from the butterfly and then stored in an intermediate
buffer until they are pulled into the assembly line. On the
other side, the empty butterfly is transported back to the first
station of the shell construction line, closing the cycle, as
shown in Figure 3.

Parallel to this process, the ceiling and the double-wall are
produced in an independent facility and then transported to
this production plant. In the case of the double-wall, it must
undergo an installation process in a particular station of the
production plant. From there, it is transported to the assembly
line, where the different wall types are mounted together. The
end-product is a finished module, which is then stored in an
exterior storage location until it is transported to the
construction site.

Apart from gathering production times, machine and
inventory data, expert interviews with employees from the
company were conducted to properly understand the
information flow and to prepare the ground for the
subsequent VSM and simulation model. The extended Value-
Stream Map (x-VSM) proposed by Bait et al. [18] was
implemented to integrate the collection process for both tools
optimally. They add, for example, crane movements and
shifts patterns to the data collection process of a traditional
VSM, facilitating the posterior simulation modelling.

The x-VSM was drawn by hand as recommended by
Rother and Shook [33]. However, to properly visualize the
value stream in this project study, a diagramming and vector
graphics application, Microsoft Visio, was used to obtain a
digital version of the x-VSM. Furthermore, due to the
complex nature of the analyzed production process, a static
tool like x-VSM is not sufficient to quantify potential
optimization measures, creating a need for a tool that can
quantitatively evaluate different dynamic scenarios, such as
DES. This need had already been outlined in different
research studies performed by Abdulmalek and Rajgopal [34]
and Donatelli and Harris [35].

C. Tracking-and-Tracing system

As a result of the VSM study, the double-wall is assumed
to be the system’s bottleneck. Therefore, it is chosen as a
suitable candidate for implementing the TaT system to
quantify this assumption. The measuring setup for the TaT
system of the pilot project is shown in Figure 5. It is realized
according to Borrmann und Giinthner [36]. In total, ten RFID
tags (1) and two antennas (2a, 2b), with a coverage distance
of two meters, were available. The antennas are connected to
a multi-reader from Impinj, which transmits the data to a
computer (3).

Fig. 5. Measuring setup for the TaT experiment. Left: An antenna (2a)
facing a RFID tag (1) attached to a double-wall. Right: An antenna (2b)
connected to a reader that is connected to a computer (3).

The TaT was installed on-site, with both antennas
mounted close to the double-wall station. The objective was
to track the processing time of each double-wall produced,
without interfering in the actual production. One antenna was
installed at the station’s entry, facing the double-wall as
shown in Figure 5, and one at the buffer situated just after the
station, following the same principle. The walls were
equipped on both sides with RFID tags so the antennas can
read the information independently of the way the operators
transported the walls into the station. Once a double-wall
leaves the station, the operators were instructed to remove the
RFID tags and reinstall them in another non-processed
double-wall.

The raw data obtained is transmitted to the computer via
the reader. The processing time is then determined as the
difference between the first timestamp measured by the exit
antenna minus the first timestamp measured by the entrance
antenna.

D. Discrete-Event Simulation model

The dynamics of the production process analyzed in this
study are characterized by discrete events such as the arrival
or departure of a job or the initiation and completion of a
manufacturing task; consequently, DES is a suitable
simulation method. The steps described in the workflow by
Kudlich are implemented to develop a DES model: system
analysis, modelling, implementation, simulation, and
evaluation [37].

The first two steps are covered by the physical plant
description and the x-VSM. The Tecnomatix Plant
Simulation material flow simulation software developed by
Siemens PLM Software was used for the third step
(implementation). Tecnomatix Plant Simulation software
provides the DES and statistical analysis capabilities needed
to optimize material handling, logistics, or machine
utilization and is one of the key players in this segment. The
iterative process of verification and validation with middle
management occurs while implementing the computer
model. Finally, for simulation and evaluation, three different
experiments were carried out within the Tecnomatix Plant
Simulation environment using the validated model to provide
optimization insights for middle management:

1) Scenario I is about a doubling of the production
capacity of the model’s concreting station. The shell
construction line is currently working on a two-shift
arrangement, whereas concreting and assembly work on a
one-shift basis. The reason behind it is that the concreting
station works at half capacity using only two out of four
concreting compartments. This simulation scenario modulates
the concreting station to operate the four compartments in a
two-shift pattern to scale production output.

2) Scenario II is about inventory reduction using the
number of butterflies as an input parameter. To achieve this
inventory reduction, the simulation is used to model and
evaluate the performance of the production plant as a function
of the number of butterflies used. Several scenarios varying
the number of butterflies are then analyzed.

3) Scenario Il is about collecting the real-time data
using RFID technology used as an input for the model to
analyze a double-wall station bottleneck and investigate a
potential first implementation of a DT in the production plant.



Iv. RESULTS

A. Value-Stream Mapping

Figure 6 shows the x-VSM of the physical production
plant. For every process the cycle time, the processing time,
and the number of shifts was collected. The cycle time is the
elapsed time between two units leaving the process. In this x-
VSM, it corresponds to the maximum cycle time of the
stations included in each process. The processing time is the
actual working time needed to process each unit. It may differ
from the cycle time in each station if two or more operators
are working in parallel in a station. In this x-VSM, it is the
sum of the processing times in every station for each process.
The number of shifts is the number of shift patterns each
process.

We identified the following three reasons for the failure
of the experiment: Firstly, four RFID tags were not removed
from the finished double-walls, so they continued their way
through the assembly line and ended up lost inside a finished
module. Secondly, the TaT system used had a storage
capacity of 20,005 data points, meaning that the data points
were automatically removed from the system after this
number was reached. Thus, the stored data points had to be
manually copied within a specific time frame. Thirdly, a new
measurement trial was not possible within the time frame of
this research study. Combining these factors made it
impossible to collect a representative dataset of RFID
measurements for use in this research study and no deeper
analysis can be made.
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Fig. 6. High-level x-VSM of the entire production process. For reasons of secrecy, only the relevant data for this research study is presented.

The center block contains the production, planning, and
control (PPC) controlled using an enterprise resource
planning (ERP) tool. The thick black and white striped arrows
indicate a push process of the material flow between the lines,
whereas the anticlockwise arrow indicates a pull process. The
“OX0OX” shows a scheduling process.

B. Tracking-and-Tracing system

In one of the plant visits, the RFID tags were installed
onto the walls in the double-wall station to gain more
information about the station’s processing and idle times.
Due to the nature of the modular production plant, where a
double-wall takes at least two hours to be processed, the
measurement time was set to 14 days.

As shown in Table I only four data points were collected
during this time. Ideally, this RFID experiment provides a
dataset of 40 processing times (ten working days and four
double-walls produced in each shift) and gives a first
impression of the processing times variability.

TABLE I. COLLECTED PROCESSING TIMES OF THE DOUBLE-WALL STATION
IN THE RFID EXPERIMENT

Module number 1 2 3 4

Processing times
[hours]

3 2 4 6

For future experiments, the loss of trackers can be solved
by fixing the antenna to the station and placing the trackers
onto the portal crane that transports the double walls instead
of placing them onto the double-wall itself. An antenna with
a higher coverage distance is required to increase the
experiment's robustness substantially. Instead of RFID,
active Bluetooth tags can be tested as they are able to transmit
more information.

Nevertheless, the insights provided on how the solve the
issues will serve as a basis for implementing TaT systems in
future research projects at this production plant.

C. Discrete-Event Simulation model

IMPLEMENTATION AND VALIDATION OF THE SIMULATION

The implementation process of a DES model consists of
the programming part and the validation process. The first
process to be programmed and validated is the shell
construction line combined with the concreting station (blue
square in Figure 3), as it is also the basis for the rest of the
processes. The shell construction line is a simple flow line,
and it was modelled using the deterministic processing times
provided by the middle management as an input. The
inventory between the shell construction line and the
concreting station is tracked for the concreting station.



The blue line in Figure 7 shows the evolution of the
inventory in the concreting buffer using 31 butterflies during
a simulation runtime of 15 days.

N° of butterflies = 22

N° of butterflies = 31

eeeoee Median Peaks
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Fig. 7. Evolution of the butterfly inventory using 31 (reference model) and
21 butterflies (optimization scenario II) between the shell construction
line and the concreting process, based on the simulated days

After reaching a stationary state on day 4, the inventory
ranges from 13 to 20 butterflies, with a median of 14
butterflies in inventory. The sudden fluctuations observed in
Figure 7 occur when butterflies leave the concreting station
in lots of 10, producing the peaks at 20 butterflies. This peak
is quickly compensated for, as the concreting is refilled again,
and the butterflies are pushed back onto the shell construction
line.

When walking through the shop floor, one expects to see 14
butterflies in the inventory (median value in Figure 7), which
is very close to the 15 butterflies observed in the VSM in
Figure 6, and so both the shell construction line and the
concreting process were validated.

After programming and validating both processes with
middle management, the intermediate buffer between
production and assembly and the double-wall station is
programmed (green square in Figure 3). The box plot in
Figure 8 showing the different buffer occupancies is used to
validate the model with the x-VSM data performed in Figure
6.
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Fig. 8. Validated workload diagram of the production plant with a focus
on the four main production lines of the process. The ceiling was
not included as it is not processed in this plant.

The box plot shows the frequency distribution for each
wall type in the buffer during the entire simulation runtime.
The sum of the medians for each wall type equals roughly 30
walls, which is the amount represented in the xVSM.

Ultimately the assembly (orange square in Figure 3) is
added to the model. A workload diagram represented in
Figure 9 is used and presented to middle management for
validation. For each line, the workload is divided into three
states: working, waiting, and blocked, and is represented as a
percentage of time each line is in the corresponding state. In
this state, production runs smoothly, with the double-wall
station being empty or blocked almost 50 % of the time. This
result corresponds exactly to the current operation of the
production plant, so the assembly line was also validated.
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Fig. 9. Boxplot diagram of the intermediate buffer occupancy (number
of walls) for each wall type (1-5) to validate the simulation model

Finally, the total process lead time and waiting times are
calculated, as presented in Table II. The total production lead
time is 6.5 days, denoting that a module takes on average 6.5
days from the production of the first butterfly for that module
and until the final module leaves the plant. In this case, the
waiting time includes both waiting in the intermediate buffer
and in the concreting station, totaling 2.7 days.

TABLE IIL VALIDATED VALUES FOR THE REFERENCE MODEL

Validation values

Average production
lead time

6.5 days

Average
waiting time

2.7 days

Throughput analysis of the number of modules produced
per day was presented to middle management to validate the
entire simulation model. The number of modules produced in
the reference model equaled the duration of the shift divided
by the cycle time and is used relatively for comparison in the
next section. Ultimately, the model was validated by the
middle management and serves as a reference model for the
following sections.

SCENARIO I: DOUBLING THE PRODUCTION CAPACITY OF THE
CONCRETING STATION

The concreting station is simulated to work at full
capacity in the production scaling experiment to see how the
plant copes with increasingly large projects. The capacity
increase for the concreting station and the shift to a two-shift
pattern is implemented in Plant Simulation to evaluate its
effects on production lead and waiting times and module
throughput. Table III shows average production lead and
waiting times and module throughput compared to the
reference model performance.



TABLE III. VALUES FOR THE UPSCALED MODEL

Upscaled model vs. Reference model

Average production Average
lead time waiting time Throughput
29 % -19% +57 %

The production lead time is reduced to 4.6 days (29 %
reduction), due to the change to a double-shift pattern.
Consequently, the average waiting time is also reduced by
19 %. Furthermore, due to the capacity increase, the module
throughput is increased by 57 % modules per day,
demonstrating that the production plant can deal with
increasing demand in the modular housing sector by
producing modules faster and leaner.

SCENARIO II: INVENTORY REDUCTION

In the inventory reduction experiment, the optimal
number of butterflies in the system is analyzed. Inventory as
a source of waste as defined by Ohno [38], is reduced, thus
also cutting production lead and waiting times. The
experiments and results are only focused on the production
performance and do not consider any economic
considerations, e.g., workers’ wages, revenues, Or energy
costs.

Figure 10 shows this analysis for the validated previously
reference model. The average production lead time and
waiting time as a function of the number of butterflies is
depicted in the primary vertical axis. The secondary vertical
axis is the percentage idle time for Station 1 of the shell
construction line. This metric is an indicator of the continuous
flow of the shell construction line and is incorporated in the
analysis after consultation with the middle management. An
idle time of zero percent indicates continuous flow, whereas
an idle time above zero signifies a disruption of the flow.
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Fig. 10. Primary vertical axis: Average production lead and waiting time of
the shell construction and concreting process in days, according to the
number of butterflies used. Secondary vertical axis: Percentage of idle
time in station 1 of the shell construction line as a function of the
number of butterflies used.

Consequently, the objective is not only to minimize the
waiting time but also to keep the percentage of idle time at
Station 1 at zero percent, indicating continuous flow. This
objective is achieved at 22 butterflies, where the idle time is
10 % and the waiting time is minimized at 1.5 days. By
setting the number of butterflies at 22, the inventory of this
scenario is plotted and compared to the reference model
inventory in Figure 7 (orange line). The development pattern
of the inventory is equivalent in both states; nevertheless, the

inventory median is reduced from 14 to 5, a 64 % reduction,
with a corresponding peak reduction from 20 to 11.

These optimization scenarios show  substantial
improvement in terms of median inventory, with a 64 %
inventory reduction in the reference model, demonstrating
the effectiveness of the butterfly analysis. Reducing
unnecessary inventory makes the production process leaner
and reduces the production lead and waiting times, providing
a capability to respond faster to customer demands. As stated
by Rother and Shook [33], the shorter the production lead
time, the shorter is the time between paying for material
supplies and getting paid for products made from those
materials.

Therefore, it can be concluded that both scenarios
represent substantial improvements in almost every metric,
demonstrating the benefits of using DES for optimizing the
production plant.

SCENARIO III: DIGITAL TWIN-BOTTLENECK ANALYSIS USING
RFID DATA

Finally, the objective was to use the RFID data as an input
for the DES model, following the presented DT framework
in Figure 2. However, as previously mentioned, the data
collection of the RFID trackers was problematic throughout
the entire research study, mainly due to loss of trackers in the
measuring process and a need for manual data update because
of limited storage space, which complicated the integration
of the data in the DES model. Thus, the DES model is
manually updated to perform quantitative bottleneck
analysis, and real-time data integration is limited to a
qualitative assessment.

The double-wall processing time is set to two hours in the
validated reference model. Nevertheless, expert interviews
on-site and the little data gathered in the RFID experiment in
Table I showed that the real processing time might fluctuate
strongly, disrupting the production flow. Therefore, different
processing times are simulated, and the results are plotted in
the workload diagram displayed in Figure 11, which shows
that a wide distribution of the double-wall processing time
may indeed disrupt production.
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Fig. 11. Workload diagram for the four main production processes: shell
construction, concreting, double-wall and assembly. The diagram
is plotted for two different processing times for the double-wall
station: 2 hours (left, reference model) and 4 hours (right,
bottleneck scenario).
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With a production time between three and four hours, the
double-wall becomes the bottleneck of the system, delaying
the entire production, thus making the double-wall an ideal
candidate for real-time data integration. Being able to rely on
real-time data provided by RFID trackers to predict the future



state of the station can side-step critical flow disruptions.
Chriti [15] and Schneller [14] conducted the same
possibilities when showing the upsides of implementing
RFID technology in the construction sector.

Besides, by integrating the real-time process data into the
simulation, the model can update the production schedule
automatically achieving a bidirectional data exchange
between the simulation model and the physical system [39].

Thus, implementing a DT increases the robustness of the
entire production system in terms of the variability of the
double-wall stations’ process time. This idea is corroborated
by Parrot and Warshaw, who also identified the ability to
predict the future state of an object and early anomalies
detection as the main advantage of a DT application [40].

V. CONCLUSIONS

The DT framework has been used in a modular housing
production plant using a x-VSM as a conceptual model, RFID
for real-time data collection and DES for simulation. Even
though a DT has not been implemented because of several
problems with RFID data, relevant insights have been
gathered in each of the intermediate steps.

A DES model of the production plant has been
successfully implemented in Plant Simulation. During this
process, x-VSM - as a Lean technique - has been used
effectively as a conceptual model for the simulation. The
resulting simulation model has shown itself to be a useful
decision-support tool for middle management to
quantitatively assess the different scenarios. Three
experiments have been simulated and different performance
indicators have been used to track improvements. The results
of this assessment include a potential 53 % increase in
throughput, a 64 % inventory reduction, and a bottleneck
analysis of the double-wall what demonstrates the benefits of
implementing DES in a modular building plant.

The bottleneck analysis also served to identify the double-
wall station as a suitable candidate for implementing RFID
technology. The analysis shows that using a bidirectional data
exchange between the plant and the model to manage the
production schedule enabling a predictive control of the
system’s bottleneck. However, the experiment for gathering
real-time data failed due to lack of resources and the loss of
trackers.

As a perspective for further research projects, guidance is
given on using Bluetooth technology combined with a more
robust experiment setup. This setup prepares the ground for
real-time data integration into the DES model to create a DT
of the double-wall station. This DT then marks an important
step before creating a DT for the entire production plant.
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