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Abstract 
Modular or industrialized construction can increase the productivity of the construction industry, and 
thereby tackle the current global housing shortage. Construction company Plegt-Vos adapted modular 
construction for their housing projects. Saris (2021) revealed that the crane efficiency of the onsite modular 
assembly process of Plegt-Vos is currently only 41%. Since the modular assembly process is fully dependent 
on the crane, a low crane efficiency can halter the construction process. Plegt-Vos strives for a crane 
efficiency of at least 60%. Therefore the main aim of this research was to develop a simulation model of the 
onsite assembly process of Plegt-Vos, to propose measures to increase the crane efficiency to at least 60% 
and to evaluate these measures using the simulation model. This study gave relevant insights into the 
modular onsite assembly process of Plegt-Vos. The main contributing factors for low crane efficiency were 
obtained from interviews. The assembly process was simulated using a discrete event simulation (DES) 
methodology and the input for the model was obtained from a case study project. Improvements have been 
proposed and evaluated based on the impact on the crane efficiency and total assembly time. The activities 
that have the most overall impact are using push-pull scaffolding, not unloading trucks with the crane, 
changing the amount of floor panels used, tighter planning and increasing worker experience. Although 
crane efficiency in itself was not significantly reduced in most cases, total assembly time was. Crane 
efficiency, therefore, does not seem to be a good criterion for overall assembly process efficiency. It is 
recommended to further investigate the measures presented in this paper, update the simulation model with 
more data and to adapt different performance indicators and/or change the way the crane efficiency is 
defined.  

 

Keywords: Modular construction; Prefabrication; Industrialized construction; Discrete event simulation; Crane efficiency; 
Onsite assembly process. 

1. Introduction 
Globally there is an enormous housing shortage, 

caused by a limited supply and a high demand. 

This feeds the interest into new building systems 

such as industrialized housing construction 

(Kedir & Hall, 2021). Modular or industrialized 

construction is a form of construction whereby 

prefabricated elements are made within a 

controlled environment (a factory), to reduce the 

amount of variables negatively affecting the 

construction process, for example weather 

conditions. Prefabricated elements are then 

stored and transported to the construction site. 

Finally, elements are assembled by crane at their 

final location on the building site. In addition to 

contributing to solving the shortage problem, 

modular construction is expected to lead to more 

affordable housing (Thai et al., 2020). As a result, 

modular construction has gained popularity 

worldwide (Innella et al., 2019).  

Modular construction has many practical 

benefits compared to traditional construction. 

Manufacturing of elements is performed in an 

industrialized environment, which can potentially 

save 20-50% of the building time (Bertram et al., 

2019). Furthermore, the installation and finishing 

works on site can be much faster, as these are 

included in the elements. Lastly, offsite 

manufacturing can start parallel to the foundation 

activities, which is not possible for traditional 

building, where the structural work can only start 

after the foundation is finished (Bertram et al., 

2019). Nevertheless, some practical disadvantages 

can be named, for example, a potential total cost 

increase of 10 percent, if cost savings are 

outweighed by increased cost of logistic processes 

and materials (Bertram et al., 2019). Furthermore, 

the transportation and assembly process of large 

elements can halter the potential time savings of 

modular construction. Lastly, modular 

construction can be more complex compared to 

traditional building methods, given the 
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interchange of manufacturing, transportation and 

assembly (Hsu et al., 2018). 

This research has studied modular 

construction within the housing industry, 

focussed on the optimization of the assembly 

process. A recent master thesis research of Saris 

(2021) analysed the transport and assembly 

process of a new modular building method of 

construction company Plegt-Vos. Plegt-Vos is a 

medium-size construction company in the 

Netherlands. Their main business is the 

development of residential buildings. Over the 

years, Plegt-Vos has developed several building 

concepts to increase the efficiency of their 

processes. In particular, the company has adapted 

modular construction methods. They currently 

use a factory in Langeveen (NL) to make prefab 

wall elements and staircase modules. 

Furthermore, in 2022, they opened the first 

factory hall of their new robotized factory in 

Almelo (NL), where modular elements will be 

produced. Every week, thirty houses can be 

produced, and this number will further increase 

when additional factory halls will be built the 

coming years.  

The research of Saris (2021) included a 

case study project in Zwolle (NL), where ten 

houses were constructed using modular elements 

produced in Langeveen (NL). The goal of this 

study project was to evaluate the transportation 

and assembly process, identify possible waste 

based on Lean principles, and find measures to 

reduce the waste. Data was collected using camera 

images. These images were analysed. The data was 

processed by a combination of value stream 

mapping and waste identification diagrams to 

analyse the processes. First, the process was 

mapped schematically, and thereafter all activities 

were coded based on non-value or value adding 

activities. Value adding (VA) activities add value 

to the final product. Non-value adding (NVA) or 

waste refers to those activities that do not add 

value to the final product, for example waiting 

time of the crane. It should be mentioned 

however, that there are also necessary non-value 

adding activities (NNVA), which are needed to 

create the final product, although they do in 

principle not add value to the product. For 

instance, the packaging of elements for transport 

to prevent damage is a NNVA.  

The results of the case study in Zwolle 

are presented in Figure 1. The calculated 

outcomes for VA, NVA and NNVA are 

presented for assembly layer 1, additionally the 

NVA are split up into waiting-, reworking-, 

motion-, and transporting-waste. The non-value 

adding activities take almost 50 percent of the 

time within the process, and a substantial amount 

(84%) is waiting waste (Saris, 2021).  

Plegt-Vos strives for an assembly process 

where one house can be assembled and made 

wind and water tight in one workday (8 hours). 

This goal is currently not reached: the fastest 

assembled house in the case study of Saris (2021) 

took 18.4 hours, which is 2.3 times more than 

desired. Additionally, the current crane efficiency 

during the assembly process is only 41 percent, 

where the crane efficiency is the duration that the 

crane is in use for Value-Adding activities as a 

percentage of the total time (Saris, 2021). Since 

the assembly process of modular construction 

depends fully on the operation of the crane (Han 

et al., 2015; Hussein & Zayed, 2021), a low crane 

efficiency will slow down the process 

enormously. Moreover, this will counter the 

overall time savings of manufacturing elements 

off site and thus reduce the benefits of modular 

construction. Additionally, the crane is a high cost 

component on the construction site (Bagheri et 

al., 2021; Hussein & Zayed, 2021).

 

 

 

 

 

        

 

Figure 1 Research results layer 1 of  Saris (2021)
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1.1. Research aim 

Plegt-Vos expects that in the future, when the 

factory in Almelo is fully operational, the 

bottleneck of the whole process will not be at the 

transport and production of modular elements, 

but on the construction site itself. The goal of 

Plegt-Vos to build a house in one day (8 hours) is 

the starting point for this research study. In order 

to make the assembly process more efficient, 

increasing the crane efficiency is a key priority as 

it holds high potential to reduce total building 

time.  

The target of Plegt-Vos is to reach a 

crane efficiency of at least 60%. This study 

contributes to this target, and hence to their 

overall goal, by evaluating measures to improve 

crane efficiency. A simulation model will be use 

to investigate the full modular construction 

assembly process, with the crane as centrepiece. 

Moreover, the goal of this study is to develop a 

simulation model of the onsite assembly process 

of Plegt-Vos, and to propose measures to increase 

their crane efficiency. The proposed measures are 

evaluated using the simulation model. 

The structure of this paper is as follows. 

First, the theories behind modular construction, 

onsite assembly processes and simulation 

methods are explained, thereafter in chapter 3 the 

research methodology used in this study is 

elaborated on and the sub questions to be studied 

are formulated. Next, chapter 4 holds the results, 

divided per sub question, followed by a discussion 

(chapter 5) and conclusion (chapter 6). 

2. Theoretical background 
This chapter explains theories which can be 

linked to modular construction, on site assembly 

of prefabricated elements, and simulation of 

construction processes. 

2.1. Modular construction 
Modular construction, prefabrication or 

industrialized building, all terms mean the same: 

building elements are produced at an offsite 

location, stored after fabrication until use, and 

transported to the construction site when needed 

(Li et al., 2022; Thai et al., 2020). Elements are 

designed to fit the transport modes to the 

construction site, which limits both their size and 

weight (Taghaddos et al., 2010). The size and 

complexity of elements varies. Bertram et al. 

(2019) made this variation visible, see Figure 2. 

An element can vary from only simple 2D 

elements, to complete 3D structures including all 

services (e.g. electrical wiring). In the literature, 

modular construction is commonly compared to 

traditional construction, and in general modular 

construction is considered to be “better” than 

traditional construction. 

 
Figure 2 Complexity and scale of modular construction (Bertram et al., 2019)
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Innella et al. (2019) enumerates benefits of 

modular construction related to material waste 

reduction, improved worker safety, reduction of 

construction time and increased quality. Hsu et al. 

(2018) state that building in a factory environment 

can reach higher efficiencies and quality, and the 

space to store material or equipment on site can 

be reduced. Modular construction is known to 

give an increase in productivity (Bataglin et al., 

2020), to be efficient in cost (Agha et al., 2021), 

to improve the working conditions (Thai et al., 

2020) and to reduce labour demand (Li et al., 

2022). Furthermore, recent research has 

quantified the environmental sustainability of 

modular construction. The energy needed for 

construction, greenhouse gas emissions and 

embodied carbon can all be reduced compared to 

traditional construction (Loizou et al., 2021). 

Kamali et al. (2019) also state that modular 

construction can result in less environmental 

burdens, since it has the potential to reduce the 

overall energy consumption.  

2.2. Onsite assembly of prefabricated 

elements 
The benefits in efficiency of modular 

construction largely depends on the performance 

of the onsite-assembly process (Bagheri et al., 

2021). The assembly process of modular 

construction includes largely repetitive working 

activities (Hosang et al., 2020). This process can 

be significantly shortened compared to traditional 

construction (Hsu et al., 2018). However, due to 

various factors the advantages of modular 

construction can be lost. Bataglin et al. (2020) 

state that in most cases the off-site production 

and onsite assembly processes are not in line, due 

to inaccurate planning and miscommunication 

between the two. Yang et al. (2020) reviewed the 

current state of research in the field of 

prefabricated construction supply chain 

management. They note that this research field 

has not yet been studied much, but has gained 

popularity since 2016. Crane efficiency within the 

onsite assembly process has been studied by some 

authors (Bagheri et al., 2021; Han et al., 2015; Hsu 

et al., 2018; Taghaddos et al., 2018). However, 

most studies focus on the physical movement of 

the crane. Bagheri et al. (2021) developed a new 

search algorithm for semi-optimum lift planning, 

which resulted in a significant reduction in total 

cost compared to previously used lift planning 

algorithms. Similarly, Han et al. (2015) used a 

dynamic graphical model of 3D visualization of 

crane lift planning to simulate different scenarios 

and crane types, to select the best crane 

operations. Hsu et al. (2018) considered the 

construction process from another point of view, 

and included the manufacturing, storage and 

assembly process of modular construction into a 

two-stage stochastic programming model. The 

model was shown to effectively serve as decision 

support tool to optimise the logistics. Automated 

Crane Planning and Optimization was developed 

by Taghaddos et al. (2018), for heavy lift plans. 

The software can analyse autonomously an 

extensive amount of lifts, to facilitate planning of 

crane operation. Studies have not looked 

explicitly into the efficient use of a crane in the 

context of the assembly process itself. 

2.3. Simulation 
Simulation is well suitable for gaining insights into 

construction processes. Without affecting real 

construction projects, strategies can be simulated 

and evaluated (Hassan & Gruber, 2008). In 

addition measures to improve the construction 

process efficiency can be tested (Hsu et al., 2018).  

Different simulation methods are 

available, Discrete Event Simulation (DES) is 

very suitable for simulating modular construction 

processes (Goh & Goh, 2019). Discrete Event 

Simulation is a method used for modelling 

queuing systems (Robinson, 2014). Queues are 

coupled to activities: when a resource is present 

in a queue, the activity can start. And when the 

activity finishes, it will deliver output to the 

consecutive queue. Many systems can be 

described as queuing systems which makes DES 

widely used (Robinson, 2014). DES can be used 

to evaluate different scenarios (Mohsen et al., 

2008) and quantitatively analyse operations 

(Martinez, 2010). It has been proven to be an 

effective method for dealing with complex 

interactions and uncertainties in construction 

processes (Abbasi et al., 2020).  

In several studies that focus on similar 

(sub)processes in the construction industry, a 

DES has been used for evaluation purposes. Goh 

& Goh (2019) use a DES model to assess 

measures to optimize a construction process. 

Mohsen et al. (2008) developed a DES model of 

the onsite assembly process of an modular 

construction project. Another study was 

performed by Liu et al. (2019). They simulated the 
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activities the crane would perform on the building 

site, while transporting and assembling modules. 

The process of installing precast concrete hollow-

core slabs was simulated by Jiradamkerng (2013) 

by using DES. Finally, the paving operation of 

asphalt concrete was simulated by Hassan & 

Gruber (2008). Given that the DES methodology 

is widely used in the construction industry and has 

been proven to be able to simulate similar 

processes, DES is considered as useful simulation 

method for evaluating the assembly process of 

Plegt-Vos in the context of this study.  

Many software packages are available to 

build a DES model, some commercial and some 

freely accessible. Open source software is a good 

alternative for costly commercial software (Lang 

et al., 2021). A software package which is freely 

accessible is EZstrobe, which is developed by 

Martinez (1998). It is described by the developer 

as a very simple, but powerful, general-purpose 

simulation system. Jiradamkerng (2013) used 

EZstrobe to evaluate the installation process of 

precast concrete hollow-core slabs, which is 

similar to the construction process of our 

research. His conclusion was that the software 

helped to get a good understanding of the 

construction process, and for analysing the effect 

of improvements (Jiradamkerng, 2013). EZstrobe 

can model moderately complex systems, and 

there is no need to write difficult codes (Hassan 

& Gruber, 2008). This makes it easy to 

implement. In addition, the flexibility to quickly 

alter the modelled process based on changes in 

real-world construction process is an advantage. 

3. Methodology 
The aim of this research was to increase the crane 

efficiency of the onsite assembly process of Plegt-

Vos. To achieve this, the research was split up 

into five sub questions. First, causes of low crane 

efficiency have been identified (1) and thereafter 

possible measures to increase crane efficiency 

were studied (2). In parallel, a simulation model 

has been developed (3) which can assess the 

proposed measures on their chances of success. 

So the simulation model was used to assess the 

effect of measures and to rate them, from best to 

worst (4). Lastly, the potential of the measures 

was assessed for their ease to be implement into 

the assembly process (5). An overview of the sub 

questions and their proposed outcomes can be 

seen in Figure 3.  

3.1. Causes of low crane efficiency 

For sub question 1, five semi-structured 

interviews have been conducted with both site 

managers and planners/engineers at Plegt-Vos, 

who have experience with the concept of building 

with elements from the factory at Langeveen 

(NL). Input for the interviews was obtained by 

analysing the research results and data produced 

by Saris (2021). During the interviews, questions 

were asked in different topic blocks. The first 

block was about the site layout planning, the 

second about the crane planning. In between, an 

open question was asked to interviewees, why 

they thought that there was a low crane efficiency 

during the assembly process. Lastly, questions 

were asked about specific activities which were 

highlighted by the study of Saris (2021), to gain 

more insight into these activities and to find out 

if causes for low crane efficiency could be 

revealed for these activities. The interviews were 

performed in Dutch, since the interviewees are 

more comfortable with this language. To find 

causes of low crane efficiency, each interview 

transcript was analysed, and when a cause was 

named by the interviewee, this was marked in the 

transcript. In this way a list of causes was made. 

Thereafter, the causes were categorized by using 

a fishbone diagram. In this way the cause could 

be linked to each other in an understandable and 

simple way. 

3.2. Measures to increase crane 

efficiency 

To identify measures to increase crane efficiency, 

the input of interviewees was asked. Furthermore, 

the advice presented in the paper of Saris (2021) 

was analysed and measures having an effect on 

the crane were included. Lastly, literature was 

consulted, search terms such as: ‘crane & modular 

construction’ or ‘construction & crane efficiency’ 

or ‘assembly & modular construction’ were used. 

All potential ideas and measures which could 

have an effect on the improvement of crane 

efficiency were listed.  

3.3. Discrete event simulation model 
To develop the simulation model, the value 

stream map of Saris (2021) was analysed. All 

relevant activities the crane performed were 

identified, and based on these activities a 

conceptual model was developed. Furthermore, 

the data of Saris (2021), was analysed and filtered. 

For example, due to the scope of the research 
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Figure 3 Overview of sub research questions, including expected results

being crane activities, all activities which were not 

performed by the crane were eliminated. Also 

some activities were combined or made more 

specific, to make it possible to link them to 

particular activities performed by the crane. The 

purpose of the data was to feed the model with 

good estimates of activity time durations. 

Therefore, key statistical parameters such as the 

mean and standard deviation of each activity were 

derived. After the development of the conceptual 

model and deriving the statistical parameters, 

both were implemented into the simulation 

software of EZstrobe. The main modelling 

components of EZstobe are presented in Figure 

4.  

As presented by Goh & Goh (2019), 

verification and validation should be conducted 

in order to, respectively, check if the simulation 

model represents the conceptual model well and 

if the simulation model represents the real 

process in a proper way. Verification can be done 

by using various techniques. For example, the 

output of the model can be examined on 

plausibility, by using different input parameters 

(Goh & Goh, 2019). It is also possible to use 

counters, which can be used while the simulation 

is running to investigate the modelling behaviour 

(Liu et al., 2019). It was decided to verify the 

model by following the logical steps of the model 

by using the animation function, and comparing 

the input and the output on plausibility. The 

model was validated based on expert judgement 

of Plegt-Vos specialists. Lastly, key performance 

indicators (KPI’s), were included in the model, to 

make the model useful for evaluation purposes, 

necessary for sub question 4. The key 

performance indicators used for this evaluation 

were: the Total Time (hour/house) and the Crane 

Efficiency (%). 

3.4. Effects of proposed measures 

For the list of measures resulting from sub 

question 2, possible effects were identified. For 

every measure present in the list, the effect on the 

process was described. These changes were then 

transformed into workable adjustments in the 

simulation model.  For example, banning the use 

of the crane for unloading elements will result in 

no (un)loading activities of the crane. 
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Figure 4 Main components of EZStobe (Jiradamkerng, 2013)

In the adjusted model this will be incorporated by 

specifying an activity duration of 0 for the activity 

‘UnLoading Elements’. However, since it may 

occur that the measures are not completely 

implemented, (e.g. still some trucks need to be 

unloaded), reduction percentages were taken into 

account. This also gave insight in how effective 

the measure would be, if 100% could not be 

achieved. Additionally, if a measure is proposed, 

which will result in a percentual reduction of the 

activity time (e.g. 10% reduction in waiting time) 

both the average and standard deviation of the 

activity are reduced by 10%, thus keeping an equal 

variation coefficient.  

For the base line scenario the simulation 

model developed in sub question 3 was used, and 

results were generated for 100 houses built and 

100 replications. For every potential measure, the 

required model adjustments were implemented 

into the simulation model, to develop a ‘variant’ 

on the base line scenario. To generate the results 

of each variant, the same model parameters were 

used as for the base line scenario. By comparing 

the base line scenario outcome (total assembly 

time and crane efficiency) with the outcome of a 

variant, the potential effect of the measure was 

revealed.  

3.5. Prioritization of measures 

Lastly, measures were evaluated, based on expert 

judgement by Plegt-Vos, on their ease for 

implementation. Measures which could be 

implemented easily were rated as ‘low effort’. 

Measures where it was expected that more time 

and/or resources were needed to implement 

them, were rated as ‘high effort’. To answer sub 

question 4, the impact of the measures was 

ranked. It was decided that when a measure 

reduced the total assembly time of one house with 

more than 1.5 hour, the impact was rated as ‘high’. 

If the reduction was less, the measure was ranked 

as having a ‘low impact’. The impact versus the 

effort was plotted in a project priority diagram. 

This diagram is a powerful tool for prioritizing 

which measures should be taken, and which ones 

need more time but are possibly interesting for 

implementation on the long term (Theisens, 

2021).  

For every quarter of the priority diagram 

the corresponding measures were combined in a 

simulation scenario, and results were obtained. If 

variations of a measure were included more than 

once, the variation with the highest impact was 

chosen for the overall results.  
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4. Results 
This chapter presents the results of all sub 

questions. First, the causes for low crane 

efficiency and measures to increase crane 

efficiency are presented. Thereafter, the 

development of the simulation model is 

elaborated on. Lastly, the effects of measures are 

presented.  

4.1. Causes of low crane efficiency 
To find causes of low crane efficiency, five 

interviews have been conducted with 

planners/engineers and site managers. All 

interviews were recorded, and the recordings 

have been transcribed. These transcripts are given 

in Appendix G. Main causes of low crane 

efficiency were obtained from answers of the 

interviewees. All causes were collected and 

categorised, a fishbone diagram was made to give 

a good overview of all causes of low crane 

efficiency, see Figure 5.  

All interviewees agreed that the site layout of a 

project has a very large influence on the efficiency 

of the project. A poor site layout can result in 

material and elements at the wrong locations, 

 

 
Figure 5 Root cause analysis of low crane efficiency 

 causing extra movement of the crane to place 

elements at the right location. Most interviewees 

name the overall process of positioning the floor 

as very time consuming. This is supported by the 

data from Saris (2021). Many floor elements need 

to be placed, there are shifts in the lifting frame 

of the crane during the process, and afterwards 

the seams between the floor elements need to be 

filled with concrete by hand. During this, the 

crane is needed to deliver the mortar to the floor 

by lifting and retaking wheelbarrows. Another 

interesting point regarding the floor process, is 

that the subcontractor making the floors should 

deliver them on site stacked, in a certain order. 

However, all site managers recognize that this 

goes wrong for many deliveries, and changing the 

order of the floors requires the crane, taking even 

more time. Sander: “Yes, that can be half an hour up 

to three quarters of an hour per floor if the order is wrong.” 

The assembly of wall plates by 

construction workers is also a time consuming 

activity. During this process the crane delivers the 

plates, but is waiting during the remainder of the 

process. Furthermore, material may be missing on 

the building site, which causes delays in the 

process, since all material is delivered Just-In-

Time (JIT), and missing material is usually 

discovered on the spot when the material is 

needed. Without the material there are no other 

options to continue building, and the process is 

postponed until material is delivered. Lastly, in 

some occasions the crane is used to unload 

material from a truck, if the truck doesn’t have a 

crane itself, or if there is no space for the truck to 

unload itself. Lastly, the crane is used to load 

empty packing material back on a truck, if the 

packing material is not in reach of the truck crane 

itself 

4.2. Measures to increase crane 

efficiency 
Measures to increase crane efficiency were 

obtained based on interviews, results from the 

research of Saris (2021) and the literature 

consulted. The identified measures are presented 

in Table 1. This list will be used as input for sub 

question 4. 
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Table 1 Measures to increase crane efficiency 

1 Do not use the crane for unloading and loading of trucks. 

2 Contact the subcontractor delivering the floor panels, and force them to deliver them in the right order at 
the building site. 

3 Make use of push and pull scaffolding for placement of the front and rear façade elements. 

4 Include more inspection on the elements when leaving the factory, and when entering the building site. 

5 Develop an adaptable standard site layout plan developing over time, including space for elements to be 
stored, where trucks should be unloaded, and where packing material should be stored for pick up. 

6 Reduce the amount of floor panels needed. 

7 Use a pump to transport mortar to the storeys. 

8 Use another lifting facility for placing the staircase module. 

9 Build without any form of scaffolding around the building. 

10 Plan activities closer to each other. 

11 Increase the working experience of construction workers. 

12 Include the support frame of the floor into the staircase module. 

4.3. Discrete event simulation model 
To develop the simulation model several steps 

have been executed. This section explains in detail 

which steps were taken and why they were taken.  

4.3.1.  Conceptual model 
The first step of the development of the 

conceptual model was to characterize the 

assembly process. This was done by comparing 

the camera footage of project Zwolle with the 

data that was produced from that same footage 

by Saris (2021). Based on this analysis a flowchart 

was made, that contains every step of the 

assembly process. All activities which are 

performed by the crane to build one house are 

included. Depending on the position of the house 

in a block, and choices of the house buyer, extra 

activities need to be performed. A small part of 

the flowchart is presented in Figure 6, and the 

complete flowchart can be found in Appendix B. 

Next to this sequence, the crane is 

taking care of some side activities which are not 

in this path. These activities are:  

    - Moving elements around the building site; 

    - Replacing wrongly placed elements; 

    - Unloading delivered elements from trucks; 

    - Loading elements on trucks; 

    - Deliver materials and tool to the building; 

    - Waiting. 

All these activities are marked as ‘Non-

Value Adding’, and therefore reduce the total 

crane efficiency. After identifying all potential 

activities of the crane, the conceptual model was 

built. The conceptual model is a schematized 

version of the simulation model. A housing 

project typically consists of several buildings in 

one block. The buildings are split up in three 

levels, and these levels consist of elements. 

 
Figure 6 Example flowchart crane movements 

 
Figure 7 Model layer components 
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This is schematized in Figure 7. The logic of this 

sequence was also used as foundation for the 

conceptual model. 

Since the model was becoming too 

complex, due to many process steps that had to 

be taken into account, it was decided to develop 

a model for the simplest version, a house between 

two other houses (in Dutch: “tussenwoning”), 

without any buyers’ options. Consequently, only 

the ‘white’ boxes in Appendix B needed to be 

included in the model. The conceptual model, 

including the logical loops that are relevant, is 

presented in Figure 8. The conceptual model has 

been implemented in Visio in combination with 

the simulation software package EZstrobe.

Figure 8 Conceptual model

4.3.2.  Data input 

To develop a realistic model, the model should be 

fed with data. The data used for this model was 

obtained by Saris (2021). The full data set can be 

found in Appendix C. Since too little data was 

available on the activity durations to determine an 

exact distribution, for each activity a normal 

distribution was assumed. Nevertheless, some 



11 
 

activities received negative duration times, and 

EZstrobe changed these values into 0, which was 

not desired. A lognormal distribution was 

selected to overcome this problem, however the 

EZstrobe software could not handle this type of 

distribution. Therefore, a gamma distribution was 

chosen, which is very similar compared to a 

lognormal distribution. The distribution 

implemented per activity in the simulation model 

can be found in Appendix D.  

4.3.3. Verification and validation 
To verify the model, animation was used to track 

the model while running, and thereby check every 

step it takes on plausibility. All generated output 

variables where checked and compared with the 

output that would be expected theoretically. After 

verification, the model was validated, based on 

expert judgement from two innovation managers 

of Plegt-Vos. Here the animation function of 

EZstrobe was used. Martinez (2010) considers 

the use of animation as very valuable to 

communicate the model with stakeholders, since 

they can see the operations visually. Both 

managers are familiar with the assembly process 

and were asked to check the model on plausible 

outcomes and to compare it with recent projects. 

The verified and validated simulation 

model as developed in Microsoft Visio/EZstrobe 

is presented schematically in Figure 9, while in 

Appendix E, the model is presented in detail. The 

green blocks are value adding activities, the blue 

blocks are non-value adding activities, and the 

orange blocks are waiting times (also non-value 

adding). All white blocks are used for simulation 

purpose. The model can calculate the average 

time to assemble one house, and it can sum up all 

value adding activities and non-value adding 

activities, and thereby calculate the crane 

efficiency.

 
Figure 9 Simulation model overview

4.4. Effects of proposed measures 

For every measure listed in sub question 

2, the potential impact on the assembly process 

has been defined, see Table 2 at page 12. For 

some measures variants, if applicable, are 

presented. The impact was transferred into 

specific adjustments for the model, see Appendix 

F. The results of the impact per measure on the 

assembly process are presented in Figure 10 and 

Figure 11. 

In Figure 10 for each proposed measure, 

including variants, the amount of hours spent on 

side activities, waiting and value adding activities 

per 100 houses are presented. This gives a good 

overview where measures have an effect, and how 

large this effect is, compared to the base line. 

Furthermore, the measures have been scaled 

from the highest reduction (1) to the lowest 

reduction (31) of the total assembly time. Not 

unloading trucks by the crane gives a good 

reduction of hours for both waiting time and 

reduction of side activities. Using different Push-

Pull scaffolding for the front and rear façade 

results in less overall waiting time, and some 

reduction in the value adding activities, since the 

facades can be installed faster. Changing the 

amount of floor panels used provides for all 

categories a large reduction in time, since waiting 

time between plates is limited, reduction in plates 

causes less value adding time and changing lifting 

frames is not needed, which results in less side 

activities performed by the crane. 
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Table 2 List of measures including a description and impact explanation 

Name  Description Impact on assembly process Studied variation within each measure 

Loading 
trucks 

Crane is not used for unloading and loading of trucks. All activities of (un)loading are eliminated. Or the 
amount of unloading activities are reduced.  

-50% = (un)loading trucks is reduced by 50% 

-80% = (un)loading trucks is reduced by 80% 

-100% = (un)loading trucks is reduced by 100% 

Floor panels 
delivery 

Delivery of floor panels will always be in the right order. All activity of changing floor panels are eliminated. Or 
the amount of changing floor panels activities are 
reduces 

-50% = changing floor panels is reduced by 50% 

-80% = changing floor panels is reduced by 80% 

-100% = changing floor panels is reduced by 100% 

Push – pull 
scaffolding 

Push and pull scaffolding is used for placement of the front 
and rear façade elements. 

All activity of placing rear and front facade will be 
reduced by 70%. And the successive waiting activity is 
reduced by 70%. (Proven concept in Zwijndrecht) 

-20% = rear/front façade and successive waiting activity is reduced by 20% 

-50% = rear/front façade and successive waiting activity is reduced by 50% 

-70% = rear/front façade and successive waiting activity is reduced by 70% 

Inspections More inspection are performed on the elements when leaving 
the factory, and when entering the building site, damage is 
detected earlier in the process. 

All activity of moving elements are eliminated. Or the 
amount of moving elements activities are reduces. 

-50% = moving elements is reduced by 50% 

-80% = moving elements is reduced by 80% 

-100% = moving elements is reduced by 100% 

Site layout 
plan 

Develop standard site layout plan developing over time, 
including space for elements to be stored, where trucks 
should be unloaded and where packing material should be 
stored for pick up, less elements will be moved over the 
building site. 

All activity of side activities are eliminated. Or the 
amount of side activities are reduces. 

-20% = side activity is reduced by 20% 

-50% = side activity is reduced by 50% 

-80% = side activity is reduced by 80% 

-100% = side activity is reduced by 100% 

Floor panels Make the floor plan easier, by limiting the amount of floor 
panels used. 

Activity of placing floor panels will be reduce by a 
maximum of 3 panels. 

-2 = instead of 9 panels, 7 larger panels will be placed 

-4 = instead of 9 panels, 5 larger panels will be placed 

-6 = instead of 9 panels, 3 larger panels will be placed 

Mortar pump Use a pump to transport mortar to the storeys. All activities of delivering and retaking wheel barrows are 
not taking place. 

None 

Lifting 
staircase 
module 

Use another lifting facility for placing the staircase module. Reduce all lifting of staircase module by 50% (Proven 
concept in Zwolle) 

None 

Scaffolding Build without any form of scaffolding around the building. All activities of placing work bridge are removed. None  

Planning Plan activities more close to each other. All waiting times of all activities are reduced by a certain 
percentage. 

-10% = all waiting times are reduced by 10% 

-20% = all waiting times are reduced by 20% 

-30% = all waiting times are reduced by 30% 

-40% = all waiting times are reduced by 40% 

-50% = all waiting times are reduced by 50% 

Worker 
experience 

Increase the working experience of construction workers. 
Knowing how to perform activities, will decrease the time 
needing per activity. 

All waiting times of all activities are reduced by a certain 
percentage.  

And all value adding (VA) activities are reduced by a 
certain percentage. 

-10% = all waiting times and all VA activities are reduced by 10% 

-20% = all waiting times and all VA activities are reduced by 20% 

-30% = all waiting times and all VA activities are reduced by 30% 

-40% = all waiting times and all VA activities are reduced by 40% 

-50% = all waiting times and all VA activities are reduced by 50% 

Support  

Frame 

Include the support frame of the floor panels into the 
staircase module. 

Activity of placing support frame, connect and 
reconnect lift frame are eliminated.  

None 
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Obviously the measures for tighter 

planning and increasing worker experience have a 

large influence on waiting time, since this is their 

main impact on the model. 

In Figure 11 the crane efficiency is 

plotted together with the amount of time it takes 

to assemble one house. Here, the measures are 

scaled based on their impact on the crane 

efficiency (high to low). Every measure reduces 

the total time to assemble one house, however it 

can be noticed that the crane efficiency 

significantly drops at some measures. This is 

caused by the way crane efficiency is calculated, 

which is the duration that the crane is in use for 

Value-Adding activities as a percentage of the 

total time. Some measures reduce the amount of 

VA activities, and therefore the crane efficiency is 

reduced as well. Purely focussing on the crane 

efficiency, measures which are very effective are 

eliminating unloading of trucks, decrease amount 

of floor panels and plan more tightly. 

 
Figure 10 Overall results – from high to low impact –  value adding-, side activities- and waiting-time per measure
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Figure 11 Overall results – from high to low crane efficiency, and total time – per measure 

 

4.5. Prioritization of measures 

Based on the expert judgement the proposed 

measures have been rated on their ease of 

implementation. This could either be high effort 

or low effort. Furthermore, the impact of the 

measures as presented in sub question 4 was also 

evaluated. The effort and impact were plotted in 

a project priority diagram, see Figure 12. For 

every category of the priority diagram, measures 

were combined in a simulation scenario. The 

results of all four combinations are presented in 

Figure 13 and Figure 14.  

Figure 13 shows a significant reduction 

of the total assembly time, if measures were 

adapted in combination. The ‘Quick Wins’ and 

the ‘Major Projects’ show large reduction of the 

assembly time. Interesting is that the combination 

of the ‘Thankless Tasks’ and ‘Fill in Jobs’, overall 

also present a good reduction on the total 

assembly time. The largest crane efficiency is 

achieved by the combination of ‘Thankless 

Tasks’, but for all combinations, a 60 percent 

crane efficiency is out of reach, as can be 

observed in Figure 14. 

 
Figure 12 Priority diagram scaling all measures
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Figure 13 Division per quarter of priority diagram – value adding-, side 

activities- and waiting-time per combination measure 

 

 

 
Figure 14 Division per quarter of priority diagram - crane efficiency and 

total time – per combination measure 

5. Discussion  
This study has looked into the onsite assembly 

process of modular construction by developing a 

simulation model. Furthermore, several measures 

have been proposed and evaluated based on their 

impact and effort of implementation. The model 

developed here has been proven to be effective in 

simulating the assembly process and evaluating 

the proposed measures. The outcome of this 

study gave Plegt-Vos relevant insight into their 

process, and presents handles to continue with 

process improvements. In addition, this study 

gave insight in a methodology for the 

development and use of a DES model to assess 

proposed process improvements, whereby this 

study contributes to the scientific body of 

knowledge. This study has proven that with a 

DES model, proposed optimizations can be 

tested and their impact on the overall process can 

be evaluated.  

The remainder of this chapter includes a 

reflection on the methodology and results and 

presents examples for further research. Each 

research question is discussed in a separate 

paragraph.  

5.1. Causes of low crane efficiency 

For this sub question five interviews were 

conducted with site managers and engineers. 

Since the building method studied in this research 

is relatively new, at the time of the research, only 

three related projects where under construction 

or finished. The selected interviewees where 

closely related to one of the three projects, which 

might have resulted in a limited view on the 

building method. However, the persons who 

were interviewed worked directly at the projects 

and thus had a substantial expertise of the whole 

assembly process, making the outcomes of the 

interviews reliable.  

Missing and/or damaged material was 

mentioned by interviewees to occur frequently. 

This was also found in the study of Saris (2021). 

Another interesting insight is that the site layout 

has a large influence on the success of a project, 

which is supported by studies that focus on the 

optimization of that site layout (Bagheri et al., 

2021; Bataglin et al., 2020; Han et al., 2015; 

Taghaddos et al., 2018). 

The fishbone diagram gave a good overview 

of the different categories of causes for low crane 

efficiency. To gain a better quantitative insight in 

where the most impact could be made, an option 

would be to assign a specific percentage to each 

cause of low crane efficiency. Yet, this can be very 

challenging and partly arbitrary to do, and 

therefore might not give new insights. 

5.2. Measures to increase crane 

efficiency 
For this sub question twelve measures have been 

identified, which can potentially increase the 

crane efficiency. Most of the measures are based 

on the interview results of sub question 1. It is 

feasible that more measures are conceivable to 

increase the crane efficiency, that were not 

identified during the interviews. Furthermore, the 

measures presented are not described in detail, 

but from a broader perspective. Therefore, it is 

recommended to further develop and quantify 

the presented measures in future research, and 
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thereby focus on the implementation of the 

measure in the construction process. This could 

be done, for example, by presenting the list of 

proposed measures to the development team of 

modular construction of Plegt-Vos. They can, 

based on their expertise, decide if measures are 

interesting for further investigations.  

 Since this study focusses on the assembly 

process of one particular construction company, 

it can be interesting to compare the differences 

between various construction companies in the 

field of modular housing construction within the 

Netherlands, or even at worldwide or European 

scale.  

5.3. Discrete event simulation model 
The discrete event simulation model was built to 

assess the impact of the proposed measures on 

the overall construction process. The model 

showed to be well capable to do so. Previous 

research has shown similar outcomes for DES-

models (Erikshammar et al., 2013; Goh & Goh, 

2019). Additionally, EZstobe software was found 

to be very useful for simulating the assembly 

process, which was also concluded by 

Jiradamkerng (2013). 

The measures proposed have been 

evaluated by using the model, but have not been 

tested in a real-life case study. However, 

simulation is considered to be a suitable and 

reliable method to use for testing measures which 

cannot be tested in ongoing projects (Salama et 

al., 2021). The model used in this study has been 

specifically built for the evaluation of the 

assembly process of modular construction of 

Plegt-Vos. Consequently, its results cannot be 

used without precaution for the evaluation of 

other processes rather than the process it was 

made for. 

Within the model, special cases like 

buyers’ options and end houses (in Dutch: 

hoekwoningen) are not included. Including the 

extra elements needed for such cases would have 

made the model more complex. Furthermore, the 

consecutive order of steps in the model would 

have to be changed a lot, since, for example, 

buyers’ options are not the same for every house. 

It is assumed that not including these aspects did 

not have a large impact on the overall results, 

because the extra elements to be placed usually 

contribute only a small proportion to the total 

assembly process. Excluding these aspects most 

likely has resulted in a lower total assembly time, 

compared to the real-life case study project, but 

has not affected the overall results regarding the 

crane-efficiency. 

Another simplification that was made 

concerns the waiting times of the crane. The 

waiting times included in the simulation model 

are periods where construction workers are 

performing tasks, during which the crane is 

waiting before it can continue to do its task. In 

the model the activities of the construction 

workers are not modelled individually, only the 

waiting time of the crane due to the construction 

workers being busy elsewhere is considered. This 

choice was made as the focus of the study was on 

the crane efficiency. However, it can be 

interesting, as a continuation on this research, to 

include the construction workers’ processes 

explicitly. Nevertheless, including these processes 

will make the model more complex, and not 

necessarily provide better or more detailed results 

on the assembly time, since the current waiting 

time of the crane is based on the camera footage 

of the case study research. Yet, it can be 

interesting to expand the model if there is interest 

in improving the processes performed by the 

construction workers.  

Lastly, the activity time duration 

estimates used for the model are based on a single 

case study project. Due to the continuous 

improvement of the building concept of Plegt-

Vos, the data used in this study may already be 

outdated. For example, another project using the 

same building concept reached the goal of 

building one house in one day (8 hours). 

Therefore, it is highly interesting to collect data of 

a similar but more recent project and to feed the 

simulation model with more recently observed 

activity times durations. That would allow a 

comparison to be made, on what aspects are 

already going better and which process steps still 

need more attention.  

5.4. Effects of proposed measures 
For sub question 4 the measures presented in 

section 4.2 have been transformed into effects in 

the model. The magnitude of the effects could 

not be based on literature or other sources 

because these were not available. This has been 

overcome by including different percentual 

changes per measure. The measures gave a good 

indication on their impact on the overall process, 
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and the type of activity that the measure had an 

impact on (e.g. value adding activities, side 

activities or waiting time). It is recommended for 

further research to focus on a detailed description 

of the proposed measures, and thereby emphasize 

the impact of measures on the model.  

During the research it was noticed that 

using only crane efficiency as a success criterion 

resulted in doubtful outcomes. This was caused 

by most measures also having a lowering impact 

on value adding activities, reducing their intended 

increasing impact. Since the crane efficiency is the 

percentage of value adding activities over the total 

time, for these measures the resulting crane 

efficiency levelled out or even decreased. 

Therefore, during the study it was chosen to not 

only consider the crane efficiency, but to use the 

total assembly time as an additional indicator. If 

in the future this research will be continued, it is 

advised to either change the success criterion to 

lowering the total assembly time, or to change the 

way the crane efficiency is calculated. As a 

practical way to do this, for example, the ideal 

time for each activity could be identified, and all 

time spent above this ideal time, can then be 

classified as ‘non-value adding’. In addition, the 

takt time of activities can be included as proposed 

in the study of Abbasi et al. (2020). In this way, 

value adding activities can be better included in 

future research. This results in more focus on the 

complete process, as currently the emphasis was 

on reducing the non-value adding activities.  

5.5. Prioritization of measures 
The last part of this research included the 

prioritization of the evaluated measures by using 

a project priority diagram. This diagram gave a 

good overview of the different measures. 

However, the scaling of the diagram is limited, as 

only rough ratings of ‘low’ or ‘high’ for both 

impact and effort were assigned. It might be 

preferable in future research to include more 

intermediate steps or to use another method to 

prioritize the different measures.  

6. Conclusion 
The main aim of this research was to develop a 

simulation model of the modular onsite assembly 

process of Plegt-Vos in order to identify measures 

to increase the crane efficiency to at least 60 

percent. Measures that have the most overall 

impact on the assembly process are using push-

pull scaffolding, not unloading trucks by the 

crane, changing the amount of floor panels used, 

tighter planning and increasing worker 

experience. All measures proposed have been 

evaluated on their effort versus impact, and 

combinations have been made. However, none of 

the combinations gave a total crane efficiency 

above the desired value of 60 percent. This was 

caused by the way the crane efficiency is 

calculated, as most measures also reduce the time 

spent on value-adding activities. When looking at 

the total assembly time reduction, several 

combinations gave good results. A combination 

of ‘Quick Wins’ measures with a high impact/low 

effort gave a reduction of 30 percent. The most 

effective (combination of) measure(s) in this 

study, with a total assembly time reduction of 50 

percent, is the ‘Major Projects’ category for high 

impact/high effort, consisting of reducing the 

amount of floor panels used, planning more 

efficiently and increasing the worker experience. 
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