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Abstract
[bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK150][bookmark: OLE_LINK151]Purpose – This paper proposes an evaluation model for prefabricated construction to guide a supply chain with controllable costs. Prefabricated construction is prevalent due to area limitations. Nevertheless, the development is limited by budget control and identifying the factors affecting cost. The degree of close collaboration in the supply chain is closely interconnected with cost performance that includes direct and indirect factors. This paper not only quantizes these factors but also distinguishes the degree of influence of various factors.
Design/methodology/approach – System dynamics is applied to simulate and analyze the construction cost factors through Vensim software. It can also clarify the relationship between cost and other influencing factors. The input data are collected from an Internet of Things (IoT)-enabled system under a Building Information Modelling (BIM) system and Hong Kong government reports.
Findings – Simulation results indicate that prefabricated construction cost is mainly influenced by government promotion degree (GPD), working pressure from on-site construction (WPOSC), prefab quality (PQ), load-bearing capacity per vehicle (LBPV), and mold quality (MQ). However, it is more sensitive toward GPD, which indicates that the government should take measures to promote this construction technology. On-site worker management is also essential for the assembly process and indirectly influences the construction cost.
Originality/value – This paper quantifies indirect influencing factors and clarifies the specific features in prefabricated construction. The contractor could identify these factors to make decisions and classify the levels of influence under the supply chain system boundary.
[bookmark: _Hlk58773141]Keywords – Cost evaluation, Prefabricated construction, Supply chain management.
Paper type – Research paper

Introduction 
[bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK133][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Prefabricated construction refers to the practice of manufacturing and transporting components of a building from factories to a structured project site (Zhong et al., 2017a). The key features are the off-site building components production (Li et al., 2019). Prefabricated construction achieves good quality control under industrialized building systems compared with traditional construction methods. Moreover, a reduction of on-site construction activities leads to less pollution (Vidic et al., 2013). With the increasing demands of environmental protection (Chan et al., 2012), prefabricated construction is prevalent in Hong Kong public house construction, which contains a large quantity of the same construction structures (Jaillon and Poon, 2010). The assembly efficiency of the prefabricated construction will impact the construction schedule. The contractor pursues low cost by controlling the construction schedule.
[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK58][bookmark: OLE_LINK59]Construction supply chain management brings a holistic consideration for the stakeholders in terms of the contractors’ plans, production and delivery, as well as subcontracting and downstream department operations (Mönch et al., 2018, Hilletofth, 2011). It aims to visualize building information flow, reduce the cost, and provide management strategy (Panova and Hilletofth, 2018). Prefabricated construction supply chain management (PCSCM) features a make-to-order mode to minimize the cost and complete construction in time (Smith, 2010). It focuses on the transportation process of prefabs from off-site production to on-site construction. The close relationship impacts the cost variation of the individual part of the PCSCM.
Internet of Things (IoT) is significant in PCSCM by sharing services (Tu, 2018). Radio Frequency Identification (RFID), as a key element of IoT, tracks the data about the cost, location, and time, etc., by readers and tags across the whole construction process (Zhong et al., 2017b, Lee et al., 2013). The RFID-based system monitors and disseminates information swiftly within a short period of time with less effort (Zhong et al., 2017a, Keung Kwok and Wu, 2009). All the traced data will be updated to a BIM-based system, which is a comprehensive virtual information model for digital construction (Azhar, 2011, Volk et al., 2014). These data are available and controlled by contractors and individual vendors (Shen et al., 2010). The system can effectively track the PCSCM cost information and other related information such as prefab quantity, transportation location, labor quantity, etc.
[bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK52][bookmark: OLE_LINK53]This paper is inspired by a practical project in Hong Kong Tuen Mun where prefabs and construction materials are required to be transported punctually from Hui Zhou. The total cost includes three basic sub-cost (i.e., the manufacturing cost, the transportation cost, and the on-site construction cost). On-site construction cost refers to the expense incurred due to construction assembly. Some relevant factors impact the total costs, such as information cost, extra cost, and government subsidy. Information cost based on the IoT technology refers to the investment cost and usage cost. The extra cost is mainly due to the tardiness delivery. The close prefabricated construction supply chain reflects that the operation process of production and transportation impacts the on-site assembly. For example, the transportation delay prolongs the construction period and indirectly increases the on-site construction cost. Specifically, this paper discusses three research questions:
· [bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK142][bookmark: OLE_LINK143]Does the cost evaluation benefit the PCSCM or not? This paper establishes a simulation model to provide suggestions for both total cost and individual cost of the contractor, transportation company, and manufactory. This model could identify the proportions of PCSCM costs.
· [bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK67][bookmark: OLE_LINK68]How to design the cost evaluation model to measure the influencing factors? And what are the optimal decisions for the project contractor, transportation company, and manufactory? This paper introduces a cost evaluation model for PCSCM. System boundary demarcates system and environment. The causal loop diagram and stock-flow diagram aim at evaluating the influencing factors.
· How do the major parameters influence the supply chain cost, individual department’s cost as well as their optimal decisions? Scenario analysis is carried out to discover how variables could impact the cost of different scenarios from a global scope to the local scope of the supply chain.
The remainder of this paper is organized as follows. Section 2 describes the research gap which includes IoT-enabled PCSCM and cost evaluation in cost evaluation. Section 3 establishes a system dynamic model for cost evaluation under the system boundary of PCSCM. In Section 4, the causal loop diagram represents the interrelations with various variables. Additionally, the stock-flow diagram is utilized to evaluate the potential influence by Vensim software. Section 5 discusses the scenario including total construction cost, on-site construction cost, transportation cost, and manufacturing cost. Finally, Section 6 concludes this paper.
Literature Review
There are two streams of literature related to this paper: IoT-enabled PCSCM and cost evaluation in construction.
IoT-enabled PCSCM
[bookmark: OLE_LINK137][bookmark: OLE_LINK140]IoT technology was utilized in PCSCM for designing, construction, and other operational issues to capture real-time information (Zhong et al., 2017a, Azhar, 2011, Cui et al., 2020). The construction resources can be equipped by RFID devices, which is an advanced and practical sensor technology to achieve automation in the manufacturing, transportation, and construction industry (Niu et al., 2017, Azuara et al., 2012). These resources are converted into smart objects by bounding RFID to sense and interact with each other (Zhong et al., 2017a). More recent attention has focused on the application of the IoT-enabled BIM platform in prefabrication construction. While this platform can display and trace data, the contractor fails to use these data to administer and analyze the data such as cost (Li et al., 2018, Zhong et al., 2017a). An integrated cloud-based IoT platform has been used to achieve lean prefabricated construction, which requires careful coordination between the contractor and cooperators by arranging construction resources (Xu et al., 2018). However, this platform either fails to consider the impact of the IoT on cost minimization or does not show the relationship between cost influencing factors. To evaluate the cost of PCSCM, there is a need to develop a model to investigate the impact of IoT technology and the other influencing factors.
[bookmark: OLE_LINK141][bookmark: OLE_LINK154]Prefabricated construction was a good combination of manufacturing operations and on-site construction to benefit all stakeholders. There were some synonyms such as off-site construction, industrialized construction, manufactured construction, pre-assembly, and systems building (Smith and Quale, 2017). It has successfully emphasized the continuous process from prefabrication manufacture to on-site construction (Zhai et al., 2017, Chan and Chan, 2010). Prefabs to be assembled are produced ahead in the factory and are transported to the construction site (Smith, 2010, Papakiriakopoulos and Pramatari, 2010). This process may be more cost-effective than traditional construction due to off-site fabrication, shorter construction periods, and reduction in unplanned on-site remedial works. Rogan et al. and Boyd et al. found it would reduce the cost by 10% and 30%, respectively (2000, 2013). The traditional cost evaluation in construction does not pay much attention through the entire construction supply chain process. However, the cost of the prefabrication construction is complex with a close interconnection during the process of PCSCM (Zhai et al., 2020, Smith, 2010). Therefore, this is particularly valuable as the cost influencing factors in PCSCM may help to minimize the prefabricated construction cost.
Cost Evaluation in Construction
[bookmark: OLE_LINK155][bookmark: OLE_LINK160]System dynamics has widely been used in construction risk management and waste management (Wang and Yuan, 2017, Mak et al., 2019). It is an information feedback method with dynamic influencing factors (Yuan and Wang, 2014). The dynamic various data comprises variable data, non-linear data, and linear data, which can be implemented in system dynamics. These data can be captured by an IoT-enabled BIM platform including costs and other precise data in PCSCM (Zhong et al., 2017a). Previous research pointed out that supply chain cost contained production cost, transportation cost, inventory cost, and internal material cost (Pettersson and Segerstedt, 2013, Choi, 2020). However, the relationship, variation, and influencing factors between these costs were difficult to identify by an IoT-enabled BIM platform (Zhong et al., 2017a). There is still a lack of investigating the main factors affecting construction cost including design, competition level, fraudulent practices, construction conditions, price fluctuation, and political decisions (Kuo and Lu, 2013). Therefore, system dynamics may help to analyze the relationship between influencing factors with various data.
Table I compares the method of cost evaluation for a construction contractor. There are five advantages of system dynamics: (1) The casual feedback relationship provides accurate data variation trends. (2) System dynamics integrates insufficient data and non-linear data according to its internal structure. (3) The trend of the variable is observed by altering the relevant key parameters, which reflects correlation and provides suggestions for improvement. (4) It suits the chronic problem because the simulated data varies with the model under time-lapses and is more accurate for a long time. (5) It is prevalent for complex social and economic problems with low precision due to previous research like medicine, industry, and construction, etc.
From the literature review, several research gaps are identified. Firstly, the cost evaluation model lacks in identifying the impact of IoT technology and the relationship between cost influencing factors. Especially, the research on how the indirect cost factors impact the related cost factors is still sparse. Secondly, traditional construction cost assessment lacks pertinency in evaluating prefabricated construction, since the manufacture and transportation of prefab greatly impact the cost. Thirdly, the contractor can not directly analyse the relationship of costs since the component and interconnection are complicated. Both the contractor and subcontractors need recommendations to make decisions when the conditions of PCSCM are changed. Therefore, this paper proposes an IoT-enabled cost evaluation model in prefabricated construction to fill the research gaps.
[bookmark: OLE_LINK116][bookmark: OLE_LINK117]Table Ⅰ. Comparison of Cost Evaluation Method.
	Technique
	System Dynamics
	Analytical Hierarchy Process
	Artificial Neural Network and Fuzzy System

	Data
	· Variable Data
· Non-linear Data
· Linear Data
	· Variable Data
· Numerical Data
	· Non-linear Data
· Data Pretreatment

	Performance
	· Information feedback method
· Dynamic influencing factors
	· Determining the important weights of attributes
· A synthesizing mechanism in decisions
	· Solving the piece fluctuation problem
· Fuzzy If-Then rule
· Making decisions under uncertainties

	Application Area
	· Construction risk management
· Construction waste management
	· Construction contract strategy formulation
· Construction cost estimation
· Construction risk management
	· Construction cost estimation
· Construction productivity estimation

	Validation
	Model test
	Have not been mentioned
	Case study


Methodology
System Dynamics and Key Issues of Modeling
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK161][bookmark: OLE_LINK162][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: _Hlk59885204]System dynamics includes influencing factors based on feedback systems with associated dynamic principles and multiple structures, which connect independent parts of non-linear relationships (Tian et al., 2014). Specifically, seven parts are discussed in this paper such as influencing factor identification, feedback, dynamic behavior, flows and variables, conceptual models, simulation results, and test policies. Influencing factors could be divided into three parts under the system boundary of PCSCM. External factors should be validated by the influence level based on the supply chain and prefabricated construction. There are seven steps to ensure the veracity of these factors: (1) Confirm the boundary of the system; (2) Collect and classify the data; (3) Describe the casual loop diagram to represent relationships underlying certified variables; (4) Transform casual loop diagram into the stock-flow diagram; (5) Test the direct structure and structure-oriented behavior; (6) Simulate and analyze to find the labile variables; and (7) Change scenarios to investigate the possible impact. The causal loop diagram and stock-flow diagram are used to connect these factors and form a logical framework. Construction resource demand initiates the cost generation and advances the construction process.
[image: ]
Figure. 1. Overview of IoT-enabled PCSCM Cost Flow.
[bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26]The overview of IoT-enabled PCSCM cost flow is shown in Figure. 1. It consists of the cost and process of prefabricated construction, and an IoT-enabled BIM platform. These two parts are based on the process of PCSCM from construction design to on-site construction. IoT-enabled BIM platform traces and records information from the process of PCSCM. The information cost is incurred when maintaining or changing data. The construction design could determine the type of mold, the number of laborers, and the number of materials, etc. Material suppliers provide materials to the manufacturer and construction site. This process will incur material costs and transportation costs. The tower crane is utilized in the construction site. IoT technologies, such as RFID tags, sensors, wireless devices, etc. build up the infrastructure to provide an intelligent construction platform.
System Boundary and Cost Structure
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK27][bookmark: OLE_LINK28]The system boundary is the demarcation to recognize influencing factors and separate them into the inner and outer system (Li et al., 2017). It could avoid redundant analysis and identify the function of the system with an entire integration. There are two steps to confirm the boundary of the system. First, all the relevant variables should be recognized. Second, variables should be put in and out of the model to discover the difference. Supply chain management and the prefabricated construction should be compared through vertical and horizontal with external factors to certificate the system. The system boundary consists of the process of PCSCM including building design, manufacture, transportation, and on-site construction. Direct cost, operating cost, and extra cost are considered within each process.
The direct cost of the on-site construction accounts for a large part of the total construction cost including the cost of prefabs, on-site materials, on-site labor, and equipment. It will be increased by the consumption of materials or prefabs. As one of the most significant components of prefabricated construction, prefabs account for a large proportion and are produced in an off-site factory. The number and unit price of the prefab directly influence the prefab cost variation rate. On-site labor includes the project manager, construction engineer, foreman, and workers, who maintain the effectiveness of the construction process. The equipment cost is influenced by unit price per month and usage quantity.
[bookmark: OLE_LINK158][bookmark: OLE_LINK159]Operating cost is the variable cost that maintains the normal project process, which includes information technology maintenance cost, technology investment cost, and the government subsidy. Most of the maintenance costs happened due to the design change. As the means of information transformation, RFID chips and hand-held terminals generate the investment cost of the information. The extra cost is the additional cost due to the delayed transportation and force majeure factors. Specifically, it attributes to delayed construction, tardiness transportation, weather impact, and information alteration. Transportation cost contains the cost from the logistic of prefab and material. It is measured by freight volume and transport distance. Manufacturer cost contains manufacturer labor cost, manufacturer material cost, and mold cost. The fixed cost of mold remains constant and accounts for a significant part of manufacturing costs. This paper ignores charges such as tax and revenue since they are calculated by the proportion of the on-site construction cost.
Model Development
Causal Loop Diagram
[bookmark: _Hlk59885239][image: ]
[bookmark: _Toc43066975][bookmark: _Toc47107533]Figure. 2. Causal Loop Diagram.
Based on the system boundary characteristics, the causal loop diagram depicts the interrelations of various variables divided into eight loops, as shown in Figure. 2. The causal loop diagram represents the relationship between the prefabricated construction project cost and other influencing factors. Six positive feedback and one negative feedback are defined within the diagram with twenty-four variables. Construction resource demand directly increases the production resources, freight volume, and on-site construction resources. Furthermore, construction damages lead to design changes and information updates. The government promotion degree and construction efficiency separately increase the installed prefab quantity and accelerate the construction process.
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31]Loop 1. With the development of the construction process, the construction resource demand raises; and subsequently, it increases the number of production resources, freight volume, and on-site construction resources separately and orderly. The increasing transportation leads to more on-site construction resources such as prefab and material, which results in the growth of on-site construction costs and then increases the number of total construction costs. After that, the investment risk grows, which accelerates the construction efficiency, and then more information is recorded, which adjusts the information and construction resource demand. Loop 1 has twelve positive correlations and is considered a positive loop.
Loop 2. Loop 2 and Loop 1 have nearly the same framework apart from one variable, installed prefab. There are more installed prefabs with acceleration construction efficiency. As a result, the installed prefab raises and causes the growth of construction resource demand. Loop 2 has eleven positive correlations and is considered a positive loop.
Loop 3. The difference between Loop 2 and Loop 3 is the factors that influence the investment risk. The investment risk directly increases the government promotion degree and then grows the government subsidy, which leads to the acceleration of the construction process; and subsequently, the construction resource demand raises. Nevertheless, the government subsidy is limited to government ability, which restricts the total cost of the construction project. Loop 3 has twelve positive correlations and is considered a positive loop.
Loop 4. Apart from the production resources, the construction resource demand also increases the information management cost, and then the total costs will grow. The other correlations from prefab demand quantity to maintenance frequency are the same as Loop 1. Loop 4 has seven positive correlations and is considered a positive loop.
[bookmark: OLE_LINK32][bookmark: OLE_LINK33]Loop 5. Besides the growth of information management cost and production resources, the construction resource demand also grows the number of construction resource damage; and subsequently, the maintenance frequency increases, which leads to more changes in design. The more changes cause more information adjustment, which raises the demand for construction resources. Loop 5 has five positive correlations and is considered a positive loop.
Loop 6. Supposing an increase in the maintenance frequency, then the quality coefficient decreases, which also accelerates the construction resource demand. The correlations from construction resource demand to the maintenance frequency in Loop 6 are the same as those in Loop 5. Therefore, there are three positive correlations and one negative correlation, and is considered a negative loop.
Loop 7. The correlations from total costs to construction resource demand are the same as Loop 1. The increased demand of construction resources also directly leads to the growth of resources such as production resources, freight volume, on-site construction resource separately. These resources raise the total costs by adding specific process costs such as manufacturing cost, transportation cost, and on-site construction cost. All the correlations in Loop 7 are positive, which is considered a positive loop.
Stock-flow Diagram
[bookmark: _Hlk59885262][image: ]
[bookmark: _Toc47107541]Figure. 3. The Stock-flow Diagram.
[bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: _Toc43066983]A Stock-flow diagram is utilized to evaluate the potential impact of the project based on the interrelationships, as shown in Figure. 3. It is a specific model with detailed information representing the cost-related process and structure. The Stock-flow diagram contains level variable, rate variable, auxiliary variable, constant, and shadow variable. The level variable is accumulated with a rate variable that controls the speed of variation. The auxiliary variable impacts the rate variable. The brief definition of variables is shown in the Appendix. There are seven variables directly related to the total construction cost. This paper assumes the foundation construction as a constant variable. Information cost, government subsidy, and extra cost incurred during the whole supply chain process.
Model Validation
[bookmark: OLE_LINK170][bookmark: OLE_LINK171]The simulation design aims at validating and ensuring the accuracy to reflect the practical situation. There are eight tests in the simulation design: (1) boundary adequacy test, wherein some variables will change the model significantly when boundary assumptions are relaxed; (2) structure confirmation test, wherein the model structure contains the relevant descriptive information; (3) dimensional consistency test, wherein all variables have correct unit; (4) parameter verification test, wherein the parameter should have actual value with relevant descriptive and numerical information from the system; (5) extreme condition test, wherein each equation and parameter is reasonable in the extreme condition; (6) behavior sensitivity test, wherein the major structural flaws could be tested; (7) integral error test, wherein the model results convert with different integrals; (8) model behaviors verification test, wherein the simulation results should be compared with actual data.
[bookmark: OLE_LINK172][bookmark: OLE_LINK173]Test 1. There are three purposes of the boundary adequacy test: (1) All the important concepts are closely related to the research purpose and should be embodied in the causal loop diagram. (2) The behavior results change significantly when boundary assumptions are relaxed. (3) The results and policy recommendations will be extended by the extension of the boundary. Based on the literature review, all the variables are fundamental for evaluating prefabricated construction cost management. For example, when the government promotion degree drops down to zero, the total construction cost will be increased by about 1 million HKD.
Test 2. The structure confirmation test aims to keep the consistency of all cause-and-effect chains and feedback loops in the model with relevant descriptive knowledge and practical experience. All cause-and-effect chains and feedback loops in this paper are from practical research and objective facts.
Test 3. The dimensional consistency test ensures that each unit of the parameter is conformity, and all equations are dimensionally consistent. It is performed through “units check” by Vensim.
Test 4. The parameter verification test aims to check the authenticity of constants that is consistent with conceptual knowledge and relevant descriptive of the system. The constants are taken from a practical project in HK, literature review, government reports, and Internet websites. Hence, all the constants satisfy the need for a parameter verification test.
[bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK177]Test 5. The extreme condition test inspects the model under extreme conditions to verify that each equation is reasonable. PrC, OSMC, ToCC, and OSLC have a high effect on the OSCC in the extreme condition test. When these four costs are equal to 0, TCC is decreased to 0 leading to a nearly 67% reduction. The impact of PQ on PrC is examined by setting the value of PQ respectively as 0, 0.5, 0.95, and 1. PrC is almost twice when PQ is 0 compared with PQ is 1. PrC is 1.65*107 HKD when PQ is 0.95, since the decreased PrC increases the number of damages of prefab and then rise the maintenance cost. This result indicates that the model variables respond consistently and other variables could be verified in the same way.
[bookmark: _Toc45652085][bookmark: _Hlk59885311][bookmark: OLE_LINK108][bookmark: OLE_LINK109]Table II. The Cost of Different TCC.
	Time (Month)
	1 
	2 
	3 
	4 
	5 
	6 

	TCC: 0
	3.52E+06
	5.73E+06
	8.34E+06
	1.07E+07
	1.43E+07
	1.80E+07

	TCC: 2000
	3.55E+06
	5.79E+06
	8.44E+06
	1.08E+07
	1.45E+07
	1.82E+07

	TCC: 5000
	3.59E+06
	5.87E+06
	8.57E+06
	1.10E+07
	1.47E+07
	1.85E+07

	TCC: 10000
	3.66E+06
	6.02E+06
	8.80E+06
	1.13E+07
	1.51E+07
	1.90E+07

	TCC: 20000
	3.80E+06
	6.31E+06
	9.26E+06
	1.19E+07
	1.60E+07
	2.00E+07

	Time (Month)
	7
	8
	9
	10
	11
	　

	TCC: 0
	2.27E+07
	2.68E+07
	2.96E+07
	3.47E+07
	3.96E+07
	

	TCC: 2000
	2.29E+07
	2.71E+07
	2.99E+07
	3.51E+07
	4.01E+07
	

	TCC: 5000
	2.33E+07
	2.76E+07
	3.05E+07
	3.57E+07
	4.07E+07
	

	TCC: 10000
	2.39E+07
	2.83E+07
	3.13E+07
	3.66E+07
	4.18E+07
	

	TCC: 20000
	2.52E+07
	2.98E+07
	3.30E+07
	3.86E+07
	4.41E+07
	



[bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK54][bookmark: OLE_LINK55]Test 6. The behavior sensitivity test aims to observe the change of model behavior by altering the variables in a reasonable range and to determine the sensitivity of variables. The insensitive variables are low accuracy due to the minor change in the total cost. For example, TCC increases with the higher UPSAWPM. The results are shown in Table II.

Figure. 4. The Model Behaviors Verification Test.
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71]Test 7. In the integral error test, the original integration step of the model is set at 1 month. The integration step will change to 0.5, 0.25, 0.125, and 0.0625 months. The total construction cost of the model is approximately 4.83*107 HKD. The oscillation is lower than 4% which fits the requirement of the integral error test.
[bookmark: OLE_LINK72][bookmark: OLE_LINK73]Test 8. The simulation results should be compared with the practical project. The total construction is influenced by the government subsidy degree, transportation efficiency, labor efficiency, prefab quality, material quality, design level, investment risk, information adjustment, mold quality, and manufacturing labor efficiency. After estimating reasonable values for these factors, it is found that the TCC of the expected model is almost the same as the practical cost. However, TCC becomes lower since the tenth month due to the overflowing inventory and accumulative influence of tardiness transportation. The details are shown in Figure. 4.
[bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK122]Simulation Valuation and Discussions 
Simulation Design
[bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK182]The model simulation experiment investigated nine variables (PQ, WPOSC, OSMUR, WPP, MQ, LBPV, GPD, DL, and IAP). This paper selects four parts such as TCC, OSCC, TC, and MC to analyze the effect factors. After eight model behavior tests, the model is reliable and reflects the practical situation. A control variate method is made to achieve a simulation experiment. It is assumed that the PQ, OSMUR, and MQ are 95% as these factors are stable in practical construction. DL is 0.9 based on the actual efficiency. This paper assumes that working pressure like WPP and WPOSC is 50. The GPD is 8% based on the government report. LBPV is about 31.317 tons per vehicle.
[bookmark: OLE_LINK76][bookmark: OLE_LINK77]In addition to the experiment of LBPV and GPD, each variable has three experiments. For example, as the original experiment of the reference group, the experimental group X with a 20% increase in the reference group data, and the experimental group Y with a 20% decrease in the reference group data. When the percentage is higher than 1, it would be 1 in this paper. The data range of LBPV is based on the practical situation. For the GPD, the Hong Kong government carry out the promotion degree in 0.008.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK78][bookmark: OLE_LINK79]The Hong Kong Authority carries a ten-year public housing program about 17% precast components of the total concrete volume between 2002 and 2005. This technology is mainly implemented in public residential buildings from the mid-1980s. The project in Hong Kong Tuen Mun builds five 34-38 story buildings with over 5000 units. Block 5 consists of 37-story residential buildings with an expected project duration period of 11 months. There are four wings per flat with prefabs such as toilets, stairs, and building facades. Factory R is a manufacturer of cement prefabricated components. R company utilizes heavy trucks about 30 tons to transport products. It is only 120 kilometers away from Hong Kong and reaches Lok Ma Chau within 2.5 hours.
[bookmark: _Hlk59885353]Basic Simulation

Figure. 5. The Simulation Results of TCC.
[bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87]Figure. 5-7 shows the simulation results of TCC, OSCC, and MC. As shown in Figure. 5, TCC consists of OSCC, MC, TC, EC, IC, and GS with an upward trend. In the first three months, OSCC and MC are significantly larger than the other factors. GS increases most slowly by 3.00*104 HKD. The trend of TC and EC is almost the same but lower than IC. From the fourth month, TC and EC are both greater than IC, with EC growing at a faster rate. In the final month, the majority of TCC is OSCC about 71.82%, and MC about 18.95%. The EC accounts for about 6.54% which is influenced by DeC and reflects the importance of punctual transportation. OSLC and DeC include WI, DTM, and DTP, which lead to the growth of EC. Compared with the total construction, GS accounts for a small charge about 1.10*106 HKD but higher than IC about 2.08*105 HKD.
[bookmark: _Hlk59885366]

Figure. 6. The Simulation Results of OSCC.
[bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: _Hlk59885373]The OSCC consists of OSLC, OSMC, PrC, and ToCC. As shown in Figure. 6, PrC is the smallest cost in the first month. However, as the main construction component, PrC becomes the highest cost since the fifth month. The upfront cost of OSMC is lower than either OSLC or ToCC. Nevertheless, the growth rate of OSMC is higher than OSLC and ToCC. It is observed that the cumulative cost of OSMC is the same as ToCC in the fourth month and the same as OSLC in the ninth month separately. In the final month, PrC is the most important cost factor (about 48.22%) and is influenced by CE during the construction process. OSMC accounts for about 26.91% which is higher than OSLC about 17.93%. ToCC shows a stable increase and achieves 2.0*105 HKD.

Figure. 7. The Simulation Results of MC.
[bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK185][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104]The MC consists of MLC, MMC, and MoC. As shown in Figure. 7, there is an upward trend for each factor. MLC grows steadily and maintains the lowest cost. There is not a great deal of difference between MLC and MoC. However, MMC fluctuates widely and is the same as MLC in the second month and MoC in the eleventh month. In the final month, the MC is about 26.91% of the OSCC, which includes the cost of concrete, steel, sand, and other materials to connect and fix construction structures. MMC accounts for the largest part about 39.21%. MoC is about 3.5*106 HKD that is higher than the MLC about 2.0*106 HKD.
Scenarios Discussions
Total Construction Cost
[bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK115]Figure. 8 (a) shows the simulation results of TCC in this case where: (1) DL (+20%), (2) DL (-20%), (3) GPD (10%), (4) LBPV (double). There is a great decrease in TCC with GPD (10%), LBPV (double), and DL (+20%) compared with the basic simulation. The results show that TCC reduces by 25.17% when the GPD is equal to 10%. Due to the lower proportion of TC in TCC, the LBPV (double) only leads to a decrease of TCC by 1.8%. The DL (+20%) saves 69,120 HKD in the second month and 699,800 HKD in the last month, which is the smallest affecting factor about 0.59% to TCC. Besides, TCC experiences a soft reduction from the third month to the sixth month. When the DL decreases by 20%, the increase stays stable from the second month to the eighth month, and then it increases by 289,400 HKD in the ninth month. It is mainly due to the design change in the ninth month.
On-site Construction Cost
[bookmark: OLE_LINK188][bookmark: OLE_LINK189]As shown in Figure. 8 (b), there are six simulation results of OSCC in this case where: (1) PQ (-20%), (2) PQ (+20%), (3) WPOSC (-20%), (4) WPOSC (+20%), (5) OSMUR (-20%), (6) OSMUR (+20%). WPOSC influences significantly to the OSCC that is decreased by 12.04% under WPOSC (-20%) and increased by 10.10% under WPOSC (+20%). When the WPOSC reaches a certain level, work efficiency is almost unchanged. It implies that the contractor should concern more about the pressure of workers during on-site construction. PQ (-20%) leads to the increase of OSCC by about 2.16%. PQ (+20%) decreases OSCC by about 8.05%. The higher quality of prefab would save more expense. When the OSMUR decreases by 20%, OSCC experiences a soft reduction (1.15%). When the OSMUR grows by 20%, OSCC increases by 4.32%. It indicates that the material usage rate has a relatively small impact on the cost.
Transportation Cost
[bookmark: OLE_LINK190][bookmark: OLE_LINK191]As shown in Figure. 8 (c), there are one simulation results of TC in this case where LBPV (double). As the HD and TCPK are certain in one area, the LBPV reduces the transportation cost through decreasing delivery times. When the contractor using a double load-bearing vehicle, the TC reduces about 50.19%. However, the original load-bearing capacity is difficult to change due to the standard weight and size of the prefab. There are three periods that the decrease of TC stays constant about 100,000 in the third month, 300,000 in the sixth month, and 400,000 in the eighth month. It shows that transportation has been suspended and may influence the construction schedule.
Manufacturing Cost
[bookmark: OLE_LINK192][bookmark: OLE_LINK193]As shown in Figure. 8 (d), there are four simulation results of MC in this case where: (1) MQ (+20%), (2) MQ (-20%), (3) WPP (+20%), (4) WPP (-20%). WPP influences significantly to the MC that is increased by 6.52% under WPP (+20%) and decreased by 6.53% under WPP (-20%). When the WPP reaches a certain level, work efficiency is almost unchanged where efficient management is needed for the factory. MQ (-20%) leads to an increase of MC by about 6.99%. MQ (+20%) results in a decrease of MC by about 1.84%. The growth of the MQ reduces less cost than the WPP during the same situation. It implies the importance of management of worker’ pressure.
[bookmark: _Hlk59886136][bookmark: _Hlk59885387] (a)

(b)
 
(c)

(d)
Figure. 8. The Simulation Results: (a) TCC; (b) TC; (c) OSCC; (d) MC.
Managerial Implications
[bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK194][bookmark: OLE_LINK195]Several managerial implications could be obtained from the observations for project contractors and consultants.
Firstly, the proposed cost evaluation model could be modified and applied to other Modular Integrated Construction (MiC) projects like bridge and tunnel projects. This model is better for the project contractor to evaluate and forecast the cost. Indeed, the contractor could compare the expenses of different manufacturers and transportation companies to satisfy the budget requirement. Moreover, stakeholders are able to achieve lower expenses by changing the factors in the model for examining different scenarios under various conditions.
Secondly, key findings also shed light on the government decisions. According to the numerical studies, GPD has a significant effect on the TCC. The government could adjust the subsidy policies to promote prefabricated construction development by utilizing the cost evaluation model. Besides, it can well control the costs throughout the supply chain, which plays an important role in the development of PCSCM.
[bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK205]Finally, the proposed model could be used for construction supply chain management. It will help stakeholders to adopt practical strategies to decrease expenses. For example, the economical prefab mold could be chosen by a manufacturer. The transportation company manager would benefit more from a suitable truck. The project contractor could design the quality standard of the prefab and tower crane.
[bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: OLE_LINK196][bookmark: OLE_LINK197]Conclusions
[bookmark: OLE_LINK148][bookmark: OLE_LINK149]In this paper, a cost evaluation model for PCSCM was studied. Contractors and subcontractors obtain real-time data by IoT technology to trace the cost and other data, whereas IoT incurs indirect costs such as MaC, InC, RFIDCC, etc. To accurately evaluate prefabricated construction cost, four parts are considered based on the PCSCM such as building design, prefabricated production, transportation, and on-site construction. In order to analyze such a complex process, system dynamics is adopted. System dynamics could separate factors from the outer system to avoid redundant analysis and identify the interrelationships. The simulation results show that nine categories contribute most to the prefabricated construction cost. For example, TCC is more sensitive to GPD than Double LBPV and DL. PrC accounts for the largest proportion of OSCC, followed by OSMC and OSLC. Double LBPV affects the number of vehicles and the transportation capacity. MC is more sensitive than MQ to WPP. Government subsidy largely promotes the development of prefabricated construction.
[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK215][bookmark: OLE_LINK216][bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK214]Several contributions are significant. Firstly, this paper uses system dynamics considering the impact of IoT and other cost influencing factors to propose a cost evaluation model driven by a real-life motivation. System dynamics can help stakeholders administer and analyze the cost influencing factors with various data. Secondly, a quantitative analysis is made to evaluate the prefabricated construction cost based on IoT technology. IoT devices could monitor various building characteristics in a smart building. It could be better to observe the situation of construction assembly and capture dynamic information. Thirdly, this paper focuses on the research of the cost of PCSCM under the environment of the IoT. The results illustrate that stakeholders could focus more on the GPD, WPOSC, PQ, LBPV, and MQ to minimize the cost.
[bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK206]Future research could include more variables in the model to increase its credibility. The model could be tested in more practical cases with different variables. Meanwhile, the government subsidy policy should be designed to achieve a win-win situation between stakeholders.
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Appendix
[bookmark: _Toc45652084][bookmark: _Hlk59886099]Table III. The Brief Definition Variables of the Stock-flow Diagram
	No.
	Abbrev.
	Significant
	Variable type

	1
	TCC
	Total construction cost
	[bookmark: OLE_LINK138][bookmark: OLE_LINK139]Auxiliary variable

	2
	OSCC
	On-site construction cost
	Auxiliary variable

	3
	OSLC
	On-site labor cost
	Stock

	4
	PrC
	Prefab cost
	Stock

	5
	ToCC
	Tower crane cost
	Stock

	6
	OSMC
	On-site materials cost
	Stock

	7
	OSLCC
	On-site labor cost change
	Flow

	8
	UPSAWPM
	The unit price of site assembly worker per month
	Auxiliary variable

	9
	OSLQ
	On-site labor quantity
	Auxiliary variable

	10
	OSLAWH
	On-site labor average working hour
	Auxiliary variable

	11
	UOSLWH
	Unit on-site labor working hour
	Auxiliary variable

	12
	WPOSC
	Working pressure from on-site construction
	Auxiliary variable

	13
	RWPE
	Relationship between working pressure and efficiency
	Auxiliary variable

	14
	FR
	Fatigue ratio
	Auxiliary variable

	15
	LE
	Labor efficiency
	Auxiliary variable

	16
	OSLPWH
	On-site labor planned working hour
	Auxiliary variable

	17
	PCVR
	Prefab cost variation rate
	Flow

	18
	UPP
	The unit price of prefab
	Auxiliary variable

	19
	IP
	Installed prefab
	Auxiliary variable

	20
	CE
	Construction efficiency
	Auxiliary variable

	21
	PTI
	The prefab to be installed
	Auxiliary variable

	22
	PRD
	Prefab resource demand
	Auxiliary variable

	23
	PRDQ
	Prefab resource demand quantity
	Auxiliary variable

	24
	PTLR
	Prefab transport loss ratio
	Auxiliary variable

	25
	PD
	Prefab damage
	Auxiliary variable

	26
	PQ
	Prefab quality
	Auxiliary variable

	27
	MaC
	Maintenance costs
	Auxiliary variable

	28
	MF
	Maintenance frequency
	Auxiliary variable

	29
	DL
	Design level
	Auxiliary variable

	30
	TCCVR
	Tower crane cost variation rate
	Flow

	31
	UPTCPM
	The unit price of tower crane per month
	Auxiliary variable

	32
	TCU
	Tower crane usage
	Auxiliary variable

	33
	OSMCVR
	On-site materials cost variation rate
	Flow

	34
	OSMUR
	On-site material utilization rate
	Auxiliary variable

	35
	USMMC
	Unit square meter material cost
	Auxiliary variable

	36
	CA
	Auxiliary variable
	Auxiliary variable

	37
	MSQ
	Material supply quantity
	Auxiliary variable

	38
	IC
	Information cost
	Stock

	39
	ICVR
	Information cost variation rate
	Flow

	40
	UPI
	The unit price of information
	Auxiliary variable

	41
	RFIDCC
	RFID chip cost
	Auxiliary variable

	42
	HHTQ
	Hand-held terminal quantity
	Auxiliary variable

	43
	HHTC
	Hand-held terminal cost
	Auxiliary variable

	44
	RFIDCQ
	RFID chip quantity
	Auxiliary variable

	45
	InC
	Information content
	Auxiliary variable

	46
	ISMC
	Information system maintain cost
	Auxiliary variable

	47
	IA
	Information adjustment
	Auxiliary variable

	48
	IAP
	Information adjustment possibility
	Auxiliary variable

	49
	DC
	Design change
	Auxiliary variable

	50
	UV
	Unavailable vehicle
	Auxiliary variable

	51
	BV
	Busy vehicle
	Auxiliary variable

	52
	VR
	Vehicle resource
	Auxiliary variable

	53
	EC
	Extra cost
	Stock

	54
	ECRT
	The extra cost variation rate
	Flow

	55
	DeC
	Delayed construction
	Auxiliary variable

	56
	DTM
	Delayed transportation of materials
	Auxiliary variable

	57
	DTP
	Delayed transportation of prefab
	Auxiliary variable

	58
	WI
	Weather impact
	Auxiliary variable

	59
	RTCD
	Repair time due to the change in design
	Auxiliary variable

	60
	ADRH
	Average design repair hour
	Auxiliary variable

	61
	MC
	Manufacturing cost
	Auxiliary variable

	62
	MLC
	Manufacturing labor cost
	Stock

	63
	MMC
	Manufacturing materials cost
	Stock

	64
	MoC
	Mold cost
	Stock

	65
	MLCCR
	Manufacturing labor cost change rate
	Flow

	66
	UPPW
	The unit price of production worker
	Auxiliary variable

	67
	WPP
	Working pressure from production
	Auxiliary variable

	68
	RMWPE
	Relationship between manufacturing working pressure and efficiency
	Auxiliary variable

	69
	MLE
	Manufacturing labor efficiency
	Auxiliary variable

	70
	MLPWH
	Manufacturing labor planned working hour
	Auxiliary variable

	71
	FRM
	Fatigue ratio from manufacturing
	Auxiliary variable

	72
	MLQ
	Manufacturing labor quantity
	Auxiliary variable

	73
	MLAWH
	Manufacturing labor average working hour
	Auxiliary variable

	74
	UMLWH
	Unit manufacturing labor working hour
	Auxiliary variable

	75
	MUR
	Material usage rate
	Flow

	76
	UPM
	The unit price of material
	Auxiliary variable

	77
	MUQ
	Material usage quantity
	Auxiliary variable

	78
	PP
	Prefab production
	Auxiliary variable

	79
	PSQ
	Prefab supply quantity
	Auxiliary variable

	80
	MCC
	Mold cost change
	Flow

	81
	UnPM
	The unit price of mold
	Auxiliary variable

	82
	AAS
	The average area of the structure
	Auxiliary variable

	83
	MQ
	Mold quality
	Auxiliary variable

	84
	MR
	Mold requirement
	Auxiliary variable

	85
	TC
	Transportation cost
	Stock

	86
	TCGR
	Transportation cost growth rate
	Flow

	87
	TCPK
	Transportation cost per km
	Auxiliary variable

	88
	FV
	Freight volume
	Auxiliary variable

	89
	HDPT
	Haul distance per time
	Auxiliary variable

	90
	DT
	Delivery times
	Auxiliary variable

	91
	SWP
	The standard weight of prefab
	Auxiliary variable

	92
	TTPV
	Transport times per vehicle
	Auxiliary variable

	93
	LBPV
	Load bearing capacity per vehicle
	Auxiliary variable

	94
	GS
	Government subsidy
	Stock

	95
	GSVR
	Government subsidy variation rate
	Flow

	96
	GMAR
	Government minimum assembly rate
	Auxiliary variable

	97
	GPD
	Government promotion degree
	Auxiliary variable

	98
	IR
	Investment risk
	Auxiliary variable

	99
	ExC
	Expected cost
	Auxiliary variable

	100
	FCC
	Foundation construction cost
	Auxiliary variable
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ExC	3636360	7272720	10909100	14545400	18181800	21818200	25454500	29090900	32727200	36363600	36363600	TCC	4081500	6873590	10151100	13178700	17592200	22065400	27631700	32716500	36431800	42508200	48384900	
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