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ABSTRACT 

Prefabrication has been recognized as a highly promising construction method to fulfill 

the growing expectations of both government and industry in terms of enhancing the 

productivity, quality, and sustainability of construction activities. Despite the numerous 

benefits of prefabricated construction (e.g., less greenhouse gas emission, lower energy 

consumption, reduced on-site labor demand, and enhanced construction efficiency), the 

adoption of prefabrication in real-life building projects remains at a low level owing to 

cost-, technology-, knowledge-, and policy-related factors. The greatest deterrent to the 

promotion of prefabrication, as widely perceived by academia and industry, is high costs, 

which discourage practitioners from embracing this innovative technology. Although 

governments in different countries and regions (including Singapore, China, and Hong 

Kong) have implemented incentive policies to encourage the use of prefabrication, and 

the global construction industry has released guidelines to provide suggestions on the 

management of prefabricated components (PCs), current measures and recommendations 

are proposed mainly based on practical experience and industry expertise. To facilitate 

the sustainable development of the construction industry, it is crucial to develop more 

scientific approaches to design effective countermeasures that can help practitioners 

overcome various cost-related challenges of implementing prefabrication. 

 

Motivated by the practical needs of both governments and industry, this study aims to 

increase the adoption of prefabrication in the construction industry and ease the 

restrictions on PC and module transportation. This is achieved through the mathematical 

optimization of several theoretically interesting and practically important decision 

problems related to prefabrication adoption. The objectives of the study are to (i) propose 
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effective government subsidy schemes to offset the high costs incurred by the use of PCs 

and modules; (ii) develop logistics plans according to the characteristics of different types 

of prefabricated products to reduce transportation costs; (iii) validate the effectiveness 

and applicability of the proposed methodology in various countries and regions using case 

studies of Hong Kong; and (iv) propose policy recommendations and managerial insights 

for both government and industry to enhance the sustainability of the construction sector. 

Practical decision problems are formulated into mathematical models with high precision, 

clarity, and brevity, and then efficiently solved by high-quality algorithms developed in 

this study. Data used in experimental validation mainly originate from official documents 

issued by government departments and the Construction Industry Council of Hong Kong. 

 

In this study, useful mathematical optimization tools are developed that can help 

governments formulate an effective prefabrication subsidy scheme and help practitioners 

generate optimal PC stacking and transportation plans. Results show that the proposed 

methodology provides a framework for automatic calculations and enables the derivation 

of optimal solutions in real-world settings within seconds. Moreover, the findings of this 

study indicate the following: (i) Full consideration of the tri-level interactive relations 

between governments, manufacturers, and contractors is crucial for designing effective 

prefabrication subsidy policies. (ii) High land cost is a huge obstacle to the establishment 

of local prefabrication factories, which further hinders the promotion of prefabrication. 

(ii i) Formulating panel and slab stacking problems into bi-objective models can help 

practitioners balance trade-offs between two objectives, resulting in more satisfactory PC 

stacking plans. (iv) Compared with the just-in-time strategy, the reservation of an 

appropriate on-site storage area can lower the module transportation costs by substantially 

reducing the number of module shipment days. 
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This study makes theoretical and practical contributions to the wide promotion of 

prefabrication. It represents an interdisciplinary investigation that innovatively integrates 

knowledge from construction management, policy design, and transport planning. A 

theoretical decision framework that incorporates a wide range of factors and objectives 

into the formulation of optimization problems is proposed, and efficient solution methods 

are developed for problem-solving. Moreover, this study can enhance the collaboration 

between governments and various stakeholders for the sustainable development of the 

construction industry. The Hong Kong case studies demonstrate that the developed tools 

can be generalized and applied to various real-world scenarios, particularly those that 

cannot be adequately addressed by ñrule of thumbò approaches owing to significant 

deviations from optimal solutions. 

 

Overall, this study lays the groundwork for adopting mathematical optimization 

methodology in construction and engineering management, aiming to achieve maximum 

levels of economic and environmental performance in the construction sector. 
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Chapter 1: Introduction  

1.1 INTRODUCTION  

This chapter introduces the background, presents the research problem and questions, sets 

the aim and objectives, justifies the research significance and values, and provides a clear 

thesis structure. 

 

1.2 BACKGROUND  

The construction industry is widely perceived as an economic pillar in most countries, 

which contributes approximately 9% of the worldôs gross domestic product (GDP). Even 

in the pandemic era, the sector continues to hold significant GDP shares: 6.9% in China, 

5% in Spain, and 4% in the United States (US) (Statista, 2022, 2023a, 2023b). Given the 

pivotal role of the construction sector, increasing emphasis has been devoted to mitigating 

the environmental, social, and time-related challenges it currently faces, for the promotion 

of sustainable development.  

 

According to United Nations Environment Programme (2022), the construction industry 

is the largest carbon emitter and energy consumer, responsible for 37% of global carbon 

emissions and 34% of global energy demands. Every year, approximately 4 billion tons 

of solid demolition waste is generated by civil activities (The World Counts, 2023), and 

this figure is increasing rapidly. It is estimated that by 2025, the amount of construction 

waste generated will  be double the 2017 level (Transparency Market Research, 2018).  
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In addition to the environmental footprint of civil activities, there are social concerns 

regarding the adverse impact of construction work on the lives of on-site workers and 

surrounding residents. As the construction sector involves intensive physical work in an 

outdoor setting, construction workers suffer from more frequent injuries and accidents 

than employees in other sectors (International Labor Organization, 1992; Construction 

Industry Council [CIC], Hong Kong, 2017b; Canadian Centre for Occupational Health 

and Safety, 2021). There are more than 150,000 construction workers get injured annually, 

with 3.5 out of every 100,000 injured workers experiencing fatalities (United States 

Department of Labor, 2020). Civil activities not only expose workers to high risks of 

injury and death but also result in air and noise pollution that impacts the well-being of 

the surrounding people (Celik and Budayan, 2016). Persistent exposure to polluted air 

with high levels of particulate matter, toxic gases, and chemical substances can result in 

various respiratory system diseases, such as asthma, bronchitis, and allergic rhinitis 

(Cheriyan and Choi, 2020), impairing the physical health of the surrounding residents. 

Construction noise is another pressing social issue. For example, over 4.5 million noise 

complaints are received by government departments at all municipal levels of China every 

year, with construction noise accounting for 1.3 million of these complaints (Ministry of 

Ecology and Environment, China, 2023). Intrusive construction noise poses a threat to 

the quality of life for surrounding individuals, as it can increase the likelihood of sleep 

disorders and psychological pressure (Monazzam et al., 2022).  

 

Restricting construction hours can be an effective way to enhance acoustic environmental 

quality (CIC, Hong Kong, 2023c); however, this approach triggers new challenges related 

to productivity (because reducing on-site construction hours extends the period required 

to complete the same amount of work). This, in turn, will increase the overall project costs 
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and hinder the timely return on investment. The vulnerability of on-site activities to 

inclement weather conditions further exacerbates delays in construction progress.  

 

Currently, the construction industry has been under increasing pressure to actively seek 

solutions to improve environmental friendliness, social responsibility, and operational 

efficiency. With the advancements in precast techniques in recent years, building 

products (e.g., slabs, panels, and volumetric modules) can be manufactured in a well-

controlled environment and then transported to sites for assembly and installation (Jaillon 

and Poon, 2008; Li et al., 2014). This innovative technology, known as prefabrication, is 

an effective solution to address the environmental, social, and operational challenges 

facing the traditional construction industry, as it is commonly regarded as a greener, safer, 

and faster approach than the traditional all-in-situ construction method (CIC, Hong Kong, 

2018; Development Bureau, Hong Kong, 2018; Building and Construction Authority 

[BCA], Singapore, 2023c).  

 

Table 1-1 shows the rates of improvements achieved through prefabrication, with the 

performance of all-in-situ construction as the benchmark. In terms of environmental 

footprint, prefabrication achieves notable reductions in carbon emissions (15%ï40%), 

energy consumption (11%ï20%), and waste generation and resource depletion (15%ï

36%). In terms of social impacts, prefabrication reduces construction noise and dust by 

21% and 34%ï43%, respectively, thereby minimizing the impact of civil  activities on the 

surrounding lives. Additionally, prefabrication is expected to alleviate labor shortages by 

16%ï20%, as most labor-intensive construction works are transferred to automated 

manufacturing factories. In terms of productivity, prefabrication is exempt from site 

disruption resulting from inclement weather, and all precast products can be installed into 
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their target positions in a Lego-like manner, thereby improving construction efficiency 

(8%ï30%) and shortening overall project durations (15%ï30%). Given the advantages of 

prefabricated construction over conventional cast-in-situ construction, the former is a 

highly effective approach to fulfill the growing expectations for improving sustainability, 

quality, and productivity in the construction industry (BCA, Singapore, 2017b; Hwang et 

al., 2018; Zeng et al., 2019). 

 

The benefits of prefabrication have prompted governments in numerous countries and 

regions, such as the US, Singapore, Australia, Japan, China, and Hong Kong, to promote 

its widespread application (Department of Industry, Science, and Resources, Australia, 

2019; Ministry of Housing and Urban-Rural Development of the Peopleôs Republic of 

China, 2022a; BCA, Singapore, 2023c; Japan Prefabricated Construction Suppliers and 

Manufacturers Association, 2023; The Chief Executiveôs 2023 Policy Address, Hong 

Kong, 2023; United States International Trade Commission, 2023). Despite the positive 

attitudes of governments, the real-life implementation of prefabrication in worldwide 

building projects remains quite low. Currently, a prefabrication adoption rate of 20% is 

considered world-leading (Goulding and Rahimian, 2020), as the rate of prefabricated 

construction in most countries and regions is below 10%. 
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Table 1-1: Prefabrication vs. traditional construction: benefits and improvement rates 

Benefits of prefabrication Improvement rates References 

E
n

v
ir
o

n
m

e
n

ta
l-

re
la

te
d 

(1) Reduced carbon emissions 15%ï43% Teng et al. (2018), Hao et al. (2020), Wang et al. (2022) 

(2) Low energy consumption 11%ï20% Zhu et al. (2018), Du et al. (2023) 

(3) Minimized construction wastes and 

resource depletion 
15%ï36% Tumminia et al. (2018), Lu et al. (2021), Hu et al. (2022) 

S
o

c
ia

l 

-r
e
la

te
d 

(1) Enhanced control of noise and air to 

minimize the impact on surroundings 

21% (noise), 

34%ï43% (air) 
Shen et al. (2019), Zhou et al. (2022), Loo et al. (2023) 

(2) Decreased on-site labor demand 16%ï20% Jang and Lee (2018), Zhang et al. (2018) 

(3) Increased safety and security N.A. Liu et al. (2021), Wong et al. (2021), Shen et al. (2022) 

O
p

e
ra

ti
o

n
a
l 

-r
e
la

te
d 

(1) Enhanced construction efficiency 8ï30% Jang and Lee (2018), Jiang et al. (2019b) 

(2) Minimized site disruption (e.g., due to 

inclement weather) 
N.A. Jiang et al. (2019b), Ekanayake et al. (2021), Yazdani et al. (2021) 

(3) Shortened overall project period 15%ï30% Zhang et al. (2018), Du et al. (2023) 

O
th

e
rs
 

(1) Improved quality control N.A. Gao and Tian (2020), Wong et al. (2021), Liu et al. (2022) 

(2) Opportunities of reuse 90% Yu et al. (2021), Li et al. (2023) 

Notes: (1) The column ñimprovement ratesò indicates the ranges of improvement through the adoption of prefabrication by setting the performance of traditional cast-

in-situ construction as the benchmark. Entries with ñN.A.ò imply that improvement in these metrics cannot be presented in percentage. (2) Extensive studies have 

examined the rates of improvement, and the table only lists some highly cited empirical studies published from 2018 to 2023 as references. 
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For example, Japan and Sweden feature relatively high adoption rates, at 20% and 13%, 

respectively. The adoption rates in Germany, the United Kingdom (UK), and the US are 

9%, 8%, and 7%, respectively (Sherfudeen et al., 2016; Steinhardt and Manley, 2016; 

The Times, 2022). Construction industry in Hong Kong has been adopting prefabrication 

for over three decades (Chiang et al., 2006), but its adoption has still not reached the level 

expected by the Hong Kong government. Every year, the Hong Kong government 

emphasizes the promotion of this innovative construction method in its Policy Address 

(The Chief Executiveôs 2023 Policy Address, Hong Kong, 2023). However, to date, the 

application of prefabrication in Hong Kong is still limited. A questionnaire survey 

targeting 2,000 professionals in Hong Kong (involving construction contractors, private 

developers, and employees in government departments and consulting companies) 

confirmed that although an overwhelming majority of construction contractors (more than 

88%) highly appreciated the benefits of using prefabricated construction, only a small 

fraction of them (less than 25%) had implemented the technique in the past two years 

(CIC, Hong Kong, 2017a).  

 

To encourage practitioners to embrace this sustainable construction technology, it is 

necessary to investigate the potential hindrances that lead to practitionersô reluctance to 

apply it in real-life practices and further formulate effective countermeasures to address 

these barriers. Extensive studies have highlighted that the promotion of prefabrication is 

constrained by a wide range of factors related to cost (e.g., high initial costs, additional 

logistics costs), technology (e.g., lack of industry norms and standards, inflexibility in 

design change), knowledge (e.g., lack of professional cognition and practical experience), 

and policy (e.g., lack of government incentive policies) (Li et al., 2021b; Lin et al., 2022; 

Liu et al., 2023b).  
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The greatest deterrent to the widespread adoption of prefabrication, as widely recognized 

by both academia and industry, is its high costs (Hong et al., 2018; Zhang et al., 2018). 

CIC (2017a) indicated that the high costs of prefabrication have led practitioners to adopt 

an excessively cautious attitude toward this technology. Moreover, the hesitation of 

stakeholders (e.g., manufacturers and contractors) could discourage the establishment of 

a stable local supply-demand market for prefabricated construction. Although this report 

was published by the CIC of Hong Kong, cost-related challenges of prefabricated 

construction are considered a widespread issue beyond the local context of Hong Kong 

(Shang et al., 2021; Lin et al., 2022; Liu et al., 2023b). For example, the Construction 

Industry Development Board in Malaysia (The Malaysian Reserve, 2017) highlighted that 

the lukewarm attitude of practitioners toward prefabrication was a result of the heavy cost 

burdens. To be more specific, the high costs of prefabrication discourage contractors from 

voluntarily adopting this technology (Hong et al., 2018; Zhang et al., 2018). Furthermore, 

owing to the limited demand from contractors, manufacturers have little incentive to 

establish factories for producing prefabricated products (Yi et al., 2024). To alleviate the 

economic challenge posed by prefabricated construction, it is crucial to analyze the 

various types of costs borne by manufacturers and contractors. 

 

From the perspective of manufacturers, high initial costs and poor economies of scale are 

huge obstacles to the establishment of local prefabrication factories (LPFs) (Han et al., 

2017). The initial costs required to construct a prefabrication factory (PF) are extremely 

high. The use of fabricating molds, the investment in quality testing equipment, and the 

need for supporting services lead to heavy cost burdens on manufacturers (Zhang et al., 

2018). Recent facilities developed in the US, the UK, Singapore, and China indicate that 

the investment costs for establishing a PF range from US$50 million to US$120 million, 
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varying according to the size of facilities and the level of automation (CIC, Hong Kong, 

2018; Bertram et al., 2019; Prefabricated Building Expo, 2021). In addition to high initial 

costs, achieving long-term self-sufficiency for established LPFs also poses a challenge 

for manufacturers. Economies of scale require large factories and long-term output to 

ensure repeatability, learning, and volume saving on procurement (Bertram et al., 2019). 

At this stage of evolution, many manufacturers grapple with the fundamental dilemma of 

whether they have access to a reliable long-term workload within their geographic reach 

to justify the establishment of these large-scale productive plants. Therefore, to encourage 

the participation of local manufacturers in the prefabrication market, it is necessary to 

provide them with effective financial support to establish LPFs and gradually achieve 

self-sufficiency. 

 

From the perspective of contractors, the overall cost of prefabrication is, in most cases, 

higher than that of the cast-in-situ method. Adopting prefabricated construction can lead 

to an incremental cost of 48 USD/m3 (Hong et al., 2018; Cheng et al., 2020). An analysis 

of prefabrication cost breakdown reveals three main cost components: (i) material costs 

(33%ï55%), (ii) labor costs (14%ï24%), and (iii) transportation costs (6%ï11%) (Hong 

et al., 2018). Practitioners believe that both production and labor costs of prefabrication, 

despite their larger percentages, are not critical concerns, because precast technology can 

reduce raw material waste and on-site labor demand compared with traditional cast-in-

situ construction (Zhang et al., 2018). The transportation of prefabricated products from 

manufacturing factories to sites, which is not present in cast-in-situ construction, is the 

most important contributor to the elevated overall cost (Jaillon and Poon, 2008; Li et al., 

2021a; Lee et al., 2022b). The high transportation cost is attributed to the utilization of 

expensive oversized vehicles (e.g., articulated vehicles with flat-bed trailers) and 
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auxiliary transportation equipment (e.g., A-frames) and strict regulations on the delivery 

of prefabricated products (e.g., the escort policy imposed in Singapore and Hong Kong). 

Therefore, to facilitate a wider promotion of prefabricated construction, it is necessary to 

design effective measures for contractors to minimize the logistics costs of prefabricated 

products. 

 

Given the above, prefabricated construction is a highly promising technology that can 

effectively mitigate the environmental, social, and operational challenges associated with 

the traditional construction industry. Although many governments worldwide are aware 

of the significance of prefabrication to the sustainable development of the construction 

industry and are determined to promote its adoption in the construction industry, the real-

life application is quite restricted in current practices. High costs represent the greatest 

deterrent to the widespread adoption of the technology. Therefore, helping practitioners 

to overcome cost-related barriers is vital for promoting the adoption of prefabrication. 

 

1.3 RESEARCH PROBLEM  

This research aims to provide construction stakeholders, including manufacturers and 

contractors, with effective strategies to alleviate the economic burdens for them to apply 

prefabricated construction. Importantly, the proposed strategies are expected to increase 

the uptake of prefabrication within the industry. 

 

The large initial investment in LPFs and high logistics costs of prefabricated products 

increase the cost burdens on practitioners (i.e., manufacturers and contractors, 

respectively) (Mao et al., 2016; Luo et al., 2021). The research problem to be addressed 
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is the design of effective countermeasures to overcome cost-related challenges posed by 

prefabricated construction.  

 

1.3.1 Incentive policies for  promoting prefabricated construction 

Incentive policies promulgated by governments are considered the most powerful driving 

force for promoting the large-scale implementation of prefabrication in the construction 

industry (Concrete Institute of Singapore [CIS], 2016; Chang et al., 2016; Gan et al., 2018; 

Luo et al., 2021), because incentives can offset a large part of the high costs carried by 

practitioners. Policymakers worldwide have increasingly appreciated the significance of 

supportive regulations and policies in boosting the uptake of prefabrication (Sherfudeen 

et al., 2016; Rahim and Qureshi, 2018; Jin et al., 2021). A wide range of promotional 

policies have been formulated, such as the floor area ratio reward (Ministry of Housing 

and Urban-Rural Development of the Peopleôs Republic of China, 2022a), gross floor 

area (GFA) exemption (Land Department, Hong Kong, 2002), low-interest loans (Wu et 

al., 2015), and tax deduction and exemption (Construction Industry Development Board, 

Malaysia, 2018). Despite the many incentive policies proposed, the real adoption rate of 

prefabricated construction is still low, indicating that the effectiveness of these policies 

has failed to meet the expectations of the governments (Han and Wang, 2018; Li et al., 

2019). Normally, a supportive policy is oriented to a specific entity. The construction 

industry, however, involves multiple stakeholders (e.g., manufacturers, contractors, and 

customers). Ignorance about their interactions can lead to inadequately effective policy 

(Zhou et al., 2019; Wang et al., 2021). Many studies have highlighted that the existing 

prefabrication subsidy framework needs to be improved to ensure the effectiveness of 

government policies (Jiang et al., 2020; Luo et al., 2021). For example, government 
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incentives should focus not only on one stakeholder but also on the interactive relations 

between different stakeholders (Zhou et al., 2019; Wang et al., 2021).  

 

The first research question to be answered is how to design effective government policies 

that consider the interactions between different stakeholders and thus offer financial 

support to practitioners to offset the high costs of adopting prefabrication. Three specific 

research questions will be addressed: (i) What are the key objectives, decisions, and 

constraints of various entities (governments, manufacturers, and contractors)? (ii ) How 

can the interactive relations between different entities impact their decision-making 

outcomes? (iii)  How can government incentive policies be optimized to derive win-win 

solutions for different entities? Addressing the above three research questions is crucial 

to the formulation of an effective incentive policy framework to promote prefabricated 

construction. 

 

1.3.2 Cost-optimized transport planning of prefabricated products 

In addition to mitigating a portion of the high costs associated with prefabrication through 

enhanced governmental supportive policies, practitioners also need to implement cost-

reduction measures by themselves, especially those focused on minimizing the logistics 

costs of prefabricated products (Li et al., 2021a; Lee et al., 2022b; Wang et al., 2023c). 

Transport planning is a commonly used strategy for coordinating the movements of 

prefabricated components (PCs) (e.g., floor slabs, wall panels, and columns) and precast 

modules (i.e., free-standing volumetric modules) from factories to construction sites in a 

cost-efficient manner (Yi et al., 2020; Zhang and Yu, 2022; Wang et al., 2023a). In current 

practices, the transport planning of PCs and modules is conducted by project managers 

using a ñrule of thumbò approach. However, intuitive transportation plans derived based 
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on the subjective judgments and working experience of decision-makers can result in 

excessive transportation costs. Fang and Ng (2019) reported that, the optimal plans for 

transporting precast products from factories to sites could outperform ad hoc plans by 

reducing overall expenditure by 10%ï30%. To ease the economic burden on practitioners, 

it is imperative to design cost-optimized transportation plans to provide the industry with 

useful guidance on delivering different types of prefabricated elements in a cost-effective 

manner. Although extensive efforts have been devoted to tackling the logistics challenges 

associated with prefabrication (Li et al., 2021a; Lee et al., 2022b; Zhang and Yu, 2022), 

most studies have focused on the transportation of one specific type of precast products. 

There is a dearth of exploration into the generation of transportation plans applicable to 

various types of prefabricated products, which can serve as a guidebook for prefabrication 

transport planning. A mathematical optimization tool that can automatically generate 

high-quality logistics solutions is urgently needed. 

 

The second research question to be answered is how to design high-quality logistics plans 

for PCs and precast modules to reduce transportation costs and further alleviate the cost 

burdens for practitioners to adopt prefabrication. Three specific research questions will 

be addressed: (i) What are the distinctions and characteristics associated with the 

transportation of different types of PCs and precast modules? (ii) How can the optimal 

transportation plans that consider various factors, such as transport stability and balance, 

PC reshuffling requirement, and vehicle dimension and capacity, be generated? (iii) How 

can the transport planning of prefabricated products be conducted in a cost-effective 

manner? Addressing the above three questions is crucial to the formulation of an optimal 

transport planning framework for the use of precast elements and modules. 
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1.4 AIM AND OBJECTIVES  

The aim of this research is to develop effective strategies that can help construction 

stakeholders mitigate the high financial challenges of using prefabrication and ease the 

restrictions on transporting prefabricated components and modules, thereby achieving a 

high level of environmental and economic sustainability in the construction industry. The 

specific objectives are listed as follows: 

Å Objective 1: To propose effective government subsidy schemes for practitioners to 

offset the high costs and promote the use of PCs and precast modules. 

Å Objective 2: To develop cost-effective logistics plans that consider the characteristics 

of different types of prefabricated products to reduce transportation costs. 

Å Objective 3: To validate the effectiveness and applicability of the proposed 

methodology to various countries and regions based on case studies of Hong Kong. 

Å Objective 4: To formulate policy recommendations and managerial insights for both 

government and industry to enhance the sustainability of the construction sector. 

 

The four objectives of the thesis are logically coherent, as shown in Figure 1-1. From the 

perspective of governments, Objective 1 is to design effective incentive policies for the 

prefabrication sector to alleviate the cost burdens on construction practitioners. A 

theoretical framework that identifies the key objectives, decisions, and constraints of the 

government, manufacturers, and contractors is presented, and the interactive relationships 

between the three parties are integrated into policy formulation. From the perspective of 

contractors, Objective 2 is to design high-quality transportation plans to minimize the 

transportation costs of prefabricated products. The characteristics of different types of 

prefabricated products are analyzed and incorporated into transportation planning. The 

expected outputs of Objectives 1 and 2 are well-designed models and algorithms that can 
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automatically design optimal subsidy allocation plans for governments and optimal 

transportation plans for contractors. Objective 3 is closely related to Objectives 1 and 2. 

Real-life case studies of Hong Kong are conducted to validate the effectiveness and 

efficiency of the proposed mathematical optimization methodology and demonstrate its 

applicability to other countries and regions. The output of Objective 3 serves as a useful 

validation framework to evaluate effectiveness and efficiency. Objective 4 integrates the 

previous objectives and presents the conclusion of the entire thesis. Recommendations to 

governments and industry are proposed to promote the use of prefabricated construction 

(Objective 4). 

 

 

Figure 1-1: The relations between objectives and the expected outputs 

 

1.5 SIGNIFICANCE AND VALUE  

This thesis is inspired by the practical needs of both governments and industry regarding 

the promotion of prefabrication in real-life construction projects. From the perspective of 

governments, many countries worldwide (e.g., the UK, Singapore, China, and Malaysia) 
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have enacted a series of mandatory measures and/or incentive policies to increase the 

adoption of prefabrication (Rahim and Qureshi, 2018; Jin et al., 2021; Luo et al., 2021). 

However, considering the current low adoption rate of prefabrication, there is ample 

opportunity for subsidy policy improvement. From the perspective of the industry, the 

transportation costs of prefabricated products present a significant barrier for practitioners 

to embrace this sustainable technology. Currently, the transportation plans for delivering 

PCs and precast modules are intuitively generated based on the experience of project 

managers, leading to suboptimal cost-effectiveness. Adopting a scientific methodology is 

crucial to improve the existing industry practices. The threefold contributions of the thesis 

and the proposed mathematical tool and validation framework are presented below. 

 

In terms of theoretical implications, this study presents an interdisciplinary investigation 

into the dialogue on how to promote the use of prefabrication, innovatively integrating 

knowledge from construction management, policy design, and transportation planning. A 

theoretical framework is proposed to elucidate the key considerations of governments, 

manufacturers, and contractors. Earlier studies regarding the promotion of prefabrication 

have solely focused on the perspective of one entity but neglected the interactive 

relationships between the three parties. This thesis contributes to the existing literature by 

providing an interdisciplinary framework, which lays a solid foundation for identifying 

the challenges and promoting prefabrication in the construction industry. 

 

In terms of policy implications, this study provides recommendations on the design of 

effective government subsidy plans offered to manufacturers and contractors. In response 

to challenges posed by aging laborers and unmet housing demands, numerous countries 

and regions, including Hong Kong, have been dedicated to promoting the use of PCs and 
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precast modules. The effectiveness of government policies is crucial to the adoption. Prior 

studies have mainly focused on evaluating the effectiveness of policies, and there has 

been a dearth of investigation into the improvement of the current policies. A scientific 

method for calculating the optimal solutions to the allocation of government subsidies 

under different financial budgets is urgently needed. This thesis proposes a useful 

decision-making tool based on a Hong Kong case study, which is validated to be 

applicable to other countries and regions for their policy formulation, demonstrating the 

contribution of this study to the development of a mature global prefabrication market. 

 

In terms of practical implications, this study provides useful recommendations on the best 

industry practices for cost-effectively transporting prefabricated products. Prior studies 

have focused on the delivery of one specific type of prefabricated products. However, the 

characteristics of different types of PCs and precast modules need to be comprehensively 

analyzed and incorporated into model formulation. The study fills the existing gaps by 

developing several tailored mathematical models, which can provide contractors with 

optimal transportation plans for prefabricated products to minimize logistics costs, reduce 

carbon emissions, and maximize on-site installation efficiency. Given that transportation 

cost is one of the largest contributors to the overall costs of adopting prefabricated 

construction, the high-quality transportation plans proposed in this thesis can yield 

considerable economic benefits for the industry.  

 

Overall, the thesis is expected to enhance collaboration between the governments and 

stakeholders for the sustainable development of the construction industry. 
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1.6 THESIS STRUCTURE 

The structure of the thesis is illustrated in Figure 1-2. The thesis includes seven chapters 

in total. Chapter 1 provides an overview of the research background, questions, aim and 

objectives, and significance of the study. Chapter 2 presents a comprehensive literature 

review from different research streams. Publications are critically reviewed to identify 

the potential research gaps, and this chapter further justifies this thesis as an attempt to 

bridge the observed gaps. Chapter 3 introduces the used methodology (i.e., mathematical 

optimization), including different types of mathematical models formulated (e.g., mixed-

integer programming [MIP]) and widely used solution methods (i.e., some state-of-the-

art algorithms). To promote prefabrication, efforts should be made from the perspective 

of both government and contractor. Chapter 4 presents the design of effective government 

subsidy allocation plans, from the governmentôs perspective, to provide financial support 

to offset the high costs of LPF establishment and further develop a stable supply-demand 

market. Two objectives are simultaneously considered: (i) maximizing the quantity of 

prefabricated products used by contractors, and (ii ) reducing the environmental footprints 

arising from the transportation of prefabricated products. Then, Chapter 5 investigates the 

optimal stacking and transportation plans for prefabricated wall panels and floor slabs, 

from the contractorsô perspective, by considering a wide range of practical factors (e.g., 

PC reshuffling work, loading weight balance, and weight and dimensional capacity of 

trailers) to minimize the total transportation costs. Chapter 6 is devoted to the transport 

planning of prefabricated modules, where two scenarios are compared: (i) on-site space 

is available for module storage, and (ii) modules must be delivered to sites in a just-in-

time (JIT) manner. Finally, Chapter 7 presents the research findings, theoretical and 

practical implications, and conclusions. The limitations and potential directions for future 

research are also discussed in this chapter.  
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Figure 1-2: Thesis structure 

 

1.7 SUMMARY  

This chapter highlights the research centrality and presents an overview of the thesis 

structure. After introducing the research background, this chapter raises two research 

problems to be addressed and identifies four objectives to be achieved. The theoretical 

contributions, policy implications, and practical improvements are analyzed in detail to 

justify the significance and value of this study. Overall, this study is expected to promote 

prefabrication in the construction industry by minimizing the cost burdens and mitigating 

the logistics challenges limiting practitioners from embracing this innovative technique.  
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Chapter 2: Literature Review 

2.1 INTRODUCTION   

This chapter presents a comprehensive review of the literature, which forms the 

theoretical foundation for this study and contributes to the achievement of the four 

research objectives set in Section 1.4. The literature review focuses on the following four 

aspects. First, Section 2.2 provides an overview of the existing policies promulgated by 

governments of various countries and regions to promote prefabrication. Second, Section 

2.3 discusses the effectiveness of these policies to identify potential areas for policy 

improvement. Third, Section 2.4 presents studies on the PC stacking and transportation 

problem. Finally, Section 2.5 focuses on studies regarding the transport planning of 

volumetric modules. Finally, Section 2.6 summarizes this chapter. 

 

2.2 GOVERNMENT POLICIES ON PREFABRICATION  

Governments worldwide are dedicated to facilitating a revolutionary paradigm shift in 

the construction sector, aiming to transition the industry from traditional labor-intensive 

practices to sustainable off-site construction. Increasing the adoption of prefabricated 

construction is currently a shared goal among numerous governments worldwide. For 

example, the Chinese government aims to achieve a 30% precast rate for new building 

projects by 2035 (Ministry of Housing and Urban-Rural Development of the Peopleôs 

Republic of China, 2022b). The Singaporean government is steadily on track to reach its 

ambitious target: the adoption rate of manufacturing and assembly construction method 

should double the 2019 level by 2025 (BCA, Singapore, 2020a).  
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Policies represent an effective instrument employed by governments to accomplish these 

ambitious goals (Zhang et al., 2014; Gan et al., 2018; Hong et al., 2018; Luo et al., 2021). 

The Singaporean government, for example, is widely recognized for its ñeffective policy 

systemò to promote the application of prefabricated construction (The Legislative Council, 

Hong Kong, 2022; Liu et al., 2023c). Table 2-1 lists the technical guidelines, compulsory 

regulations, and financial incentives issued by the Singaporean government. In 2016, 

merely 6% of public housing projects in Singapore were constructed using prefabrication 

approach. With the enactment and implementation of policy measures in Singapore, the 

proportion of prefabricated projects in public housing surged to 30% in 2020 (Royal 

Institution of Chartered Surveyors, 2022; The Legislative Council, Hong Kong, 2022), 

experiencing a fivefold increase. The above successful story of Singapore highlights the 

significance of government policies in strengthening the industryôs technical standards 

and promoting the adoption of prefabricated construction (Xu et al., 2020; Luo et al., 

2021). In addition to the Singaporean government, numerous governments in other 

countries and regions (e.g., China and Hong Kong) have made extensive policy efforts 

(Tables 2-2ï2-4).  
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Table 2-1: Guidelines, regulations, and incentives for prefabrication in Singapore 

 Publication Title References 

G
u

id
e
lin

e
s 

(1) Good industry practices: Prefabricated bathroom unit (PBU) BCA (2014) 

(2) 
Prefabricated pre-finished volumetric construction (PPVC) guidebook: Design for 

manufacturing and assembly (DfMA) 
BCA (2017b) 

(3) Connections for advanced precast concrete system BCA (2018) 

(4) 
Design for manufacturing and assembly (DfMA): Prefabricated mechanical, electrical and 

plumbing (MEP) systems 
BCA (2023b) 

(5) Good industry practices guidebook: Precast concrete elements BCA (2023c) 

R
e
g

u
la

ti
o

n
s 

(1) Precaster accreditation scheme CIS (2007) 

(2) Building control (buildability and productivity) regulations Singapore Statutes Online (2011) 

(3) PBU manufacturer accreditation scheme CIS (2014) 

(4) PPVC manufacturer accreditation scheme CIS (2016) 

(5) In principle acceptance (IPA) certificates BCA (2021) 

In
c
e
n

ti
v
e
s (1) Productivity innovation project BCA (2022) 

(2) Off-site levy scheme for construction work permit holders (WPHs) BCA (2024) 

(3) Public sector construction productivity fund (PSCPF) BCA (2020b) 
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Table 2-2: Guidelines, regulations, and incentives for prefabrication in China 

 Publication Title Concrete Steel Timber  Full -process Year 

G
u

id
e
lin

e
s 

(1) 
Guidelines for the development of the technical systems of 

prefabricated concrete residential building 
¹   ã 2019 

(2) 
Technical guidelines for prefabricated steel structural modular 

construction 
 ¹  ã 2022 

(3) 
Guidelines for dimensions of key components in prefabricated 

concrete residential structures 
¹   ã 2021 

(4) 
Guidelines for dimensions of key components in prefabricated 

residential interior decoration 
¹ ¹ ¹ ã 2021 

(5) Prefabricated construction project investment estimation index ¹ ¹ ¹ × 2023 

R
e
g

u
la

ti
o

n
s 

(1) Technical specifications for prefabricated concrete construction ¹   ã 2017 

(2) 
Technical specifications for prefabricated timber structure 

construction 
  ¹ ã 2017 

(3) 
Technical specifications for prefabricated steel structural 

residential buildings 
 ¹  ã 2019 

(4) Technical specifications for modular integrated bathrooms ¹ ¹ ¹ ã 2018 

(5) Technical specifications for modular integrated kitchens ¹ ¹ ¹ ã 2018 

(6) 
Technical requirements of assembled wallboard for kitchen and 

washroom 
¹ ¹ ¹ ã 2018 
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 Publication Title Concrete Steel Timber  Full -process Year 

(7) Technical specifications for prefabricated building wall panels ¹ ¹ ¹ ã 2021 

(8) Technical specifications for prefabricated integrated wall system ¹ ¹ ¹ ã 2021 

(9) Technical standards for prefabricated buildings ¹ ¹ ¹ × 2017 

(10) 
Design and selection standards for prefabricated residential 

buildings 
¹ ¹  × 2022 

(11) 
Technical specifications for inspection of prefabricated residential 

buildings 
¹ ¹ ¹ × 2019 

(12) Technical specifications for prefabricated interior decoration ¹ ¹ ¹ ã 2021 

In
c
e
n

ti
v
e
s 

(1) 

The 13th Five-Year plan for promoting prefabricated construction; 

Management measures for demonstration cities of prefabricated 

construction 

¹ ¹ ¹ N.A. 2017 

(2) 
Work plan for promoting pilot projects of prefabricated steel 

structural residential buildings in Zhejiang province 
 ¹  N.A. 2019 

(3) 
Work plan for promoting pilot projects of prefabricated steel 

structural residential buildings in Shandong province 
 ¹  N.A. 2019 

(4) 
Work plan for promoting pilot projects of prefabricated steel 

structural residential buildings in Hunan province 
 ¹  N.A. 2019 

Note: All t he policies listed in the above table are available at the official website of Ministry of Housing and Urban-Rural Development of the Peopleôs Republic of 

China (https://www.mohurd.gov.cn/document/file, accessed in March 2024). 
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Table 2-3: Guidelines, regulations, and incentives for prefabrication in Hong Kong 

 Publication Title References 

G
u

id
e
lin

e
s 

(1) Code of practice for precast concrete construction Buildings Department (BD, 2016) 

(2) Reference materialsðLogistics and transport for MiC projects CIC (2021) 

(3) Reference materialsðHeavy lifting operation for MiC projects CIC (2022b) 

(4) Reference materialsðMiC installation and disassembly CIC (2023b) 

R
e
g

u
la

ti
o

n
s 

(1) Pre-acceptance mechanism of modular integrated construction  BD (2020a) 

(2) Pre-accepted modular integrated construction systems/components (Concrete MiC Systems) BD (2020b) 

(3) Pre-accepted modular integrated construction systems/components (Steel MiC Systems) BD (2020c) 

(4) Technical circular (Works) No. 2/2020: Modular integrated construction Development Bureau (2020) 

(5) 
Housing-related initiatives in the Chief Executiveôs 2021 policy address and policy address 

supplement 
Housing Authority (HA, 2022) 

(6) Statutory requirements for modular integrated construction projects CIC (2023c) 

In
c
e
n

ti
v
e
s 

(1) Concession for gross floor area for buildings adopting Modulated Integrated Construction BD (2019) 

(2) Construction Innovation and Technology Fund CITF (2023) 

Note: ñMiCò and ñCITFò are the abbreviations for ñModular Integrated Constructionò and ñConstruction Innovation and Technology Fund,ò respectively. 
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Despite the varying levels of development in prefabrication techniques and the practical 

challenges within the construction industry, policies aimed at promoting prefabrication in 

different countries and regions broadly fall into three categories: (i) technical guidelines, 

(ii) compulsory regulations, and (iii) financial incentives. Technical guidelines are issued 

by governments to provide operational recommendations for individuals or organizations 

in the construction industry without legal enforceability (Luo et al., 2021). Compulsory 

regulations have legally binding forces that are usually employed to ensure that the 

building materials used and operational practices implemented in the construction 

industry comply with a series of standards (Rogge and Reichardt, 2016). Non-compliance 

with government regulations can result in legal liabilities and even penalties. Financial 

incentives provided by governments can take various forms, such as tax exemptions and 

subsidies, aiming to prompt the transformation from traditional methods to prefabricated 

construction (Kylili  and Fokaides, 2017).  

 

Technical guidelines 

The establishment of technical guidelines sets a robust foundation for adopting precast 

techniques within the construction industry (Luo et al., 2021). Such governmental policies 

provide practitioners, such as designers, PC manufacturers, and construction workers, 

with knowledge, experience, and example cases to encourage the application of best 

practices in the construction sector.  

 

Compulsory regulations 

Government compulsory regulations on prefabricated construction provide practitioners 

with mandatory requirements, procedures, standards, and specifications, ensuring high 

levels of construction quality and efficiency. As shown in Tables 2-1ï2-3, governments 
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in different countries and regions are progressively developing comprehensive regulatory 

frameworks for ensuring consistency and standardization within the construction industry. 

These policies involve multiple stages of prefabrication projects, as listed below:  

a) Initial preparation (e.g., obtaining necessary permits and approvals from governments 

[BCA, Singapore, 2021; CIC, Hong Kong, 2023c]),  

b) Design of prefabricated buildings (e.g., the technical requirements of PCs and modules 

[Singapore-Statutes Online, 2011; Ministry of Housing and Urban-Rural Development 

of the Peopleôs Republic of China, 2024]),  

c) Production of prefabricated products (e.g., the accreditation of manufacturers [CIS, 

Singapore, 2014, 2016] and the specifications of building materials and structures [CIS, 

Singapore, 2007; Development Bureau, Hong Kong, 2020; Ministry of Housing and 

Urban-Rural Development of the Peopleôs Republic of China, 2024]),  

d) Transportation of prefabricated products (e.g., the escort policy for the delivery of PCs 

and modules [CIC, Hong Kong, 2023c]), and 

e) On-site installation and project acceptance (Singapore Statutes Online, 2011; CIC, 

Hong Kong, 2023c; Ministry of Housing and Urban-Rural Development of the 

Peopleôs Republic of China, 2024). 

 

Financial incentives 

Owing to the high additional costs associated with adopting prefabrication, construction 

enterprises are expected to favor the preferential policies proposed by governments (Chen 

et al., 2017). Incentives such as subsidy programs and taxation can stimulate entities to 

enlist in the prefabrication market (Liu et al., 2017). Compared with the issuance of 

technical guidelines and compulsory regulations, the enactment of incentive policies is 

globally recognized as the most effective measure for encouraging the adoption of 
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prefabricated construction (Lou and Kamar, 2012; Jiang et al., 2019a; Darlow et al., 2022). 

However, the provision of incentive policies is quite limited. Among the existing 

prefabrication promotional measures, technical guidelines and standards account for 53%, 

initiatives and regulations account for 38%, and incentives account for only 9%. 

 

2.3 POLICY E VALUATI ON AND IMPROVEMENT PATHWAYS  

2.3.1 Evaluation of governmental subsidy policies 

Several attempts have been made to evaluate the effectiveness of existing governmental 

subsidy programs for the promotion of prefabricated construction, as listed in Table 2-4. 

Cheng et al. (2020) developed a dynamic model to describe the game process between a 

single government and multiple contractors. They collected data of Shanghai, China to 

simulate the effect of subsidies and penalties on contractorsô decisions regarding the use 

of prefabrication. Shi et al. (2022) verified the effectiveness of low-carbon policies in 

promoting PC use. Du et al. (2023) compared three policies (i.e., prefabrication subsidy, 

carbon credit, and project restriction) that are widely adopted by governments in various 

countries and regions through a case study of Wuhan, China. Although these studies have 

demonstrated great empirical value in validating the effectiveness of the current policy 

frameworks and suggesting potential pathways for policy improvement, they have not 

optimized the current policies or proposed other better alternatives. Additionally, subsidy 

programs for the establishment of a stable PC supply-demand market have rarely been 

explored. 
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Table 2-4: Research study on the evaluation and optimization of prefabrication subsidy policies 

Topic Reference Tri  level 

Entities considered 
Methodology 

 Government Manufacturers Contractors Others  

P
o

lic
y
 e

v
a
lu

a
ti
o

n 

Cheng et al. (2020) ×  ¹  ¹   Game theory 

Shi et al. (2022) ×  ¹  ¹   Game theory 

Du et al. (2023) ×  ¹   Developers  
Simulation (modelling + 

case study) 

P
o

lic
y
 o

p
ti
m

iz
a
ti
o

n 

Jiang and Qi (2020) ×  ¹   Assembler  Game theory 

Jiang and Qi (2022) ×   ¹  Assembler  Game theory 

Shen et al. (2021) ×     
Developers; 

customers 
 Game theory 

Wang et al. (2021) ×  ¹  ¹   Game theory 

Du et al. (2022) ×    ¹ Developers  Game theory 

Yi et al. (2021b) ã  ¹ ¹ ¹   
Optimization (modelling + 

analysis) 

This study ã  ¹ ¹ ¹   
Optimization (modelling + 

heuristic + case study) 
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2.3.2 Optimization of governmental subsidy policies 

The driving-force impact of subsidy policies on promoting prefabricated construction has 

been increasingly highlighted (Han and Wang, 2018). Several mathematical models have 

been developed for the formulation of optimal subsidy programs to guide governments in 

allocating subsidies to practitioners, as demonstrated in Table 2-4. Jiang and Qi (2020) 

developed two pricing and assembly rate models for governments to allocate subsidies to 

contractors. Furthermore, Jiang and Qi (2022) established three models using game 

theory and found a positive effect of improved policies in terms of lowering the costs of 

construction enterprises and boosting the motivation of related enterprises to embrace 

prefabrication. Du et al. (2022) proposed a Stackelberg model to optimize the subsidies 

given to developers and general contractors who make negotiation decisions. Shen et al. 

(2021) analyzed government subsidy mechanisms to suggest appropriate subsidy scopes, 

amounts, and end time. Wang et al. (2021) formulated an evolutionary game model to 

explore how contractors respond to incentive policies and concluded that both financial 

and reputational incentives are beneficial for prefabrication implementation. Although the 

above studies have devoted considerable effort to policy improvement, the subsidy 

allocation plans that they proposed were formulated as bi-level optimization problems 

between government and contractors and did not consider other stakeholders (such as 

manufacturers) in the interaction, which may lead to market distortion (Miller, 2013). A 

well-designed subsidy allocation plan should scientifically consider the incentivizing 

effect of the subsidies on the interaction between manufacturers and contractors and be 

formulated as a tri-level programming model of the interactive relationship between the 

government, manufacturers, and contractors. Yi et al. (2021b) were the first to provide a 

tri-level subsidy optimization framework for government, manufacturers, and contractors. 

However, they only presented a model framework and analyzed the striking features of 
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the proposed tri-level model. Their paper laid the foundation for this study, and this study 

builds on their work by involving additional practical considerations and developing a 

comprehensive methodology to derive optimal governmental subsidy allocation plans. 

 

2.3.3 Research gaps and industrial needs 

Although both theoretical and practical efforts have been made to drive the application of 

prefabrication, there are still some research gaps that should be recognized.  

 

(i) Most of the previous studies have treated governmental subsidy allocation as a bi-level 

optimization problem between the government and contractors (Jiang and Qi, 2020, 2022; 

Shen et al., 2021; Wang et al., 2021; Du et al., 2022). However, the neglect of middle-

level decision makers (i.e., manufacturers) leads to market distortion (Miller, 2013), 

further undermining the effectiveness of the designed governmental subsidy policies. Tri-

level optimization of subsidy programs is urgently needed to promote the implementation 

of prefabrication for sustainable construction. 

 

(ii) Only Yi et al. (2021b) highlighted the necessity of a tri-level prefabrication subsidy 

program between the government, manufacturers, and contractors, but approaches to 

solving the complicated tri-level model to derive the optimal subsidy allocation plan 

remain unexplored. Furthermore, as the normal operating period of a newly established 

PC manufacturing factory is 20 years, the long-term decisions of the three parties need to 

be considered in the design of subsidy programs. 

 

Given the above, it is therefore necessary to examine prefabrication subsidy allocation as 

a tri-level programming problem that incorporates the complicated interaction between 
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the government, manufacturers, and contractors. Government subsidies offered to various 

types of PCs and modules (e.g., prefabricated composite slabs, wall panels, staircases, 

and balconies) should be planned from a long-term perspective. 

 

2.4 DESIGN OF PC STACKING AND TRANSPORTATION PLANS 

Owing to the development of precast technology and the numerous advantages of using 

PCs, extensive studies have focused on exploring different aspects of PC management to 

help practitioners achieve cost-efficiency in their projects (see Hussein et al., 2021; Wu 

et al., 2021; Assaad et al., 2022 for reviews). Some frequently studied topics include PC 

production optimization (Said et al., 2017; Cao et al., 2020), prefabrication cost 

management (Hodicky et al., 2015; Yepes et al., 2017; Zhang et al., 2021a), and on-site 

scheduling of PC assembly (Wang et al., 2018b; Ma et al., 2021; Jang et al., 2022; Liu et 

al., 2023a). Note that, in this study, PC refers to two-dimensional (2D) precast elements, 

such as prefabricated wall panels and floor slabs. It does not include the three-dimensional 

(3D) precast modules (to be discussed in the next section).  

 

Studies on PC management have currently focused on the optimization of the off-site 

production and on-site installation of PCs. Limited attention has been devoted to the 

intermediate PC transportation process (Shewchuk and Guo, 2012; Lee et al., 2021a). 

However, the transportation of PCs involves unique challenges compared with the 

transportation of other types of materials, such as raw materials, owing to the additional 

PC stacking process. For example, after the production of prefabricated wall panels and 

floor slabs (the two most widely used types of PCs) in off-site factories, panels (or slabs) 

are configured into one or more stacks and loaded on trailers for shipment to construction 

sites. Upon the arrival of panels (or slabs), workers at sites unbind the stacks, hoist each 
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panel (or slab) to its target position using tower cranes, brace the panel (or slab) to keep 

it from falling, and install each panel (or slab) to the building (Shewchuk and Guo, 2012). 

PC stacking and transportation require the consideration of various objectives and a wide 

range of practical factors (Table 2-5).  

 

PC stacking is a complicated process. Stacking planners need to simultaneously consider 

many objectives (e.g., cost and time). The most significant objective, as widely perceived 

by both academia and industry, is to minimize PC transportation costs. This is because 

PC logistics costs can be over twice the counterpart costs for all-in-situ construction (Lee 

et al., 2021b), serving as the most significant barrier to promoting the use of prefabricated 

construction (Lee et al., 2021a). The number of PC reshufflings at construction sites is 

also a crucial objective that should be fully considered in the design of PC stacking plans 

(Shewchuk and Guo, 2012; Zou et al., 2022). Although these objectives are significant to 

stacking planners, a wide range of practical factors, such as the stability of PCs and the 

weight and dimensional capacity of trailers, cannot be overlooked (Shewchuk and Guo, 

2012; Lee et al., 2021a; Lee et al., 2022a; Zou et al., 2022). At present, a dedicated and 

effective methodology for automatically generating high-quality PC stacking plans is 

unavailable (Lee et al., 2021a). Stacking planners rely on their experience to design such 

plans (Lee et al., 2021a), making PC stacking laborious and time-consuming and leading 

to suboptimal PC stacking plans with poor performance in terms of logistics cost, PC 

stability, and on-site efficiency (Lee et al., 2021a; Zou et al., 2022). Given the multitude 

of objectives to optimize and the numerous factors to consider, it is necessary to propose 

a formal methodology to assist stacking planners in generating PC stacking plans using 

computers (Lee et al., 2021b; Lee et al., 2022a; Zou et al., 2022). Tentative studies 

devoted to panel and slab stacking are analyzed below. 
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Table 2-5: Research study on the optimization of panel and slab stacking for transportation 

Topic Reference 

Objectives Factors considered 

Methodology 

 Cost Time Others   
Panel/slab 

stability 

Trailer 

capacity 

Reshuffling 

work 
Others  

P
a
n

e
l 
s
ta

c
k
in

g 

Shewchuk and Guo 

(2012) *  
  ¹ 

Number of 

stacks 
    ¹   

Optimization 

(heuristic) 

Lee et al. (2021a)  ¹     ¹  ¹   
Rule of thumb 

+ case study 

Lee et al. (2021b)  ¹     ¹  ¹   Case study 

Lee et al. (2022b)  ¹     ¹  ¹   
First and next 

fit  algorithms 

This study *   ¹  
Transport 

safety 
  ¹ ¹ ¹ Maximum layers  

Optimization 

(heuristic) 

S
la

b
 s

ta
c
k
in

g Lee et al. (2022a)    
Stability; 

reshuffling 
  ¹ ¹ ¹ 

Dunnage position; 

maximum layers 
 

Rule of thumb 

+ case study 

Zou et al. (2022) *    ¹ Stability     ¹   
Optimization 

(heuristic) 

This study *   ¹ ¹    ¹ ¹ ¹ 
Dunnage position; 

maximum layers 
 

Optimization 

(exact method) 

Note: References marked with an asterisk (*) in the table investigate the PC stacking problem by considering two optimization objectives. 
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2.4.1 Panel stacking and transportation 

Scholars have devoted efforts to exploiting efficient tools for generating PC logistics 

plans for practitioners. To the best of our knowledge, four studies have been dedicated to 

the optimization of vertical panel stacking problem (Shewchuk and Guo, 2012; Lee et al., 

2021a; Lee et al., 2021b; Lee et al. 2022b). Considering the relevance of the research 

problem, we provide a detailed comparison between the four studies and ours. Shewchuk 

and Guo (2012) were the first to propose an approach to examine the horizontal panel 

stacking problem. They proposed a tailored algorithm to determine stack locations to 

minimize the walking distance of workers at construction sites. However, their study only 

focused on activities that occur at construction sites after stacks are delivered and 

neglected crucial factors to stack PCs for subsequent transportation (e.g., stack stability 

and reshufflings). Lee et al. (2021b) identified stack stability and slab reshuffling as key 

metrics to evaluate the effectiveness of panel stacking plans. Using data from two 

prefabrication projects, they found that the average instability and reshuffling of stacks 

was approximately 50% in real practice. Many other problems in the current stacking 

operations have also been identified. Additionally, Lee et al. (2022b) developed an 

approach to estimate the total logistics costs of vertically stacking and transporting wall 

panels. Although these two studies offered several useful suggestions regarding the 

development of an automated tool capable of generating Pareto optimal stacking solutions, 

they did not propose a formal methodology to generate optimal stacking plans. Lee et al. 

(2021a) were the first to develop a method for the automatic generation of stacking plans 

for exterior prefabricated wall panels. However, they considered panel stacking problem 

as a single-objective problem. As mentioned above, in practice, many objectives need to 

be simultaneously optimized; therefore, Lee et al. (2021a) highlighted that future studies 

should consider stacking plannersô preference for bi-objective optimization. 
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2.4.2 Slab stacking and transportation 

Despite the great potential of prefabricated floor slabs for accelerating on-site efficiency, 

few studies have been devoted to slab stacking optimization. Thus far, only two studies 

mostly relevant to this topic (Lee et al. 2022a; Zou et al., 2022). Lee et al. (2022a) 

interviewed experts from manufacturing factories, logistic companies, and construction 

sites to identify and take into account their concerns about slab stacking for transportation. 

The authors proposed a computer-based approach and further showed that their proposed 

strategy could derive stable stacking results with less reshuffling and fewer errors. 

Additionally, Zou et al. (2022) formulated the horizontal slab stacking problem into a 

mathematical programming model with two objectives, i.e., maximizing stacking stability 

and minimizing secondary-sorting workload. Although the above two studies attempted 

to provide practitioners with more scientific stacking methods, they paid limited attention 

to cost-efficiency issues during slab transportation. As the logistics costs of prefabricated 

construction are twice those of traditional construction (Lee et al. 2021a), it is therefore 

of great significance to take into consideration the logistics costs in the design of the 

optimal slab stacking and transportation plans. Scholars in the field of operations research 

have proposed numerous mathematical models and state-of-the-art algorithms to solve 

similar horizontal stacking problems, such as container stacking at container yards or 

stowage plans for marine transportation (Ku and Arthanari, 2016; Boge and Knust, 2020). 

However, as floor slabs are different from containers, which are highly standardized units 

for marine transportation, the models and algorithms applicable to the container stacking 

problem cannot be directly applied to slab stacking in prefabricated construction. A 

tailored methodology for this problem needs to be developed. 
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2.4.3 Research gaps and industrial needs 

Although this study shares a similar background with the abovementioned studies, there 

are clear differences. The identified research gaps are as follows.  

 

(i) Most of the previous studies have treated the stacking problem of prefabricated panels 

as a single-objective optimization problem, despite the well-acknowledged significance 

of many relevant objectives. Current approaches proposed for stacking plan generation 

are applicable to single-objective problems and can hardly be applied to practical stacking 

problems (Lee et al., 2021a; Lee et al., 2021b; Lee et al., 2022a; Lee et al., 2022b), 

because, in practice, several potentially conflicting objectives need to be simultaneously 

optimized. Investigating PC stacking as a single objective problem has evident drawbacks, 

notably the generation of polarized solutions that are practically infeasible. Bi-objective 

problems are complicated and need to be solved using some specific well-established 

algorithms (Zhang et al., 2021c). However, as there is currently no mathematical model 

formulated for the PC stacking problem that can be applied to extensive state-of-the-art 

algorithms, scholars can only investigate it as a single-objective problem in a heuristic 

way. It is imperative to establish bi-objective programming models to enable decision-

makers to elucidate the trade-offs between different objectives before implementing a 

stacking plan.  

 

(ii) Practical factors (including panel/slab stability, reshuffling work, trailer dimensional 

and weight capacity, maximum layers, and dunnage position) have not been adequately 

addressed or incorporated into the design of PC stacking plans. Only Lee et al. (2022a) 

considered all these practical factors and then validated their proposed method through 

case studies involving specific construction projects. However, the methodology they 
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proposed is by nature heuristic. The exactness and applicability of these methods in 

different real-life scenarios cannot be guaranteed.  

 

Given the above, it is necessary to investigate the PC stacking problem as a bi-objective 

programming problem and develop exact solution methods to calculate Pareto optimal 

stacking plans that consider all practical factors (i.e., the stability of panels/slabs, 

additional reshuffling work, trailer capacity, maximum layers, and dunnage position).  

 

2.5 SUPPLY CHAIN M ANAGEMENT  OF PRECAST MODULE S 

2.5.1 Concepts of precast volumetric modules 

Modular construction represents the most advanced precast technology (CIC, Hong Kong, 

2023c), in which precast volumetric modules completed with internal finishes, fixtures, 

and fittings are produced in off-site factories and delivered to construction sites for 

assembly in a Lego-like manner (BCA, Singapore, 2023b). These volumetric modules 

(known as MiC modules in Hong Kong and PPVC modules in Singapore) have been 

increasingly adopted in the construction of hospitals, restaurants, schools, public housing, 

and institutional buildings (Kong et al., 2017; Chen et al., 2023). This trend is prominent 

in countries and regions characterized by limited space and labor, such as Singapore and 

Hong Kong (Poon et al., 2013; Niu et al., 2017; Xu et al., 2020), as modular construction 

is expected to improve overall productivity by 40%, enhance on-site efficiency by 20%, 

decrease construction accidents by 80%, and reduce material waste by 85% (The 

Legislative Council, Hong Kong, 2022; BCA, Singapore, 2023c). Amid the COVID-19 

pandemic, precast modules have been widely used to construct testing sites, quarantine 

centers, and temporary hospitals (Chen et al., 2022). Typically, precast modules can be 
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divided into different categories in terms of structural complexity and scale (Bertram et 

al., 2019), as shown in Table 2-6. 

 

Table 2-6: Complexity and scale of precast modules 

Module scale   

Module complexity 

Increasing scale 

1) Volumetric units 2) Complete structures 

In
c
re

a
s
in

g
 c

o
m

p
le

x
it
y 

1) Large precast structures 

(concrete, steel, or wood) 
Room structure House structure 

2) Structures with limited 

fixtures (in one or more 

materials) 

Prefinished room Prefinished house 

3) Fully functional structures 

with complex fixtures 

Fully serviced and 

finished room 

Fully serviced and 

finished house 

 

2.5.2 Transport planning of precast volumetric modules 

The management of precast volumetric modules has been extensively investigated, and 

the supply chain management of MiC modules from the economic and environmental 

perspectives has always been a research focus. Specifically, several studies have explored 

the cost-related issues of implementing modular construction. Using real-life building 

projects as research objects, Hong et al. (2018) presented a detailed analysis of the cost 

composition of using prefabrication. There are also studies devoted to the environmental 

impact of modular construction. Mao et al. (2013) formulated a quantitative model for 

determining the proportions of carbon emissions at different stages using a process-based 

method. Wang et al. (2022) formulated a game model to reduce carbon emissions.  
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Although modular construction has attracted increasing attention from academia in recent 

years, its application in real world has not yet achieved the desired level (The Legislative 

Council, Hong Kong, 2022) due to the associated high module transportation costs and 

complicated supply chain coordination (Sun et al., 2020; Yang et al., 2021). According 

to a recent industry report issued by McKinsey & Company, ineffective transport 

planning of precast modules offsets the economic benefits of modular construction 

compared with traditional all-in-situ construction and may lead to cost premiums of up to 

10% (Bertram et al., 2019).  

 

Numerous studies have highlighted current challenges in the precast module supply chain. 

Some recommended reviews are Briskorn and Dienstknecht (2018) and Olawumi et al. 

(2022). Additionally, Zhang et al. (2021b) presented a systematic review and recognized 

module delivery as the challenge in the promotion and implementation of MiC in Hong 

Kong through an empirical study. Hsu et al. (2020) also emphasized that the supply chain 

of precast modules is much more complicated than that of raw materials. Yang et al. (2021) 

explored various uncertainties in module production, storage, and transportation. Zhai et 

al. (2017) further examined the production lead-time hedging issue to mitigate the 

delivery tardiness arising from supply chain uncertainties. The above studies reinforce a 

consensus among scholars: traditional supply chain management methods can hardly be 

applied to MiC module transport planning, owing to the presence of diverse uncertainties 

and special requirements (Hsu et al., 2018). 

 

To mitigate the logistics challenges of using precast modules, recent studies have devoted 

increasing efforts to designing effective transport planning plans, as summarized in Table 

2-7.  
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Zheng et al. (2023) examined the passing ability of vehicles loaded with precast modules 

to ensure safe module transportation. Their study provides practitioners with useful 

guidance on identifying multiple easily passing routes that allow for smooth module 

delivery, but the challenge that still remains is how to select the optimal route with 

minimal cost among these candidate routes. Yi et al. (2021b) paid attention to green 

supply chain management of precast modules. The above two studies, however, have not 

considered the impact of JIT delivery, a significant strategy implemented in the precast 

module delivery. Hussein and Zayed (2021) presented an in-depth analysis of 42 crucial 

factors that have been shown effective in addressing various module logistics challenges 

to facilitate the implementation of the JIT strategy. Despite relying solely on qualitative 

methods, their study provided a comprehensive understanding of JIT module delivery. 

Hsu et al. (2018) examined the production, storage, transportation, and installation of 

precast modules through mathematical modeling and case studies. Although the authors 

presented an integrated module planning approach, only the most general considerations 

of each stage of modular construction were incorporated into model formulation.  

 

In addition to road transport, many studies have also investigated the multimodal transport 

planning of precast modules. Multimodal transportation systems consist of diverse 

transport modes. Modules are transported from manufacturing factories to the export port 

via road, then shipped from the export port to the destination port via sea, and finally 

transported from the destination port to the construction site via road (Yi et al., 2023b). 

Hussein et al. (2023) identified several key decisions considered in the water-road 

multimodal transportation of precast modules to achieve a win-win collaboration between 

module manufacturers, contractors, and carriers. Yi et al. (2021a) proposed a bi-level 
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subsidy plan for promoting the intermodal transport of MiC modules to lower the carbon 

emissions associated with module delivery.  

 

All the above studies have laid the foundation for research on module transportation; 

however, there still lacks a study that considers the impact of JIT module delivery and 

further develops mathematical optimization tools capable of computing the optimal 

module transport plans.  
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Table 2-7: Research study on the transport planning of precast modules 

Reference Research objective 
Transportation 

mode 

Design of 

transport  plans 

Consideration 

of JIT  
Methodology 

Hsu et al. (2018) Minimize project costs Road transport × ã 

Optimization 

(modelling + case 

study) 

Hussein and Zayed (2021b) 
Achieve the implementation 

of the JIT strategy 
Not specified × ã 

Qualitative 

analysis 

Yi et al. (2021a) 
Minimize transport costs 

and emissions 

Intermodal 

transport 
× × 

Optimization 

(heuristic) 

Yi et al. (2021b) 
Maximize the use of prefab; 

Minimize transport emissions 
Road transport × × 

Optimization 

(modelling + analysis) 

Zheng et al. (2023) 
Improve module 

transportation safety 
Road transport × × 

Optimization 

(modelling + case 

study) 

Hussein et al. (2023) 

Minimize project duration; 

Minimize transport costs 

and emissions 

Intermodal 

transport 
ã × 

Simulation (multi-

agent) + Optimization 

(heuristic) 

This study Minimize transport costs Road transport ã ã 
Optimization 

(exact method) 
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2.5.3 Research gaps and industrial needs 

Although this study shares a similar background with the abovementioned studies, there 

are clear differences. The identified research gaps are as follows.  

 

(i) The transport planning of precast modules represents a practical challenge faced by 

industry practitioners and a significant topic that researchers need to urgently address. 

Despite the large number of studies on the supply chain management of 2D precast 

components (e.g., slabs and panels), transportation plans designed for 2D precast 

components are hardly applicable to 3D precast modules (Heravi et al., 2020; Zheng et 

al., 2023). Considering that road transport is the most widely adopted mode (Yi et al., 

2023b; Hussein et al., 2023), there is an urgent need to design a door-to-door plan for the 

road transport of precast modules. 

 

(ii) Although JIT has been advocated as a significant strategy implemented in modular 

construction (Hsu et al., 2018; Hussein and Zayed, 2021b), studies on the comparison of 

module logistics costs resulting from the implementation and non-implementation of the 

JIT strategy are scarce. Such comparisons can enable practitioners to calculate optimal 

transport plans for precast modules by considering their specific requirements. 

 

In light of the literature, it is imperative to develop a formal methodology for generating 

cost-effective door-to-door module transportation plans that comprehensively consider 

trailer rentals, fuel consumption costs, and salaries paid to drivers and tower crane 

operators. The development of such a methodology is essential for stakeholders involved 

in MiC projects and is expected to facilitate the widespread implementation of MiC. 
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2.6 SUMMARY  

This chapter provides a summary of the existing policies implemented by governments 

worldwide for promoting prefabrication and the literature related to the evaluation of 

subsidy policies, the optimization of subsidy allocation plans, the horizontal and vertical 

stacking of PCs, and the transport planning of precast modules. Overall, this chapter 

provides a comprehensive understanding of the current literature and serves as a solid 

foundation for the formulation of the research framework. 
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Chapter 3: Research Methodology 

3.1 INTRODUCTION  

This chapter provides a detailed explanation of the methodology used in this study. First, 

Section 3.2 presents an overview of mathematical optimization, especially the cyclical 

process of addressing real-life optimization problems using mathematical optimization. 

Then, the problem formulation, algorithm design, and experimental validation processes 

are elaborated in Section 3.3 to ensure the effectiveness and efficiency of the proposed 

model and solution method. Section 3.4 provides justifications for the selection of the 

mathematical optimization methodology. Finally, Section 3.5 summarizes this chapter. 

 

3.2 OVERVIEW OF MATHEMATICAL OPTIMIZATION  

Everyday life is replete with decisions to be optimized, as highlighted by Euler (1952) 

and Cottle and Thapa (2017): ñNothing at all takes place in the universe in which some 

rule of maximum or minimum does not appear.ò Mathematical optimization, also known 

as mathematical programming and numerical optimization, is a scientific methodology 

that has been widely implemented to address complicated decision problems from all 

areas of real-life practice (Snyman and Wilke, 2018). In practical realm, decision-makers 

usually navigate a multistep process to exercise effective leadership (Vroom, 2000): 

i)  Step 1: Data collection, constraint identification, and objective setting; 

ii)   Step 2: Problem analysis, given the data, constraints, and objectives; 

iii)  Step 3: Results interpretation and decision determination. 
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Optimization, as the central of the decision-making process, is mostly concerned with the 

second process. The task of optimization is to mathematically define a decision problem 

and then calculate the ñbestò solution in terms of the criteria predetermined by decision 

makers (Chong and ŧak, 2011). In most cases, the values of variables (i.e., a solution) of 

an optimization problem are constrained by a series of equations and/or inequalities, 

known as constraints. Solutions satisfying all constraints are feasible solutions. Practical 

decision problems normally involve an infinite number of feasible solutions (Alfares, 

2023), which are evaluated according to one or multiple functions, referred to as objective 

function(s), to explore the optimal solution among all alternatives that produces the best 

possible value (either the maximum or minimum) of the objective function(s). 

Mathematical optimization is defined as a methodology that deals with the ñproblems of 

minimizing or maximizing a function of several variables usually subject to equality 

and/or inequality constraintsò (Nemhauser et al., 1989).  

 

In recent years, mathematical optimization has an increasingly wide range of applications 

in many types of industries, including manufacturing, engineering, medicine, economics, 

and transportation (Liu et al., 2018; Snyman and Wilke, 2018; Tan et al., 2021; Zhen et 

al., 2023; Xie et al., 2024). Some classical problems that can be effectively solved using 

mathematical optimization involve the cutting stock problem in the manufacturing 

industry (i.e., how to cut a stock material into smaller pieces of specific dimensions to 

minimize material waste) and the travelling salesman problem in the transportation sector 

(i.e., how to determine the shortest route for a salesman to visit a given set of cities exactly 

once and return to the starting city). Notably, optimal solutions calculated using 

mathematical optimization offer practitioners considerable economic, environmental, and 

social benefits. Consequently, mathematical optimization has emerged as one of the most 
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fundamental methodologies in the field of management (Butenko and Pardalos, 2014; Nie 

et al., 2021; Zhen et al., 2022; Zhu et al., 2022). 

 

Addressing real-life optimization problems via mathematical optimization requires the 

cyclical execution of the following three processes (Cottle and Thapa, 2017; Snyman and 

Wilke, 2018), as shown in Figure 3-1:  

(i)  Problem formulation; 

(ii)  Algorithm design; and 

(iii)  Experimental validation. 

 

 

Figure 3-1: Cyclical process of mathematical optimization 

 

As shown in Figure 3-1, the decision problem observed from real practices is analyzed 

and abstracted into a mathematical model. Then, the properties of the formulated model 

are analyzed to develop appropriate solution methods for problem-solving. The designed 

solution methods are coded into computer programs to perform calculations. After the 

process of algorithm design, extensive numerical experiments are presented to justify the 

effectiveness of the formulated model and the efficiency of the proposed algorithm. Data 

from real-life scenarios are collected and used as model inputs for validation purposes. 
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More often than not, the optimal solution and the managerial insights derived from case 

studies are evaluated by industry experts, to determine if any refinements are necessary 

for the mathematical model. In some cases, the derived computational results may result 

in an entirely new formulation (Cottle and Thapa, 2017). The three-step cycle is typically 

repeated multiple times and the ultimate aim is to find the best representation and compute 

an optimal solution for the practical problem. The three key procedures (i.e., problem 

formulation, algorithm design, and experimental validation) are then explained in 

Sections 3.3.1ï3.3.3 in detail. 

 

3.3 RESEARCH DESIGN 

3.3.1 Problem formulation  

Decision problems observed from real-life scenarios can be verbal or graphic (Cottle and 

Thapa, 2017), and problem formulation is the process of presenting a verbal or graphic 

description of the decision problem and translating it into a mathematical programming 

model (Alfares, 2023). Mathematical expressions have numerous advantages over other 

types of representation of an optimization problem. The foremost one is the precision, 

clarity, and brevity of mathematical models (Cottle and Thapa, 2017). Additionally, using 

models to depict realistic problems, we can conduct numerical experiments on computers, 

which would otherwise be quite costly to implement in a physical context in terms of both 

resources and time (Cottle and Thapa, 2017). 

 

The concept of a mathematical model is fundamental to mathematical optimization. To 

formulate a complicated practical problem into a highly concise mathematical model, we 

should have a deep understanding of the problem and determine the following three 

fundamental elements of an optimization model (Alfares, 2023): 
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(i)  Decision variables (that are with unknown values to be determined and 

implemented by decision makers); 

(ii)  Objective function (that is an expression of the decision variables to be optimized, 

i.e., minimize or maximize, reflecting the criterion of evaluating whether a solution is 

better than another); and  

(iii ) Constraints (that are a set of equations and/or inequalities restricting the values 

of the decision variables).  

 

After these three elements are identified, the next question arising is how to construct an 

appropriate mathematical model. Expertise in mathematical modelling is usually gained 

from experience. The following intuitive examples are presented to demonstrate how 

decision problems can be mathematically formulated and optimized. 

 

Example 1: maximum-area rectangle problem 

Problem: Among all rectangles of a given perimeter (denoted by ὖ), which one has the 

largest area? 

 

Mathematical modelling process: We can formulate the problem as an optimization 

model. To this end, we need to identify the decision variables, objectives, and constraints. 

Specifically, the length and width of the maximum-area rectangle are unknown and to be 

determined (decision variables), denoted by ὥ and ὦ, respectively. The objective is to find 

the rectangle with a maximum area of ὥὦ (objective function). The perimeter of the 

rectangle is ὖ (constraint). Evidently, the length and width of the rectangle should be 

greater than zero (constraint). Then, the optimization problem can be formulated into a 

mathematical model as follows: 
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[E1]  Maximize   ὥὦ                         (3-1) 

s.t.  ςὥ ςὦ ὴ                         (3-2) 

   ὥȟὦɴ ὤ.                          (3-3) 

 

Then, we solve the mathematical model to derive the optimal solution. The optimal 

solution to a mathematical model is a feasible solution (i.e., values of the decision 

variables that satisfy all constraints of the model) that leads to the smallest/greatest 

objective value for a minimization/maximization objective function. The optimal solution 

is usually denoted by the symbol representing the decision variables with a superscript of 

ñ*ò, i.e., ὥ zand ὦ.z According to Constraint (3-2), we have ὦ ὥ. The area of the 

rectangle satisfies that ὥὦ ὥ ὥ ὥ ὥ ὥ . Hence, when 

ὥᶻ  (and thus ὦᶻ ὥᶻ ), the rectangle has a maximum area of .  

 

The above question gives a numerical example. Based on the characteristics of problems 

and the definition of decision variables, we should identify the most appropriate type of 

mathematical models used to formulate the problem, such as the linear programming (LP) 

model, integer programming (IP) model, and MIP model. Let us use more examples to 

make an elaboration. 

 

Example 2: sand allocation problem (an example of LP models) 

Problem: Consider that a contractor has two warehouses ὡ  and ὡ . ὡ  has a total of 

10 tons of sand and ὡ  has 8.5 tons of sand. There are three construction sites Ὓ, Ὓ, and 

Ὓ that need 5.5 tons, 6.5 tons, and 2 tons of sand, respectively. The required amount of 

sand is to be transported from the two warehouses. Table 3-1 records the transportation 
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cost from warehouses to construction sites. How to determine the optimal allocation of 

sand from the two warehouses to the three sites to minimize the total transportation cost? 

 

Table 3-1: The unit transportation costs from warehouses to construction sites 

Transportation cost Ὓ Ὓ Ὓ 

ὡ  21 37 43 

ὡ  44 23 28 

 

Mathematical modelling process: Similarly, we first identify the variables, objective(s), 

and constraints of the optimization problem to formulate a mathematical model. Six 

variables are defined: ὼ  (indicating the amount of sand (ton) transported from ὡ  to Ὓ), 

ὼ  (indicating the amount of sand (ton) transported from ὡ  to Ὓ), ὼ  (indicating the 

amount of sand (ton) transported from ὡ  to Ὓ), ὼ  (indicating the amount of sand (ton) 

transported from ὡ  to Ὓ), ὼ  (indicating the amount of sand (ton) transported from ὡ  

to Ὓ), and ὼ  (indicating the amount of sand (ton) transported from ὡ  to Ὓ). The 

objective is to minimize the total transportation cost, i.e., ςρὼ σχὼ τσὼ

ττὼ ςσὼ ςψὼ . There are three groups of constraints: (i) the demand of sand 

from each construction site should be satisfied, (ii ) the amount of sand provided by each 

warehouse cannot exceed its inventory, and (iii ) the amount of sand transported from 

warehouses to sites are nonnegative values. Then, the optimization problem can be 

formulated into a mathematical model as follows: 

 

[E2]  Minimize   ςρὼ σχὼ τσὼ ττὼ ςσὼ ςψὼ      (3-4) 

s.t.  ὼ ὼ υȢυ                        (3-5) 

   ὼ ὼ φȢυ                        (3-6) 
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   ὼ ὼ ς                         (3-7) 

   ὼ ὼ ὼ ρπ                      (3-8) 

   ὼ ὼ ὼ ψȢυ                     (3-9) 

   ὼ πȟὼ πȟὼ πȟὼ πȟὼ πȟὼ π,          (3-10) 

 

where Constraints (3-5)ï(3-7) fulfill the demand for sand, Constraints (3-8) and (3-9) 

limit the supply of sand, and Constraint (3-10) defines the domain of the decision 

variables. 

 

The formulated [E2] is an LP model, which means the optimization of a linear objective 

function, subject to linear constraints that may be either equalities or inequalities 

(Nemhauser et al., 1989). For small-scale LP models, we can use Microsoft Excel to 

calculate the optimal solution (see Fylstra et al., 1998 for details). The optimal solution 

satisfies that ὼᶻ υȢυ , ὼᶻ π , ὼᶻ π , ὼᶻ π , ὼᶻ φȢυ , and ὼᶻ ς . Then, the 

minimum total transportation cost, i.e., optimal objective value, is 321.  

 

Example 3: labor allocation problem (an example of IP models) 

Problem:  Consider a contractor that has a construction site. The site now needs 5 workers 

with skill A, 6 workers with skill B, 15 workers with skill C, and 6 workers with skill D. 

The company has a group of workers, as shown in Table 3-2. How to determine the labor 

allocation to minimize the total labor cost? 
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Table 3-2: The categories of workers in the company 

Category Description 

1 15 workers with skills A and B; the cost of one worker is $1000 

2 17 workers with skills A and C; the cost of one worker is $1200 

3 10 workers with skills C and D; the cost of one worker is $1300 

 

Mathematical modelling process: To formulate a mathematical model, decision 

variables are defined as follows: ὼ  (indicating the number of workers from the 1st 

category to fulfill the labor requirement of skill A), ὼ  (indicating the number of workers 

from the 1st category to fulfill the labor requirement of skill B), ὼ  (indicating the 

number of workers from the 1st category to fulfill the labor requirement of skill C), and 

ὼ  (indicating the number of workers from the 1st category to fulfill the labor 

requirement of skill D). The other eight variables ὼ , ὼ , ὼ , ὼ , ὼ , ὼ , ὼ , and 

ὼ  are defined in a similar way. Also, define ὤ  as the set of nonnegative integers. Then, 

the optimization problem can be formulated into a mathematical model as follows: 

 

[E3]  Minimize ρπππὼ ὼ ὼ ὼ ρςππὼ ὼ ὼ ὼ

ρσππὼ ὼ ὼ ὼ                       (3-11) 

s.t.  ὼ ὼ ὼ ὼ ρυ                    (3-12) 

   ὼ ὼ ὼ ὼ ρχ                    (3-13) 

   ὼ ὼ ὼ ὼ ρπ                    (3-14) 

   ὼ ὼ ὼ υ                       (3-15) 

   ὼ ὼ ὼ φ                       (3-16) 

   ὼ ὼ ὼ ρυ                      (3-17) 

   ὼ ὼ ὼ φ                       (3-18) 

   ὼ ὼ ὼ ὼ ὼ ὼ πȟὼ ȟὼ ȟὼ ȟὼ ȟὼ ȟὼ ᶰὤ,  

                                  (3-19) 



 

Chapter 3: Research Methodology 54 

where Objective function (3-11) aims to minimize the total labor cost, Constraints (3-12)ï

(3-14) are related to the capacity of workers of each category, Constraints (3-15)ï(3-18) 

fulfill the demand of the construction site for workers with different skills, and Constraint 

(3-19) defines the domain of the decision variables. 

 

The formulated [E3] is an IP model, which differs from an LP model in that all decision 

variables in an IP model can only take integer values. Excelôs solver can also be used to 

compute the optimal solution of IP models; however, the calculation of IP models is much 

more difficult (i.e., much more time-consuming) than that of LP models. 

 

Example 4: PC production problem (an example of MIP models) 

Problem: Consider a manufacturer that has 10 tons of concrete as raw material to produce 

PCs of three types (i.e., A, B, and C). PC production costs consist of fixed costs (e.g., cost 

of equipment) and variable costs (e.g., costs of raw materials and labor). The itemized 

costs, the amount of concrete required for production, and the selling price of the finished 

PCs are shown in Table 3-3. How to decide the allocation of raw materials to maximize 

the total profit?  

 

Table 3-3: PC production costs, selling prices, and concrete consumption 

PC 

type 
Fixed cost ($) 

Variable cost 

($/piece) 

Selling price 

($/piece) 

The amount of concrete 

required for production 

(ton/piece) 

A 100 56 500 0.3 

B  60 75 650 0.5 

C  25 50 320 0.1 

Note: Parameter setting is used for example only and may not perfectly represent the reality. 
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Mathematical modelling process: To formulate a mathematical model, two types of 

decision variables are defined: (i) binary variables ὼ, ὼ, and ὼ to indicate whether to 

produce PCs of types A, B, and C, respectively, and (ii ) continuous variables ώ, ώ, and 

ώ to indicate the amount of concrete to produce PCs of types A, B, and C, respectively. 

Then, the optimization problem is formulated into a mathematical model as follows: 

 

[E4]  Maximize υππ
Ȣ

φυπ
Ȣ

σςπ
Ȣ

   

ρππὼ φπὼ ςυὼ
    

υφ
Ȣ

χυ
Ȣ

υπ
Ȣ

    

                      (3-20) 

s.t.  ώ ώ ώ ρπ                        (3-21) 

   π ώ ρπὼ                         (3-22) 

   π ώ ρπὼ                         (3-23) 

   π ώ ρπὼ                         (3-24) 

   ὼȟὼȟὼᶰπȟρ,                        (3-25) 

 

where Objective function (3-20) aims to maximize the profit of PC production, and ỗϽỘ 

represents a floor function (e.g., ỗ“Ộ σ). Constraint (3-21) ensures that the total amount 

of concrete used for production cannot exceed its inventory. Constraints (3-22)ï(3-24) 

link the two types of variables. For example, if ὼ π, then ώ π; if ὼ ρ, then π

ώ ρπ. Constraint (3-25) defines the domain of the decision variables. 

 

The formulated [E4] is an MIP model, which differs from an LP model (or an IP model) 

in that some decision variables can only take integer values and the other decision 

variables can take fractional quantities. Excelôs solver can also be used to compute the 

optimal solution of MIP models. 
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There are various criteria used to classify mathematical models. For example, 

i)  Based on whether the model is linear or not: 

· LP models 

· Nonlinear programming models 

ii)  Based on whether the variables are integers or not: 

· IP models 

· MIP models 

· Continuous programming models 

ii i) Based on whether uncertainties are considered or not: 

· Deterministic models 

· Stochastic models 

iv) Based on the number of optimization objectives: 

· Single-objective models 

· Bi-objective models 

· Multi -objective models. 

 

It is important to note that the aforementioned classification criteria are not necessarily 

mutually exclusive, as exemplified by multi-objective MIP models. To determine the 

appropriate type of mathematical model formulated, the following information should be 

analyzed and identified (Pundir, 2020). 

i)  What are the variables optimized? What are their domains? 

ii)   How many objectives are considered? Specify the objective(s). 

iii)  Who makes the decision, and if there are more than one decision-makers, how do 

they interact? 

 



 

Chapter 3: Research Methodology 57 

3.3.2 Algorithm design 

After the mathematical modelling of decision problems, the subsequent question is how 

to ñget the answers.ò The process of analyzing the properties of the formulated model and 

developing suitable methods for its solutions is referred to as algorithm design. Solution 

techniques commonly adopted for problem-solving include (i) solvers, (ii) exact methods, 

and (iii) heuristic algorithms.  

 

The rapid development of computer hardware and software has made it possible to 

directly solve optimization models of real-life problems using the programs and packages 

embedded in various types of solvers (Cottle and Thapa, 2017; Alfares, 2023). However, 

Solvers are applicable only to small-scale optimization problems. For example, the four 

examples presented in Section 3.3.1 are all of small scales so that the Excelôs solver can 

serve as an effective solution method. Additionally, there are commercial solvers, such 

as Gurobi, CPLEX, and Cardinal Optimizer, which are more computationally capable 

than Excelôs solver. For example, CPLEX is used to solve the model proposed in Chapter 

6. However, almost all commercial solvers currently implemented are intractable to IP 

and MIP models of large scales. This is the usual case due to optimization difficulties. 

Optimization difficulties arise when the mathematical models incorporate: (i) a large 

number of decision variables (especially integer variables) and constraints (especially 

those with many nonlinear parts), (ii) discontinuous objective functions, and (iii) multiple 

locally optimal solutions (requiring techniques for global optimization) (Snyman and 

Wilke, 2018). For example, in the sand allocation problem presented above (example 2), 

there may be 100 warehouses and 1,000 construction sites in real-life settings, resulting 

in a complicated mathematical optimization problem with 100,000 decision variables (i.e., 
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ρππρπππ). Solving realistic problems of a large scale using commercial solvers is 

extremely time-consuming. 

 

The calculation of complicated optimization problems relies primarily on sophisticated 

computational methods called algorithms (Cottle and Thapa, 2017). An algorithm is 

defined as a set of well-established computer programs that takes some values (or set of 

values) as inputs and produces some values (or set of values) as outputs (Yanofsky, 2011). 

A large number of exact and heuristic algorithms have been designed for problem-solving. 

Exact methods (e.g., exhaustive search, dynamic programming, and branch and bound) 

are systematic algorithms that exhaustively explore the feasible region and identify the 

optimal solution according to their specific computational mechanisms. Although exact 

methods ensure the global optimality of the derived solution, it is usually computationally 

expensive to perform. This is due to the exponential grow of computational complexity 

as problem size increases, making exact methods impractical for complicated problems. 

In cases where the optimal solution is excessively time-consuming to compute due to 

factors such as non-convexity, stochasticity, bi-level or tri-level structure, and a large 

number of integer variables, an effective and efficient alternative is to develop heuristic 

algorithms for model calculation. 

 

Heuristic algorithms have well-established logical rules of thumb for iterations to quickly 

search the feasible region and determine a high-quality but not necessarily the global 

optimal solution. Various randomized search techniques are used to avoid getting trapped 

in local optimums. Numerous state-of-the-art heuristic algorithms have been developed 

and applied to address large-scale optimization problems. For example, particle swarm 

optimization (PSO) and non-dominated sorting genetic algorithm-II (NSGA-II) are used 
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to solve the optimization models proposed in Chapters 4 and 5, respectively. Parameter 

tuning, the process of determining a set of parameter values to achieve high solution 

performance, is an important technique when a heuristic algorithm is developed for model 

calculation (Montero et al., 2014; Yeguas et al., 2014; Cabrera-Guerrero et al., 2017; 

Pereira et al., 2021). Many tuning methods have been developed, e.g., sampling methods, 

model-based methods, screening methods, and meta evolutionary algorithms (Eiben and 

Smit, 2011; Chen et al., 2016; Huang et al., 2020). 

 

Despite the numerous algorithms developed for model calculation, there does not exist a 

solution method generally applicable to all types of optimization problems (Nocedal and 

Wright, 1999). Generally, the properties of the formulated model are analyzed to select 

an appropriate algorithm for problem-solving (Snyman and Wilke, 2018). We can use the 

following two criteria to evaluate the developed algorithms (Alfares, 2023): (i) optimality 

gap (i.e., the difference between the objective value calculated by the developed algorithm 

and the optimal objective value), and (ii) computational time (i.e., the total time required 

to compute an optimal/near-optimal solution using the developed algorithm). 

 

3.3.3 Experimental validation 

After problem formulation and algorithm design, the effectiveness of the model and the 

efficiency of the algorithm are validated through case studies. Case study is a fundamental 

validation method widely used to empirically investigate a problem in a real-life scenario 

(Baġkarada, 2014). The process of experimental validation is shown in Figure 3-2.  

 



 

Chapter 3: Research Methodology 60 

 

Figure 3-2: Key procedures of experimental validation 

 

First, extensive data are collected for experimental validation. In this study, Hong Kong 

is selected for case studies. Hong Kong is a densely populated city, and it faces formidable 

challenges in terms of space and labor constraints (Yi et al., 2024). These characteristics 

are great incentives for the Hong Kong government and the local construction industry to 

embrace the innovative prefabricated construction. Both the government and the industry 

of Hong Kong have recognized the significance and turned supportive attitudes to its 

promotion. Data used for experimental validation are collected from official documents 

released by the government departments and the industry council of Hong Kong. Various 

relevant academic papers provide supplementary information. The official reports and 

academic publications can complement each other and thus provide rich realistic data for 

our validation case studies. Second, the collected data are set as model parameters after 

performing simple preprocessing steps. Third, the optimal solution of the investigated 

problem is calculated using the developed algorithm. Finally, the derived results are 

analyzed and discussed to provide policy recommendations for the government and 

managerial implications for the construction industry. 
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3.4 JUSTIFICATIONS FOR METHODOLOGY SELECTION  

With the advent of computing power and digital technologies and the vast development 

of advanced algorithms, mathematical optimization methodology has a wide range of 

applications in the construction industry, such as the layout planning of construction sites 

(Li et al., 2015; Hawarneh et al., 2021), labor and resource allocation (Yi and Wang, 2016; 

Yi and Sutrisna, 2021), and the supply chain management of off-site construction (Yi et 

al., 2020; Ho et al., 2022). 

 

There are three outstanding advantages of using mathematical optimization: (i) math-

based presentation improves the precision and conciseness of problem description and 

formulation; (ii ) many state-of-the-art algorithms can be adapted to mathematical models; 

and (iii ) optimal solutions to complex problems can be efficiently solved when computers 

are used to perform model calculations. Specifically, the tri-level programming problem 

(to be investigated in Chapter 4) and the two bi-objective programming problems (to be 

investigated in Chapter 5) are extremely complicated. Models can precisely describe the 

problem. Although a problem is generally less well-structured, a model is well-structured. 

We can solve the model (using established solution techniques and computer software) 

instead of directly solving the problem. If we do not establish mathematical models and 

perform the calculations using computers, it can be barely possible for decision makers 

to obtain one feasible solution, not to mention an optimal solution, to the investigated 

problem based on their observations or intuitions; however, we can obtain high-quality 

solutions by using mathematical optimization methodology. These explain the motivation 

to choose mathematical optimization as the used methodology. 
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3.5 SUMMARY  

This chapter provides an overview of the mathematical optimization methodology used 

in the study and further elaborates on the four key procedures of this methodology. Then, 

justifications for selecting the mathematical optimization methodology are presented to 

establish its validity in terms of achieving the four proposed research objectives. 

 



 

Chapter 4: Optimization of Tri-level Prefabrication Subsidy Plan 63 

Chapter 4: Optimization of Tri -level 

Prefabrication Subsidy Plan1 

4.1 INTRODUCTION  

To increase the uptake of prefabricated construction, numerous governments worldwide 

have begun to offer subsidies to help practitioners offset the high overall costs of using 

prefabrication. This chapter addresses the government-manufacturers-contractors subsidy 

allocation problem of a tri-level structure (Research question 1). The chapter is outlined 

as follows. Section 4.2 introduces the background. Section 4.3 identifies the research gaps 

and the contributions. Section 4.4 presents a clear problem statement and formulates the 

investigated problem into a tri-level programming model. Section 4.5 develops a PSO-

based solution method. Section 4.6 validates the proposed model and algorithm through 

a real-life case study of Hong Kong. Section 4.7 presents conclusions and summarizes 

the whole chapter. 

 

4.2 BACKGROUND  

Prefabrication is a promising construction technology (Jaillon and Poon, 2014; Hao et al., 

2020; Pan et al., 2022). When prefabricated construction is used, building components 

are manufactured in factories rather than an on-site environment and then delivered to 

sites for rapid installation. Prefabrication can greatly reduce the on-site labor demand, 

thus having been welcomed by numerous countries and regions such as the US, Singapore, 

Japan, and Hong Kong (Tam et al., 2015; Pradhananga et al., 2021), especially those 

 
1 Yi, W., Wang, H., Zhen, L., Chan, A. P. C., 2024. Optimal tri-level government-manufacturers-contractors subsidy plan: Maximizing 
local prefabricated product usage and minimizing transport emissions. IEEE Transactions on Engineering Management 71, 3530ï

3553. 
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facing labour shortages and/or unmet housing demands. Numerous governments have 

embarked on a host of efforts to develop a local prefabrication market (CIC, Hong Kong, 

2017a & 2018; Wu et al., 2021; BCA, Singapore, 2023a).  

 

As locally produced PCs have lower logistics costs, transport emissions, and risk of 

damage to components (CIC, Hong Kong, 2017), many governments are dedicated to 

facilitating the development of local markets by establishing LPFs, further promoting the 

use of prefabricated construction. For example, most PFs in the UK are located in the 

northeast of the kingdom. The Welsh (southwest UK) government is actively encouraging 

the use of prefabricated construction and is offering financial support for manufacturers 

and promoting a ñWelsh firstò approach to procurement (UK Cross Sector, 2020). Several 

LPFs have consequently been built in this region, and supply chains are being developed. 

The Welsh government invested £20 million (about US$27.5 million) in prefabricated 

businesses in 2020, including capital investment in LPFs (Welsh Government, 2020). 

According to the Ministry of Housing and Urban-Rural Development of the Peopleôs 

Republic of China (2017), the Chinese government has promulgated a series of policies 

to guide the deployment of LPFs, including financial support, rational supply in terms of 

capacity and capability, as well as location selection. Furthermore, financial supportive 

strategies (e.g., tax relief and proper subsidy) have been advocated for establishing LPFs 

by provincial and municipal governments in China, e.g., Guangdong (Government of 

Guangdong Province China, 2017). In addition to the UK and China, the Singaporean 

government has formulated a plan for the development of Integrated Construction and 

Prefabrication Hubs (ICPHs) with 30-year lease terms, to increase the local supply of PCs 

and volumetric modules (BCA, Singapore, 2023a). Currently, five ICPHs have already 

been completed and four are under planning. Manufacturers in Singapore can receive tax 
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relief on the capital expenditure incurred in the construction of ICPHs (BCA, Singapore, 

2017a). Additionally, the Malaysian government announced that LPFs producing at least 

three types of PCs would be eligible for an investment tax allowance from 2021 to 2025 

(Ministry of Finance Malaysia, 2021). Now, governments worldwide are supporting the 

deployment of LPFs to promote the use of prefabricated construction.  

 

Typically, three parties and their interactive relationships should be considered in the 

design of governmental subsidy plans for the establishment of LPFs, i.e., (i) government, 

(ii ) manufacturers, and (iii ) contractors, as depicted in Figure 4-1. As the provider of 

subsidies, government is the primary decision-maker in designing a satisfactory subsidy 

allocation plan within a given budget. Manufacturers decide whether to establish LPFs, 

and pay for the construction cost and annual land rental cost of LPFs (if they choose to 

establish LPFs) and direct production cost proportional to the quantity of PCs produced 

(if the established LPFs are engaged in PC production). Contractors are the buyers of PCs, 

and they can purchase PCs from both offshore and local PC markets (Niu et al., 2017; Xu 

et al., 2021). For example, some representative offshore PC supply chains are Singapore-

Malaysia, Europe-China, and the US-China (Lu and Yuan, 2013). Despite the competitive 

prices, offshore PCs have drawbacks, such as inconvenient monitoring and complicated 

customs clearance procedures (CIC, Hong Kong, 2017a). The long-distance delivery of 

offshore PCs also leads to extremely high transportation costs, carbon emissions, and risk 

of accidental PC damage. To address these challenges, many governments are dedicated 

to offering subsidies to local PC manufacturers, for the development of local PC markets 

and the promotion of prefabricated construction. When manufacturers receive sufficient 

subsidies from governments, they are more willing to establish LPFs and set a reasonable 

price to attract orders from local contractors. When the prices of local PCs get reduced, 
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contractors are more likely to use the PCs produced by local manufacturers. To mature 

local prefabrication markets and promote the use of prefabrication, it is therefore of great 

significance to consider the interactions between the government, manufacturers, and 

contractors and design a win-win-win subsidy plan for the three parties. 

 

 

Figure 4-1: Relationship of relevant stakeholders 

 

In this chapter, a tri-level model of the governmental prefabrication subsidy program is 

developed, which can be used as a managerial tool to attract investments in LPFs within 

a region, thereby maturing the local prefabrication market. The proposed model will guide 

a government in developing an optimal subsidy policy that maximizes the local economy 

and the environmental benefits while incentivizing manufacturers, as the proposed policy 

is constrained by manufacturersô needs to maximize their profit margins and the decisions 

made by contractors aimed at minimizing their costs. Hong Kong is selected to conduct 

a validation case study, and the proposed methodology can be applied to other countries 

and regions for the formulation of their tailored subsidy policies to promote prefabrication. 

 

4.3 RESEARCH GAPS AND CONTRIBUTIONS  

Based on the literature review presented in Chapter 2, we observe an increasing interest 

from the industry and academia in promoting the wider implementation of prefabricated 

construction through government incentive policies, but the challenge of generating an 
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effective tri-level prefabrication subsidy plan has not yet been well examined. Several 

research gaps are identified as follows. 

 

First, although a few studies have attempted to optimize subsidy policies, they have 

mainly focused on a bi-level relationship between the government and manufacturers or 

between the government and contractors using evolutionary game models or optimization 

models, but have overlooked the intertwined tri-level relationships between government, 

manufacturers, and contractors. 

 

Second, most studies on prefabrication policy design have assumed an average price for 

PCs of different types for simplicity. However, PC prices are quite different in terms of 

their types (e.g., precast slabs and columns have different selling prices) and origins (e.g., 

precast columns produced by the U.S. and Chinese manufacturers have different selling 

prices). Such price differences complicate the purchasing decisions of contractors in real-

life scenarios and should thus be considered when developing a subsidy policy.  

 

Third, the majority of evolutionary game models or optimization models proposed in the 

literature have not considered the dimension of time (e.g., neglecting the inflation rate 

and the number of future construction projects in a country or region). However, the one-

off optimization is highly susceptible to ineffectiveness, and a well-accepted government 

subsidy policy must be considered at a long-term horizon. 

 

To fill these gaps, this chapter investigates the tri-level subsidy allocation problem within 

a 20-year planning horizon by considering numerous practical factors, including PC price 

differences, offshore market competition, annual subsidy budgets, and the maximum site 
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coverage and plot rate of candidate LPFs. To the best of our knowledge, it represents the 

first attempt at developing a tri-level subsidy allocation plan and conducting a real-life 

case study to validate the effectiveness of the models and algorithm, making the proposed 

methodology more applicable to a real-life environment. 

 

4.4 PROBLEM FORMULATION  

4.4.1 Problem description 

Consider a region with one government, multiple manufacturers, and multiple contractors. 

Decisions of the three parties, i.e., government subsidies, manufacturer investment, and 

contractor procurement, are mutually dependent, as shown in Figure 4-2.  

 

 

Figure 4-2: Tri-level governmentïmanufacturerïcontractor subsidy problem 

 

The prefabrication subsidy problem investigated in this chapter fully captures the tri-level 

interactions between the three parties. Specifically, the government aims to formulate a 
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subsidy allocation plan for establishing LPFs (the highest-level model) in order to achieve 

its goals of maximizing the use of local PCs and minimizing the emissions of transporting 

PCs from PFs to construction sites while anticipating the responses of both manufacturers 

and contractors. Manufacturers react to the government decision and make LPF decisions 

(the middle-level model) to maximize their profits from selling PCs to contractors while 

anticipating the response of contractors (the lowest-level model). Finally, contractorôs PC 

procurement decisions will affect governmentôs objectives and thereby the solution to the 

highest-level problem. The decisions are sequentially executed with all decision entities 

seeking to optimize their own objectives and no decision entity can improve its objective 

by unilaterally changing its decisions. The tri-level programming model proposed in this 

chapter will objectively examine the complicated interactions between three stakeholders, 

thereby identifying an optimal subsidy plan for LPF deployment. 

 

Consider a government that plans to provide subsidies to manufacturers, with objectives 

of developing a local PC market and reducing the carbon emissions associated with PC 

transportation, in a planning horizon of Ὕ years (indexed by ὸ). There are ὑ candidate 

locations for establishing LPFs and ὑ already established out-of-town PFs (indexed by 

Ὧ). All the notation used throughout this chapter is listed as follows. 

 

Indices 

ὸ index for year 

ό index for PC type 

Ὧ index for site location of LPFs and out-of-town PFs 

Ὦ index for project 



 

Chapter 4: Optimization of Tri-level Prefabrication Subsidy Plan 70 

Parameters 

Ὕ planning horizon (year) 

Ὗ the number of PC types 

ὑ the number of candidate site locations for LPFs 

ὑ the number of out-of-town PFs 

ὄ the government budget in year ὸ ($) 

ὐ the number of projects in year ὸ 

ὗ  the quantity of PCs of type ό required by project Ὦ in year ὸ (ton) 

– floor area ratio at location Ὧ 

ὃ  maximum site coverage area at location Ὧ 

ὖ  
the selling price of PCs of type ό produced by the out-of-town PF at location 

Ὧ in year ὸ ($/ton) 

ὡ annual production capacity of a unit floor area (ton/m2) 

ὧ  
the unit production cost of PCs of type ό produced by the LPF at location Ὧ 

in year ὸ ($/ton) 

”  the rental cost of a unit floor area of the LPF at location Ὧ in year ὸ ($/m2) 

”  
the construction cost of a unit land area of the LPF at location Ὧ in year ὸ 

($/m2) 

Ὠ  
the unit transportation cost of PCs from the LPF at location Ὧ to project Ὦ in 

year ὸ ($/ton) 

Ὀ  
the unit transportation cost of PCs from the out-of-town PF at location Ὧ to 

project Ὦ in year ὸ ($/ton) 

Ὡ  
the amount of CO2 emitted by transporting one ton of PCs from the LPF at 

location Ὧ to project Ὦ (kg/ton) 

Ὡ 
the amount of CO2 emitted by transporting the raw materials to produce one 

ton of PCs from out-of-town material factory to LPF at location Ὧ (kg/ton) 

Ὁ  
the amount of CO2 emitted by transporting one ton of PCs from the out-of-

town PF at location Ὧ to project Ὦ (kg/ton) 
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Decision variables 

ὥ  the incremental land area of the LPF at location Ὧ in year ὸ (m2) 

ὴ  the price of PCs of type ό produced by the LPF at location Ὧ in year ὸ ($/ton) 

ὼ  
the quantity of PCs of type ό that project Ὦ purchases from the LPF at 

location Ὧ in year ὸ (ton) 

ώ  
the quantity of PCs of type ό that project Ὦ purchases from the out-of-town 

PF at location Ὧ in year ὸ (ton) 

ί  
the unit subsidy price for the PCs of type ό produced by the LPF at location 

Ὧ in year ὸ ($/ton) 

 

From the perspective of the government, the subsidy plan for the establishment of LPFs 

is to be determined to maximize the total amount of PCs used in construction projects and 

to minimize the total amount of transport carbon emissions. The number of types of PCs 

subsidized by the government is Ὗ (indexed by ό). In each year ὸ, the government decides 

the unit subsidy price for PCs of type ό produced by the LPF at location Ὧ (denoted by 

ί , $/ton), but the total amount of subsidies offered by the government in year ὸ cannot 

exceed the budget of year ὸ (denoted by ὄ, $). 

 

From the perspective of the manufacturers, the deployment of the new LPFs and the unit 

price of PCs of each type are to be determined to maximize their total profits. The floor 

area ratio and maximum site coverage area of the LPF at location Ὧ ρȟȣȟὑ are known 

as – and ὃ , respectively. First, the manufacturers decide whether to establish an LPF at 

location Ὧ in year ὸ, and further decide the incremental land area of the LPF at location Ὧ 

in year ὸ ὸȟὸ ρȟȣȟὝ (denoted by ὥ ). The total land area of the LPF at location Ὧ 

in year ὸ cannot exceed the maximum site coverage area, i.e., В ὥ ὃ . As LPFs 

are multi-storey, the floor area of the LPF at location Ὧ in year ὸ is В –ὥ . The 
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annual production capacity of a unit floor area is denoted as ὡ  (ton/m2), and the 

production capacity of an LPF at location Ὧ in year ὸ is thus equal to В ὡ–ὥ . The 

establishment, expansion, and operation of LPFs incur (i) land rental, (ii) construction 

costs, and (iii) direct production costs. To be specific, the total land rental cost that the 

manufacturers need to pay for the LFP at location Ὧ over the planning horizon is 

” ὥ ” В ὥ Ễ ” В ὥ В В ” ὥ , where ”  is the 

rental cost of a unit floor area of the LPF at location Ὧ in year ὸ and increases annually. 

The total construction cost that the manufacturers need to pay is a one-off construction 

cost expressed as – ” ὥ ” ὥ Ễ ” ὥ –В ” ὥ , where ”  is 

the construction cost of a unit land area of the LPF at location Ὧ in year ὸ. The unit 

production cost of PCs of type ό produced by the LPF at location Ὧ in year ὸ is ὧ . The 

manufacturers then decide the selling price of PCs of type ό produced by the out-of-town 

PF at location Ὧ in year ὸ (denoted by ὴ , $/ton). 

 

From the perspective of the contractors, the quantity of PCs purchased from the LPF and 

out-of-town PFs is to be determined to minimize their total costs. In year ὸ, contractors 

have ὐ projects (indexed by Ὦ), and the quantity of PCs of type ό required by project Ὦ is 

ὗ  (ton). In year ὸ, the contractors choose to purchase PCs from the established LPFs 

or the out-of-town PFs. The selling price of PCs of type ό produced by the out-of-town 

PF at location Ὧ ὑ ρȟȣȟὑ ὑ is ὖ  ($/ton). The unit cost and carbon emission 

of transporting one ton of PCs from the LPF at location Ὧ and PF at location Ὧ to project 

Ὦ in year ὸ are Ὠ  and Ὀ , Ὡ  and Ὁ , respectively. Note that Ὡ is also defined to 

indicate the transport emission of raw materials used to produce one ton of PCs from the 

out-of-town material factory to LPF at location Ὧ. In year ὸ, contractors determine the 
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quantity of PCs of type ό that project Ὦ purchases from the LPF at location Ὧ (denoted by 

ὼ ) and the out-of-town PF at location Ὧ (denoted by ώ ).  

 

4.4.2 Model formulation  

The following tri-level interactions between government, manufacturers, and contractors 

should be reflected in the established mathematical model. First, the subsidy provided by 

the government impacts the manufacturersô decisions regarding the LPF establishment 

and expansion and the unit selling price of local PCs. Second, manufacturersô decisions 

further influence the contractorsô choice of PCs produced by LPFs and out-of-town PFs. 

Finally, contractorsô decisions in turn influence the governmentôs decision regarding the 

subsidy price for local PCs per ton. According to the tri-level interactions and notation 

defined in the previous section, the objectives, decisions, and constraints of government, 

manufacturers, and contractors are formulated into the following mathematical models 

[G], [M], and [C], respectively: 

 

[G]   

ừ
Ử
Ừ

Ử
ứ ÍÁØВ В В В ὼᶻ

    

ÍÉÎВ В В В Ὡ Ὡ ὼᶻ В Ὁ ώᶻ

      

    (4-1) 

s.t.  В В В ὼᶻ ί ὄȟὸ ρȟȣȟὝ             (4-2) 

   π ί ὧ ȟό ρȟȣȟὟȟὯ ρȟȣȟὑȟὸ ρȟȣȟὝ.        (4-3) 

 

Objective function (4-1) indicates the two objectives of the government, i.e., maximizing 

the quantity of local PCs used by the contractors and minimizing the amount of carbon 

emissions associated with the transportation of PCs. Note that ὼᶻ  and ώᶻ  are the 

optimal values of ὼ  and ώ  of [C], respectively. Constraints (4-2) guarantee that 
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the total subsidies offered by the government within 20 years cannot exceed the subsidy 

budget. Constraints (4-3) define the domains of variable ί .   

 

[M]   ÍÁØВ В В В ὴ ί ὼᶻ В ” ὥ

  

–” ὥ
 

В В ὧ ὼᶻ

  

                  (4-4) 

s.t.  В ὥ ὃȟὯ ρȟȣȟὑȟὸ ρȟȣȟὝ              (4-5) 

   ὥ ȟὴ πȟὯ ρȟȣȟὑȟὸ ρȟȣȟὝȟό ρȟȣȟὟ.          (4-6) 

 

Objective function (4-4) indicates that manufacturers aim to maximize their total profits, 

where ὼᶻ  and ώᶻ  are the optimal values of ὼ  and ώ  of [C], respectively. 

Here, it is assumed that all manufacturers aim to maximize the total profits instead of their 

own profits, as this better reflects reality, as maximizing individual profits will lead to a 

zero-profit condition for manufacturers (Adida and DeMiguel, 2011). Constraints (4-5) 

ensure that the area of each established LPF cannot exceed its maximum site coverage 

area. Constraints (4-6) define the domains of variables ὥ  and ὴ . 

 

[C]   ÍÉÎВ В В В ὴ Ὠ ὼ

    

В ὖ Ὀ ώ

   out-of-town 

 

                                 (4-7) 

s.t.  В В ὼ В ὡ–ὥ ȟὯ ρȟȣȟὑȟὸ ρȟȣȟὝ      (4-8) 

   В ὼ В ώ ὗ ȟὸ ρȟȣȟὝȟὮ ρȟȣȟὐȟό ρȟȣȟὟ (4-9) 

   ὼ πȟό ρȟȣȟὟȟὯ ρȟȣȟὑȟὮ ρȟȣȟὐȟὸ ρȟȣȟὝ       (4-10) 

   ώ πȟό ρȟȣȟὟȟὯ ὑ ρȟȣȟὑ ὑȟὮ ρȟȣȟὐȟὸ ρȟȣȟὝ.   (4-11) 
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Objective function (4-7) indicates that contractors aim to minimize their total costs 

instead of their own costs. This assumption has little effect on government concerns (less 

than a 1% error) but significantly improves the tractability of the model (Yi et al., 2021a). 

Constraints (4-8) impose that the quantity of PCs purchased from each local LPF in each 

year should be no greater than the maximum annual production capacity of the LPF. 

Constraints (4-9) and (4-10) define the domains of variables ὼ  and ώ , respectively. 

 

4.5 ALGORITHM DESIGN  

To implement an effective solution method, this section first analyzes the complexity of 

the government subsidy allocation problem. The proposed tri-level programming model 

involves the decisions, constraints, and objectives of three interactive entities, and such a 

hierarchical structure, where one optimization problem is embedded in another, greatly 

increases the problem complexity. In this study, the tri-level model is composed of three 

hierarchical optimization problems, where the lowest-level model [C] (i.e., the 

contractorsô decision model) is nested within the middle-level model [M] (i.e., the 

manufacturersô decision model) as its constraints and the middle-level model [M] is also 

nested within the highest model [G] (i.e., the governmentôs decision model) as its 

constraints. It is well recognized that problem complexity substantially increases when a 

decision model incorporates more than two levels (Blair, 1992). The investigated problem 

features a tri-level structure, which is one of the most challenging decision-making 

structures (Zhang et al., 2015). 

 

At the highest level, model [G] is bi-objective, where the first objective function (denoted 

by Ὂ) is non-concave and discontinuous. At the lower two levels, models [M] and [C] 

constitute a bi-level linear programming problem, which was proven to be generally NP-
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hard (Ben-Ayed and Blair, 1990). The non-concavity and discontinuity of objective 

function Ὂ in model [G] and the NP-hardness of models [M] and [C] demonstrate the 

complexity of the investigated problem. 

 

Proposition 1: Objective function Ὂ of model [G] is non-concave and discontinuous. 

Proof: We construct the following case: there are two candidate LPFs (LPF 1 and LPF 2) 

and one out-of-town PF (PF 1). The total costs for producing one ton of PCs (including 

factory construction costs, land rentals, and PC production costs) for the two LPFs are 

1.99 per ton. The unit selling price of PCs produced by the out-of-town PF is 0.5 per ton. 

There are two local contractors (contractor 1 and contractor 2), and both contractors 

require 100 tons of ton PCs. For contractor 1, the unit transportation cost from PF 1 to 

site, from LPF 1 to site, and from LPF 2 to site is 1, 0.49, and Њ, respectively. For 

contractor 2, the unit transportation cost from PF 1 to site, from LPF 1 to site, and from 

LPF 2 to site is 1, Њ, and 0.49, respectively. The government has a budget of 100 used 

to subsidize the LPFs. Denote the unit subsidy price offered to LPFs 1 and 2 as ί and ί, 

respectively. There are three subsidy allocation plans. (i) If the government offers 

subsidies to LPF 1 with a unit subsidy price of 1 per ton, then LPF 1 will set the selling 

price to 1 per ton (otherwise it is not profitable). The total amount of PCs produced by 

LPFs and used by local contractors (i.e., the value of objective 1) will be 100 tons, and 

the total subsidies required by LPF 1 will be ρ ρππρππ. As the total budget is 100, 

the government will not have additional subsidies offered to LPF 2 and thus LPF 2 will 

not be established. Thus, when ί ρ and ί π, we have Ὂ ίȟί ρππ. (ii ) If the 

government offers subsidies to LPF 2 with a unit subsidy price of 1 per ton, similarly, 

LPF 2 will set the selling price to 1 per ton, the value of objective 1 and the total subsidies 

required will be 100, and LPF 1 will not be established. Thus, when ί π and ί ρ, 
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we have Ὂ ίȟί ρππ. (iii ) If the government offers subsidies to both LPFs with a 

unit subsidy price of less than 1 per ton, both LPFs will not be established and the value 

of objective 1 will be 0. Thus, when ί ί ρ and ίȟί ρ, we have Ὂ ίȟί π. 

The graph of objective function Ὂ in the above example is provided by Figure 4-3, which 

clearly shows its non-concavity and discontinuity. ƴ 

 

 

Figure 4-3: Graph of objective function Ὂ of model [G] 

 

To efficiently solve the complicated tri-level optimization problem, a tailored PSO-based 

solution method is proposed. PSO was first introduced by Kennedy and Eberhart (1995) 

and has been widely used to solve large-scale optimization problems derived from real-

life scenarios (Behnamian, 2017; Shavarani et al., 2020; Wang et al., 2024a). 

 

A PSO-based framework is proposed, where particles are generated and used to iteratively 

search for the highest- and middle- level variables (i.e., decisions made by the government 

and manufacturers). The lowest-level variables (i.e., decisions made by the contractors) 

are then solved using an off-the-shelf commercial solver, i.e., CPLEX. The algorithmic 

framework is depicted in Figure 4-4. 
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Figure 4-4: Algorithmic framework of the proposed PSO-based heuristics 

 

The first step is setting PSO parameters. In this study, the number of inner iterations Ὃ 

(indexed by Ὣ) and the number of outer iterations ὋӶ (indexed by ὫӶ) are three and five, 

respectively, giving a maximum number of 15 iterations in total. The number of particles 

Ὅ (indexed by Ὥ) is 25, and each particle contains two types of position information. The 

first type corresponds to the values of variable ί  and the second type corresponds to 

the values of variables ὥ  and ὴ . Specifically, in each outerïinner iteration, there are 

five possible values of variable ί  (searched by outer iteration), and for each value of 

ί , there are five groups of possible values of variables ὥ  and ὴ  (searched by inner 

iteration). The learning factors ὧ and ὧ are equal to 0.638. The inertia weights in inner 

and outer iterations (denoted by ύ  and ύ , respectively) are calculated using Eqs. (4-

12) and (4-13) as follows: 
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 ύ ύ ύ ύ ,         (4-12) 

 ύ ύ ύ
Ӷ

Ӷ
ύ ,         (4-13) 

 

where ύ  and ύ  are the maximum and minimum values of ύ  and ύ , set to 1 and 

0.6, respectively.  

 

The second step is initializing the particle swarm. A total of 25 particles (i.e., Ὥ = 1, é, 

25) are used to search for the decisions in the highest and middle levels. The velocities of 

particle Ὥ in inner iteration Ὣ and outer iteration ὫӶ are denoted by ὺ  and ὺӶ, respectively, 

and the positions are denoted by ὼ  and ὼӶ, respectively. ὼ  corresponds to possible 

values of variables ὥ  and ὴ , and ὼӶ corresponds to possible values of variable ί . 

For each particle Ὥ, we let ὺ ὺӶ π, ὼӶ is randomly generated, and ὼ is generated 

using CPLEX. Specifically, we use CPLEX to solve a new model with Constraints (4-5), 

(4-6), and (4-8)ï(4-11) whose objective is equal to Objective function (4-4) minus 

Objective function (4-7). The optimal solution to this new model is used to initialize ὼ. 

 

The third step is conducting the outerïinner iterations. For each value of variable ί , 

the outer iterations are performed according to the pseudocode (Algorithm 4-1). In each 

outer iteration, there are five groups of possible values of variables ὥ  and ὴ , and for 

each group of values of ὥ  and ὴ , the inner iterations are performed according to the 

pseudocode (Algorithm 4-2). 
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Algorithm 4-1: Outer iterations 

Step 1 (Perform inner iterations). For each value of variable ί , perform inner 

iterations (Algorithm 4-2). 

Step 2 (Determine the best and update the particles). Update the personal best and 

the global best of each particle according to Objective function (4-1). As Objective 

function (4-1) involves two objectives of the government, we find solutions with the 

maximum amount of local PC used (i.e., the first objective of the government), and the 

one with the minimum amount of transport emissions (i.e., the second objective of the 

government) is regarded as the optimal solution. Then, we update the velocity and 

speed of the particles. The velocity of particle Ὥ in the next outer iteration ὫӶρ is 

calculated as follows: 

ὺӶ ύ ὺ ὧὶὴὦὩίὸὼ ὧὶὫὦὩίὸὼ ȟ 

and the outer position of particle Ὥ (the values of variable ί ) in the next outer 

iteration ὫӶρ is calculated as follows: 

ὼӶ ὼ ὺ Ȣ 

Step 3 (Terminate the outer iterations). Steps 1 and 2 are repeated until the number 

of outer iterations is ὋӶ. The outer iterations terminate. The obtained results are output. 

 

Algorithm 4-2: Inner iterations 

Step 1 (Check the feasibility of the middle-level model). If Constraints (4-5) cannot 

be satisfied (i.e., the total area constructed exceeds the maximum site coverage area), 

then go to Step 4. 
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Step 2 (Solve the lowest-level model). We apply the CPLEX to solve for the optimal 

solution to variables ὼ  and ώ  in the lowest level, which is then used to update 

parameters ὼᶻ  and ώᶻ  in the two upper-level models. 

Step 3 (Check the feasibility of the highest-level model). If Constraints (4-2) cannot 

be satisfied (i.e., the annual subsidy provided by the government exceeds the annual 

subsidy budget), go to Step 4; otherwise, go to Step 5. 

Step 4 (Randomize the infeasible particles). A new group of values of variables ὥ  

and ὴ  is randomly generated. Go to Step 1. 

Step 5 (Calculate the objectives of the upper two models). We calculate the two 

objectives of the highest-level model and one objective of the middle-level model. 

Steps 1ï5 are repeated until the objective values of the five feasible groups of values 

of variables ὥ  and ὴ  for each value of variable ί  are obtained.  

Step 6 (Determine the best and update the particles). Determine the personal best 

of each particle Ὥ as ὴὦὩίὸ and the global best of the swarm as ὫὦὩίὸ according to 

Objective function (4-4). We update the velocity and speed of the particles. The 

velocity of particle Ὥ in the next inner iteration Ὣ ρ is calculated as follows: 

ὺ ύ ὺ ὧὶὴὦὩίὸὼ ὧὶὫὦὩίὸὼ ȟ 

and the inner position of particle Ὥ (the values of variables ὥ  and ὴ ) in the next 

inner iteration Ὣ ρ is calculated as follows: 

ὼ ὼ ὺ ȟ 

where ὶ and ὶ are uniformly distributed random values in the range (0, 1). 

Step 7 (Terminate the inner iterations). Steps 1ï6 are repeated until the number of 

inner iterations is Ὃ and the inner iterations terminate. 

 



 

Chapter 4: Optimization of Tri-level Prefabrication Subsidy Plan 82 

4.6 EXPERIMENT AL VALIDATION  

After presenting the problem description and solution method, we then use the data of 

Hong Kong to demonstrate how to design a tri-level subsidy allocation plan concerning 

the government, manufacturers, and contractors and thus achieve a win-win situation for 

all three parties. The operating period of LPFs in Hong Kong is usually 20 years (CIC, 

Hong Kong, 2018), and a planning horizon of 20 years (i.e., Ὕ ςπ) is thus considered. 

The years 2024 and 2043 are assumed to be the start and end years of the planning horizon 

(i.e., ὸ ρ for 2024 and ὸ ςπ for 2043), respectively. According to the 2022/2023 

budget, the Hong Kong government plans to allocate a total of HK$2.2 billion as CITF 

to encourage the adoption of innovative construction methods and the development of 

construction manpower (CITF, Hong Kong, 2023). It is assumed that half of the CITF 

can be used for subsidies. The annual subsidy budget over the planning horizon can be 

then calculated using the inflation rate in Hong Kong, i.e., 3% per annum (CIC, Hong 

Kong, 2018). 

 

4.6.1 Data collection 

Two main data sources are collected to support the designed case study. First, official 

documents related to the PC demand, potential LPFs, and out-of-town PC prices are 

collected and listed in Table 4-1. Second, extensive literature provides supplementary 

information. The collected documents and publications complement each other and 

provide rich realistic data for the case study. 
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Table 4-1: The list of all collected official documents 

No. Name of the official documents Related inputs 

1 

Public Housing Production Forecast of Housing Authority 

and the Hong Kong Housing Society (HS) 
ὐ, ὗ  

2 Monthly Digest ὐ, ὗ  

3 

Potential Utilization of Prefabrication Yards and 

Prefabricated Components in Hong Kong, Feasibility Report 

ὗ , ὑ, –, ” , 

” , ὧ , ὡ 

4 Price Information of Construction Materials in Guangzhou ὑ, ὖ  

5 Price Information of Construction Materials in Foshan ὑ, ὖ  

6 Price Information of Construction Materials in Dongguan ὑ, ὖ  

7 Price Information of Construction Materials in Shantou ὑ, ὖ  

Notes: The data sources are listed as follows. 

1 https://www.hb.gov.hk/eng/publications/housing/public/phpf/index.html, accessed in Mar. 2024 

2 https://www.bd.gov.hk/en/whats-new/monthly-digests/index.html, accessed in Mar. 2024 

3 https://www.cic.hk/eng/main/aboutcic/publications/report/, accessed in Mar. 2024 

4 http://zfcj.gz.gov.cn/zwgk/zsdwxxgkzl/jsgczjglz/index_2.html, accessed in Mar. 2024 

5 http://fszj.foshan.gov.cn/ywxt/jsgczjfwzx/zwzt_1110045/lxyzzt/index.html, accessed in Mar. 2024 

6 http://zjj.dg.gov.cn/zjj/ztzl/zjxx/, accessed in Mar. 2024 

7 http://www.stgczj.com/NewList_jg.aspx?sid=4&diqu=5, accessed in Mar. 2024 

 

Data related to PC demand 

The data related to parameters Ὗ, ὐ, and ὗ  are then introduced. This study considers 

the precast composite slabs, prefabricated wall panels, precast staircases, and precast 

balconies, as they are four types of PC widely used in practice, i.e., Ὗ τ. According to 

CIC (2018), the potential LPFs in Hong Kong, constrained by the site scales, can only 

manufacture PCs for residential buildings that do not require large components. Therefore, 
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the case study mainly focuses on the PC demand of the above four types for residential 

buildings in both public housing and private housing projects. 

 

(a) Public housing: Annually, HA and HS of Hong Kong release information on public 

housing construction programs in the next five years, including the project title, site 

location, and estimated number of flats. The number of public housing projects from 

2024/2025 to 2027/2028 is publicly available. For the following years (from 2028/2029 

to 2043/2044), we estimate that: 

(i) The number of projects in each year is the average of the previous five years;  

(ii ) The district distribution of the projects in each year is the same as that in the previous 

five years; and  

(iii ) The number of flats in each project in each year is the number of flats in a random 

project in the previous five years.  

 

Note that the values of the above three data types for 2028/2029 are the average of the 

previous four years. For example, if the previous five years have 10, 14, 12, 18, and 11 

projects, this year has 13 projects; if the district distribution of the previous 65 projects is 

20 in district A, 20 in district B, and 25 in district C, the three districts have 4, 4, and 5 

projects this year. Moreover, the number of flats in each of the 13 projects is the same as 

that of one project randomly selected from the 65 projects. After determining the number 

of flats in each project through random sampling, the number is multiplied by a factor 

that makes the average number of flats per project in this year equal to the average number 

of flats per project for the previous five years. Given the above information, we can 

further estimate the annual PC demand. As the semi-prefabrication construction method 

is adopted for all public housing units in Hong Kong and the average volume of PCs in 
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public housing projects is 25.063 tons/flat (CIC, Hong Kong, 2018), the quantity of PCs 

required by each public housing project is equal to the product of 25.063 and the number 

of flats. We then assume that each project has the same demand for each type of PC. The 

annual quantity of PCs of each type required by each public housing project can be 

calculated using Eq. (4-14). Refer to Appendix A1 for the statistics.  

 

 ὗ

Ȣ Ȣ 
ȟ          ÉÆ Ὦ ÉÓ Á ÐÕÂÌÉÃ ÈÏÕÓÉÎÇ ÐÒÏÊÅÃÔ

 
Ϸ Ϸ Ȣ

ȟ      ÉÆ Ὦ ÉÓ Á ÐÒÉÖÁÔÅ ÈÏÕÓÉÎÇ ÐÒÏÊÅÃÔ
,   (4-14) 

 

(b) Private housing: Monthly, BD of Hong Kong releases information on approved new 

buildings, including the site location, building type, number of blocks, number of stories, 

and GFA. The number of private housing projects approved from January to October 

2022 is publicly available. For the years from 2024/2025 to 2043/2044, similarly to the 

approach applied to public housing, we estimate that:  

(i) The number of private projects in each month is the average number of the previous 

five months;  

(ii ) The district distribution of the private projects in each month is the same as that in the 

previous five months; and  

(iii ) The GFA in each private project in each month is the GFA in a random project in the 

previous five months.  

 

After determining the GFA in each private project through random sampling, the GFA is 

multiplied by a factor that makes the average GFA per project in this year equal to the 

average GFA per project for the previous five years. Also, as the semi-prefabrication 

construction method is adopted for approximately 55% of private residential units in 
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Hong Kong and the PC adoption rate in private housing projects is 1% (CIC, Hong Kong, 

2018), the demand for PCs in each private housing project can be estimated using the 

conversion rate of area (m2) to weight (ton). Specifically, the ratio of the area of housing 

in square meters to the volume of PCs in cubic meters is 1 m2:3.3 m3, and the density of 

reinforced concrete is 2.45 tons/m3 (CIC, Hong Kong, 2018). Therefore, the conversion 

rate of area (m2) to weight (ton) is 1 m2:8.085 ton. It is then assumed that each project has 

the same demand for each type of PC. The annual quantity of PCs of each type required 

by each private housing project can be calculated using Eq. (4-14). Refer to Appendix A2 

for the statistics. 

 

With both public and private housing project information, the annual number of projects 

and the annual demand for PCs of each type over the 20-year planning horizon can be 

obtained through summation. 

 

Data related to LPFs and out-of-town PFs 

We then introduce the data related to parameters ὑ, ὑ, –, ὃ , ” , ” , ὧ , ὡ, and 

ὖ . Eight candidate sites located in Yuen Long and Tuen Mun are selected for LPFs 

(CIC, Hong Kong, 2018), and four PFs in Guangzhou, Foshan, Dongguan, and Shantou 

within the Guangdong-Hong Kong-Macao Greater Bay Area are selected for out-of-town 

PFs. Thus, we have ὑ ψ and ὑ τ. 

 

(a) Potential LPFs: There are eight candidate sites for LPFs in Yuen Long and Tuen Mun 

(CIC, Hong Kong, 2018). Figure 4-5 shows the geographic locations of these sites. CIC 

(2018) also released detailed information on building height restrictions, plot ratios (–), 

and maximum coverage areas (ὃ ) (see Appendix A3) and provided an LPF economic 
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feasibility analysis model, including the three types of costs paid by the manufacturers of 

LPFs. Although the reported costs were based on 2018 prices, we can estimate the costs 

at the planning horizon using the approach suggested by the CIC (2018).  

 

 

Figure 4-5: Geographic locations of the eight candidate LPFs in Hong Kong 

 

First, the monthly land rental costs of LPFs in Tuen Mun ranged from 10 to 15 HK$/ft2 

in 2018, i.e., 135 HK$/m2 on average. According to the growth rate of land rental costs 

in Hong Kong (i.e., 2% per annum), the land rental costs of LPFs will be 152 HK$/m2 per 

month (i.e., an annual rental of 1,824 HK$/m2) in 2024. As all the candidate sites for LPFs 

are in the suburbs of Hong Kong, we assume the same annual land rental cost for all sites, 

which is calculated using Eq. (4-15) as follows: 

 ” ρψςτρ ςϷ .          (4-15) 
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Second, the construction cost of a unit land area of the LPFs was 16,550 HK$/m2 in 2018. 

According to the inflation rate in Hong Kong, we assume that this price will increase to 

19,762 HK$/m2 in 2024. The construction cost per unit land area of the LPF at location 

Ὧ in year ὸ is calculated using Eq. (4-16) as follows: 

 ” ρωχφςρ σϷ .          (4-16) 

 

Third, the average production cost of PCs produced by LPFs was 2,000ï4,000 HK$/ton 

in 2018. According to the inflation rate in Hong Kong, the average unit production cost 

will be 2,388ï4,776 HK$/ton in 2024. We assume that (i) the eight LPF sites have the 

same production cost of PCs of each type, and (ii ) the unit production costs of the four 

types of PC (i.e., precast composite slabs, prefabricated wall panels, precast staircases, 

and precast balconies) will be 2,800, 3,000, 3,500, and 4,500 HK$/ton, respectively, in 

2024. The unit production cost of PCs of type ό made by LPF Ὧ in year ὸ is calculated 

using Eq. (4-17) as follows: 

 ὧ ὧ ρ σϷ ,          (4-17) 

where ὧ  is the unit production cost of PCs of type ό produced by LPF Ὧ in the year 

2024. Additionally, the annual production capacity of a unit floor area is set to an 

observed value for Singapore, i.e., ὡ ωȢω tons/m2 (CIC, Hong Kong, 2018). 

 

(b) Out-of-town PFs: Here, four out-of-town PFs located in the Guangdong-Hong Kong-

Macao Greater Bay Area are considered. Figure 4-6 shows the geographic locations of 

the out-of-town PFs. Monthly or quarterly, the price information of construction materials 

is published online by the municipal bureaus of Housing & Urban-Rural Construction in 

the Greater Bay Area. The selling prices of each type of PC in Guangzhou, Foshan, 

Dongguan, and Shantou in each month of 2022 were collected and used to calculate the 



 

Chapter 4: Optimization of Tri-level Prefabrication Subsidy Plan 89 

average selling price of each type of PC in these four cities in 2022. Note that the collected 

data are in units of CNY/m3 and need to be converted to HKD/ton. Specifically, one cubic 

meter of PCs is 2.4 tons (Lu and Yuan, 2013) and the exchange rate is 1 CNY1.2 HKD. 

Based on the above conversion rates and the inflation rate in Hong Kong, the selling price 

of PCs of type ό at PF Ὧ in year ὸ (i.e., ὖ ) can be calculated. Refer to Appendix A4 for 

the statistics. 

 

 

Figure 4-6: Geographic locations of the four out-of-town PFs in the Greater Bay Area 

 

Data related to PC transportation 

Here we introduce the data related to parameters Ὠ , Ὀ , Ὡ , and Ὁ . According to 

the central locations of the districts where the projects are located (see Appendices A1 

and A2), the site locations of the eight candidate LPFs (see Appendix A3), and the central 

locations of the four cities where the out-of-town PFs are located, the travel distances 

between the project sites and LPFs and between the project sites and PFs are identified 

using the route planning API of the online navigation platform Amap2. 

 

 
2 https://lbs.amap.com/api/webservice/guide/api/direction 
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(a) Transportation costs: Transporting one ton of PCs costs 1.07 HK$/km (Xu et al., 

2019; Yi et al., 2021a). The unit transportation cost is assumed 1.2 HK$/(tonϽkm) in 2024 

and will increase annually at an inflation rate of 3% through to the planning horizon. Ὠ  

and Ὀ  are calculated by multiplying the unit transportation cost by the travel distances. 

 

(b) Transportation emissions: Transporting one ton of PCs emits 0.129 kg/km CO2 

(Zhang et al., 2023). Ὡ  and Ὁ  can be calculated by multiplying 0.129 by the travel 

distances. Note that Ὡ is set to 0 in the Hong Kong case because (i) the transportation of 

raw materials has an approximate 60% reduction in carbon emissions compared with PC 

transportation (Wong and Tong, 2012; Kong et al., 2020), and (ii ) eight candidate LPFs 

are all located in the northern suburbs of Hong Kong (refer to Appendix A3 for addresses). 

These indicate that the transportation of raw materials generates trivial emissions within 

the territory of Hong Kong. 

 

4.6.2 Computational results 

After parameter setting using Hong Kong data collected from the official documents and 

literature, numerical experiments were conducted on a desktop computer equipped with 

2.40 GHz of Intel Core i9 CPU and 64 GB of RAM. All models and the solution method 

proposed in this study were implemented in CPLEX 12.7.1 (Visual Studio 2022, C#). 

 

Results of a no-subsidy scenario 

First, we conduct the case study in a no-subsidy scenario. To this end, all values of 

variable ί  are set to zero to obtain the optimal decisions of the manufacturers and 

contractors. In this case, the computational time is less than 10 sec. In the 20-year horizon 

from 2024/2025 to 2043/2044, the total amount of local PCs used by the contractors is 0 
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tons (the first objective of the highest level), and the total amount of carbon emissions by 

transporting all PCs is 428,900,719 kg CO2 (the second objective of the highest level). 

The total profits of the local manufacturers and the total costs of the contractors are HK$0 

and HK$70,163,772,985 (the objectives of the middle and lowest levels), respectively.  

 

Figure 4-7 shows the amount of PCs of each type that contractors purchase from out-of-

town PFs when no government subsidies are offered. Note that all distances in Figure 4-

7 refer to the travel distances between the center of a city and the center of Hong Kong. 

It is seen that: (i) when the government does not offer subsidies, the manufacturers have 

no incentive to build LPFs owing to high set-up costs (i.e., land rental and construction 

costs); and (ii ) as no LPFs are established, contractors can only purchase offshore PCs, 

leading to high transport emissions. 

 

 

Figure 4-7: The total amount of PCs of each type that contractors purchase from each 

out-of-town PF in the 20-year horizon without government subsidies 
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The obtained results confirm the current dilemma of PC supply in Hong Kong. According 

to the expert interviews conducted by the CIC (2017a), high land cost is the greatest 

deterrent to the establishment of LPFs in Hong Kong. Although 88% of the interviewed 

contractors stated that they would embrace the locally produced PCs, high land rental 

costs discourage the development of LPFs owing to the extremely long time of investment 

return. Additionally, PC manufacturers need to make considerable financial and resource 

commitments, making it more difficult to find LPF investors (Development Bureau, Hong 

Kong, 2015). Therefore, to support the development of a PC supply market in Hong Kong, 

the government is recommended to provide sufficient subsidies to local manufacturers to 

offset the land rental and operating costs of LPFs. 

 

Results of a with-subsidy scenario 

Next, we conduct the case study in which government subsidies are provided within the 

annual budget. In this case, the computational time is less than 10 min. In the 20-year 

horizon from 2024/2025 to 2043/2044, the total amount of local PCs used by the 

contractors is 7,471,020 tons (the first objective of the highest level), and the total amount 

of carbon emissions by transporting all PCs is 314,663,596 kg CO2 (the second objective 

of the highest level). The total profits of local manufacturers and the total costs of the 

contractors are HK$1,337,903,335 and HK$62,351,785,754 (the objectives of the middle 

and lowest levels), respectively.  

 

Figure 4-8 shows the amount of PCs of each type that contractors purchase from out-of-

town PFs and LPFs when governmental subsidies are offered within budgets. Three out 

of eight candidate LPFs are constructed, but they do not occupy large areas owing to the 

high land rental costs. Prefabricated wall panels and precast balconies are the two main 
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types of PCs produced by the newly established LPFs. This is because the four out-of-

town PFs charge high prices for these two PC products. Therefore, LPFs should give 

priority to producing prefabricated wall panels and precast balconies and selling them at 

competitive prices making use of the government subsidies. 

 

 

Figure 4-8: The total amount of PCs of each type that contractors purchase from each 

out-of-town PF and each LPF in the 20-year horizon with government subsidies 

 

The detailed results are recorded in Tables 4-2 to 4-5. It can be seen that:  

(i) The average use rate of the annual government subsidy budget exceeds 80% (as shown 

in Table 4-2);  

(ii ) Three candidate LPFs are established in the first year when the construction cost is 

the lowest, and there is no expansion in subsequent years (as shown in Table 4-3);  

(iii ) The established LPFs do not occupy large areas but the manufacturers produce PCs 

at the maximum production capacity in each year (as shown in Tables 4-3 and 4-4); and  

(iv) For each type of PC, the sum of the average government subsidy (denoted by ίӶ ) 

and average selling price (denoted by ὴӶ ) is close to the average production cost 
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(denoted by ὧӶ ), indicating that subsidies play an important role in helping the 

manufacturers offset the high production cost and sell local PCs at competitive prices (as 

shown in Table 4-5).  

 

These observations highlight the significant effect of government subsidies on the 

manufacturersô decisions on whether to establish LPFs, the land areas of the established 

LPFs, and the selling prices of the produced PCs, further affecting the contractorsô 

decisions to use local PCs. 

 

Table 4-2: The annual budget, total amount, and use rate of subsidy in year ὸ 

ὸ 
ὄ (million 

HK$) 

ὄ (million 

HK$) 
Ὑ ὸ 

ὄ (million 

HK$) 

ὄ (million 

HK$) 
Ὑ 

1 1,167 1,127 97% 2 1,202 1,128 94% 

3 1,238 1,050 85% 4 1,275 1,086 85% 

5 1,313 1,195 91% 6 1,353 1,153 85% 

7 1,393 1,012 73% 8 1,435 1,245 87% 

9 1,478 1,044 71% 10 1,523 1,069 70% 

11 1,568 1,266 81% 12 1,615 1,067 66% 

13 1,664 1,654 99% 14 1,714 1,643 96% 

15 1,765 1,236 70% 16 1,818 1,172 64% 

17 1,873 1,482 79% 18 1,929 1,669 87% 

19 1,987 1,580 80% 20 2,046 1,536 75% 

Notes: (1) ὄ В В В ὼᶻ ί . (2) Ὑ ὄȾὄ. 
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Table 4-3: The annual incremental land area of LPFs (ὥ ) 

Ὧ ὸ ὥ  Ὑ  Ὧ ὸ ὥ  Ὑ  Ὧ ὸ ὥ  Ὑ  

1 1 5,916 21.1% 3 1 1,052 35.1% 7 1 1,428 0.4% 

Notes: (1) For any Ὧ and ὸ not listed in the table, ὥ π. (2) Ὑ В ὥ Ⱦὃ . 

 

Table 4-4: The subsidy price (ί ), selling price (ὴ ), and the total amount of PCs 

produced by LPFs and used by the contractors 

ὸ Ὧ ό В ὼ   ί  ὴ  ὸ Ὧ ό В ὼ   ί  ὴ  

1 1 4 175,703 3,157 1,328 1 3 2 98,924 2,357 1,081 

1 7 3 98,924 3,428 1,044 2 1 2 67,670 2,898 1,423 

2 1 3 108,033 2,591 1,275 2 3 4 98,924 4,590 1,185 

2 7 2 98,924 2,002 1,151 3 1 2 82,386 2,851 1,195 

3 1 3 93,317 3,206 1,100 3 3 2 16,538 2,560 1,171 

3 3 4 82,386 2,155 1,257 3 7 1 93,317 2,954 1,268 

3 7 3 5,607 3,584 1,270 4 1 1 175,703 2,244 1,118 

4 3 4 98,924 4,176 1,298 4 7 2 98,924 2,818 1,177 

5 1 4 175,703 3,689 1,348 5 3 1 98,924 2,229 1,184 

5 7 2 98,924 3,294 1,334 6 1 2 175,703 3,381 1,414 

6 3 3 98,924 2,270 1,197 6 7 3 98,924 3,376 1,205 

7 1 2 175,703 2,645 1,488 7 3 4 98,924 2,007 1,367 

7 7 2 98,924 3,526 1,435 8 1 2 175,703 3,646 1,650 

8 3 2 98,924 3,580 1,512 8 7 4 98,924 2,526 1,562 

9 1 3 175,703 3,334 1,314 9 3 2 98,924 2,084 1,513 

9 7 1 98,924 2,544 1,400 10 1 2 175,703 2,646 1,804 

10 3 4 98,924 2,319 1,716 10 7 2 98,924 3,792 1,498 
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ὸ Ὧ ό В ὼ   ί  ὴ  ὸ Ὧ ό В ὼ   ί  ὴ  

11 1 2 175,703 4,013 1,777 11 3 4 98,924 2,897 1,583 

11 7 4 98,924 2,774 1,554 12 1 2 170,777 2,386 1,677 

12 1 4 4,926 3,232 1,734 12 3 2 98,924 3,523 1,499 

12 7 2 98,924 2,987 1,676 13 1 3 175,703 4,035 1,485 

13 3 4 98,924 3,868 1,699 13 7 4 98,924 5,682 1,843 

14 1 4 175,703 5,605 1,701 14 3 2 98,924 3,418 1,790 

14 7 2 98,924 3,236 1,616 15 1 2 175,703 3,288 1,653 

15 3 4 98,924 4,400 1,831 15 7 1 86,705 2,293 1,702 

15 7 4 12,219 2,022 1,954 16 1 2 175,703 3,514 2,037 

16 3 2 98,924 3,106 1,904 16 7 1 4,928 4,004 1,737 

16 7 2 93,996 2,422 1,932 17 1 2 175,703 3,354 1,754 

17 3 4 98,924 6,215 1,916 17 7 4 98,924 2,804 1,974 

18 1 4 175,703 3,432 1,937 18 3 2 98,924 4,937 1,907 

18 7 4 98,924 5,841 2,067 19 1 2 175,703 4,579 2,299 

19 3 2 98,924 5,045 1,847 19 7 2 93,994 2,704 2,004 

19 7 4 4,930 4,514 2,091 20 1 2 175,703 5,142 2,389 

20 3 4 98,924 2,624 2,369 20 7 2 98,924 3,766 2,080 

Notes: For any ὸ, Ὧ, and ό not listed in the table, В ὼ π. 

 

Table 4-5: Average subsidy, selling price, and production cost of local PCs of type ό 

ό ίӶ  ὴӶ  ίӶ ὴӶ  ὧӶ  ό ίӶ  ὴӶ  ίӶ ὴӶ  ὧӶ  

1 2,711 1,402 4,113 4,129 2 3,297 1,646 4,943 4,083 

3 3,228 1,236 4,464 4,152 4 3,660 1,696 5,356 5,950 
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4.6.3 Sensitivity analysis 

The sensitivity analyses of two crucial parameters (ὄ and ὡ) are performed, as shown 

in Figure 4-9. 

 

  

(a) Impact of annual subsidy budget (b) Impact of production capacity 

Figure 4-9: Sensitivity analysis of parameters ὄ and ὡ 

 

(a) Sensitivity analysis of ║◄: From the perspective of the government, we evaluate the 

impact of the amount of the annual subsidy budget on the two objectives of the 

government. As shown in Figure 4-9(a), as the annual subsidy budget increases, the 

amount of local PCs used increases and the amount of transport emissions decreases. 

Interestingly, when the subsidies offered by the government are 10%, 20%, and 30% less 

than the current value, there are considerable margins for the optimization of the two 

objectives; however, when the subsidies offered by the government are 10%, 20%, and 

30% more than the current value, both objectives tend to be stable. The trends indicate 

that: (i) there exists a reasonable upper bound of the subsidies offered, beyond which the 

increase in the local PC use and the decrease in the transport emissions become sluggish; 
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and (ii ) the upper bound of the subsidy budget obtained by our case study is consistent 

with the real-life subsidies offered by the Hong Kong government. 

 

(b) Sensitivity analysis of ╦: From the perspective of the manufacturers, we evaluate the 

impact of the production capacity on the total profits. Production capacity is determined 

by several factors, such as the proficiency of workers, adoption of double shifts, and 

technological development. As demonstrated in Figure 4-9(b), as the production capacity 

increases, manufacturersô profits increase. To be specific, when the production capacity 

is 5% more than the current value, the total profit grows by nearly a factor of 3. More 

importantly, the improvement in production capacity also benefits the government by 

effectively stabilizing the local PC market and reducing emissions. Governments should 

thus encourage local manufacturers to improve production capacity, which is conducive 

to the long-term benign development of the manufacturers and a reduction in financial 

assistance from the government. 

 

4.7 SUMMARY  

Government incentive policies are considered the driving force for the promotion of 

prefabricated construction. Currently, numerous governments worldwide have begun to 

offer subsidies to encourage the establishment of stable PC demand-supply markets and 

thus increase the uptake of prefabricated construction. This chapter proposes an optimal 

subsidy allocation plan for governments by fully considering the interactive relationships 

between the government, manufacturers, and contractors. A tri-level programming model 

and a tailored heuristic method are proposed to optimize the decisions of all three parties. 

Four different types of PC (i.e., precast composite slabs, prefabricated wall panels, precast 

staircases, and precast balconies) are incorporated in a 20-year planning horizon, to 
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formulate an effective government-manufacturer-contractor subsidy policy framework. 

The objectives are to establish a long-term demand-supply market of locally produced 

PCs and to reduce the amount of carbon emissions associated with PC transportation. 

Through a validation case study of Hong Kong, numerous useful policy recommendations 

and insights are proposed. Results confirm that the greatest deterrent to the establishment 

of a local PC market in Hong Kong lies in the high land cost. Additionally, new LPFs 

should give priority to producing PCs with high added value (e.g., prefabricated wall 

panels and precast balconies in the case of Hong Kong) when manufacturers receive 

subsidies from the government. 

 

Overall, the designed subsidy policy is expected to encourage the use of prefabricated 

construction and mitigate the environmental burden of prefabricated construction, thereby 

facilitating the sustainable development of the construction industry.  
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Chapter 5: Design of Stacking Plans for 

Prefabricated Panels and Slabs34 

5.1 INTRODUCTION  

To encourage practitioners to embrace the innovative prefabrication technique, high-

quality logistics plans are to be designed to minimize the high transportation costs of 

various types of prefabricated products. This chapter mainly focuses on the vertical and 

horizontal stacking problem for prefabricated panels (transported by A-frame trailers) and 

slabs (transported by flat-bed trailers) (Research question 2). This chapter is outlined as 

follows. Section 5.2 introduces the background. Section 5.3 identifies the research gaps 

and explains the potential pathways to fill the existing gaps. Section 5.4 presents a clear 

problem statement and formulates the vertical and horizontal stacking problems into two 

bi-objective programming models. Section 5.5 develops the solution methods for solving 

the two proposed mathematical models. Section 5.6 validates the proposed models and 

solution methods through extensive numerical experiments. Section 5.7 summarizes the 

whole chapter with conclusions. 

 

5.2 BACKGROUND  

Successful implementation of prefabricated construction is contingent upon the effective 

logistics management of precast components. As components are designed and produced 

at off-site factories and then delivered to construction sites for installation, transportation 

is a significant intermediate link that bridges PC production and on-site assembly. Smooth 

 
3 Wang, H., Yi, W., Zhen, L., Wang, H., Chan, A. P. C., 2023. Automated generation of stacking plans for prefabricated panels 

transported by A-frame trailers. Advanced Engineering Informatics 57, 102077. 
4 Yi, W., Wang, H., Zhen, L., Liu, Y., 2023. Automated generation of horizontal precast slab stacking plans. ASCE Journal of 

Construction Engineering and Management 149(12), 04023121. 
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and cost-effective PC transportation can facilitate the leveraging of numerous advantages 

of prefabrication over the traditional site-based labor-intensive construction method (Li 

et al., 2019; Zhai et al., 2019), while an unsatisfactory logistics plan can result in 

significant cost overruns, therefore discouraging practitioners from using prefabricated 

construction (Li et al., 2021a; Lee et al., 2022b; Yi et al., 2023a). 

 

Typically, prefabricated products can be divided into two categories: (i) 2D components, 

such as wall panels and floor slabs, and (ii) 3D modules, such as volumetric balconies, 

kitchens, and bathrooms. The characteristics of 2D components and 3D modules should 

be comprehensively considered to design tailored transportation plans for different types 

of prefabricated products. The focus of this chapter is on the stacking and transportation 

of precast wall panels and floor slabs, which are of the most widely used types of 2D 

components in real-life applications. The cost-effective transport planning of 3D modules 

will be presented in the next chapter. Generally, there are two ways of stacking PCs for 

transportation: horizontal and vertical stacking. According to BCA (2023c), it is common 

practice to stack and transport PCs according to their lifting direction, such as horizontally 

stacking floor slabs and vertically stacking wall panels. As PCs are designed to bear loads 

and stresses in specific directions during the manufacturing process, they need to be 

stacked appropriately to ensure the stability and safety of the structure (Shewchuk and 

Guo, 2012).  

 

Prefabricated wall panels are widely used in prefabrication construction. As shown in 

Figure 5-1, precast panels have three dimensions, i.e., length, width, and height. For a 

specific construction project, there are negligible differences in the widths and heights of 

panels, but the length of panels can vary considerably depending on their types (Lee et 
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al., 2021a). With the improvement of structure design and the use of sustainable materials, 

prefabricated panels increasingly offer advantages such as lighter self-weight (Loss et al., 

2016; Puri et al., 2017), less energy consumption (Lehmann 2013; Pastor et al., 2014), 

higher construction efficiency (Ni et al., 2021), and better structural and mechanical 

properties (Samani et al., 2015; Briones-Llorente et al., 2020).  

 

 

Figure 5-1: Rear and right-side view of an A-frame trailer loaded with precast panels 

 

Prefabricated floor slabs are also widely used in various construction projects as building 

floors and bridge decks (Mohamed et al., 2020), as shown in Figure 5-2. Approximately 

65% of the dead load of a building comes from its slab structure (Yardim, 2018). Precast 

floor slabs have many environmental and economic advantages. Specifically, the use of 

prefabricated floor slabs can decrease the environmental impact by 12% compared with 

the traditional cast-in-situ slabs (L·pez-Mesa et al., 2009). Furthermore, as the surplus 

materials in production factories can be recycled and reused, precast floor slabs have less 

resource waste than cast-in-situ slabs and composite slabs (Wang et al., 2018a).  

 



 

Chapter 5: Design of Stacking Plans for Prefabricated Panels and Slabs 103 

 

Figure 5-2: Picture of a flat-bed trailer loaded with precast slabs 

 

The following challenges need to be carefully considered to design satisfactory horizontal 

stacking plans for floor slabs and vertical stacking plans for wall panels. 

 

First, the number of trailers used should be as small as possible in the generated stacking 

plans, as trailer rental is considered the largest contributor to the logistics costs of using 

prefabricated construction (Lee et al., 2022b). The delivery of prefabricated wall panels 

and floor slabs requires oversized trailers and special shipping frames (e.g., A-frames for 

vertical shipping), making this additional process not incorporated in the traditional cast-

in-situ construction costly and complicated.  

 

Second, the additional reshuffling of PCs should be as little as possible in the generated 

stacking plans. Reshuffling work often occurs at construction sites when the panels and 

slabs delivered to sites are not stacked in their installation sequence. Thus, extra work is 

required to unload and temporarily put aside the panels and slabs that cannot be installed 

immediately according to the given sequence (Lee et al., 2021a). It is obvious that panel 
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and slab reshuffling greatly increases the risk of accidental damage and the hours of labor 

at construction sites. Too much reshuffling work reduces construction productivity and 

further impairs the benefits of using prefabricated construction. 

 

In this chapter, the optimal horizontal and vertical PC stacking plans are designed from 

the perspective of saving transportation costs and reducing additional reshuffling work. 

Numerous practical factors, such as the weight and dimensional capacity of trailers, the 

stability of panels and slabs, and the position of dunnage, are simultaneously considered 

and incorporated into the proposed mathematical models to make the designed stacking 

plans more comprehensive, practical, and applicable to real-world situations. Extensive 

numerical experiments are conducted to validate the effectiveness of the proposed models 

and the efficiency of the developed algorithms. Overall, this chapter intends to provide 

practitioners with an optimal stacking generation tool for precast components to reduce 

transportation costs and avoid additional reshuffling work, both of which are crucial to 

the implementation and development of prefabricated construction. 

 

5.3 RESEARCH GAPS AND CONTRIBUTIONS 

Based on the literature review presented in Chapter 2, it can be observed that many efforts 

have been devoted to the horizontal and vertical PC stacking problem. Although a number 

of feasible PC stacking methods have been proposed, there still exist two research gaps 

for further investigation, as shown below. 

 

First, many if not all existing studies have treated and formulated the stacking problem of 

prefabricated panels and slabs as a single objective optimization problem despite the well-

acknowledged significance of other relevant objectives. As there is no formulated model 
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of PC stacking problem that can be embedded in bi-objective algorithms, scholars could 

only investigate it as a single objective problem in a heuristic manner. To the best of our 

knowledge, this study represents the first attempt at considering the stacking problem of 

prefabricated panels and slabs as bi-objective combinatorial optimization problems using 

mathematical optimization. 

 

Second, the applications of the advanced bi-objective algorithms to practical decision 

problems with specific bi-objectives instead of generic optimization objectives in the 

construction industry are quite limited, although the superiority of the algorithms, e.g., 

NSGA-II, has been demonstrated by various studies in the operations research field. This 

study enriches the literature by demonstrating the application of bi-objective algorithms 

to approximate the Pareto optimal solutions of panel and slab stacking problems in real-

life construction projects, thereby providing an appropriate test bed for the application of 

bi-objective algorithms to practical problems and yielding important generalization value 

for other bi-objective problems. 

 

To fill these gaps, this chapter formulates the horizontal slab stacking problem and the 

vertical panel stacking problem into MIP models with two optimization objectives. The 

formulation of bi-objective models greatly complicates the problem-solving process due 

to the difficulty inherent in simultaneously reducing transportation costs and avoiding 

additional reshuffling work (or improving the weight balance of trailers). This explains 

why these intertwined objectives have been studied independently for so long. This study 

investigates the bi-objective problems derived from real-life operations and proposes PC 

stacking methods that can automatically generate the Pareto optimal solutions. 
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5.4 PROBLEM FORMULATION  

This chapter first presents a detailed description of the vertical panel stacking problem in 

Section 5.4.1. Then, in Section 5.4.2, a bi-objective programming model is proposed and 

further linearized to minimize the total logistics costs and maximize the safety of PC 

transportation. The description of the horizontal slab stacking problem and the formulated 

bi-objective model are presented in Sections 5.4.3 and 5.4.4, respectively. 

 

5.4.1 Description of vertical panel stacking problem 

Consider a construction site that requires a total number of ȿὛȿ prefabricated panels of ȿὑȿ 

types. Panels of different types vary in dimension and weight density. The type of panel 

ί is Ὧί. The length of panels of type Ὧ is defined as ὥ (assumed to be an integer). The 

weight of panels of type Ὧ  is denoted by ύ . The trailer fleet comprises ȿὝȿ  trailers, 

indexed by ὸ, where ȿὝȿ is a sufficiently large integer. The maximum loadable length of 

one trailer is ὦ. Panels are placed on the trailers layer by layer and the maximum number 

of layers on a trailer is ὗ, a proxy for the width limit of trailers. This is because when the 

widths of the trailer and panels are given, ὗ is a constant. As the A-frame is placed in the 

middle of trailers, ὗ is always an even number. For example, if the widths of the trailer 

and the A-frame are 20 and 6 units, respectively, and the width of a panel is 2 units, then 

three layers of panels can be placed on each side of the trailer [see Figure 5-3(a)], instead 

of three layers on one side and four layers on the other side [see Figure 5-3(b)]. 

 

The vertical panel stacking plans should balance the total weight of panels loaded on the 

left and right sides of the A-frame trailers. Additionally, several crucial factors should be 

considered as constraints, including trailer capacity, panel stability, and panel reshuffling. 
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(a) Total number of layers ὗ φ (b) Total number of layers ὗ χ 

Figure 5-3: Illustration of the total number of layers on one trailer 

 

First, the weight and dimensional capacity of trailers require that the total weight of panels 

loaded on one trailer cannot exceed the trailerôs weight limit and no panel can be placed 

outside of the loadable area of the trailer. For example, the position of panel ί in Figure 

5-4 is infeasible because the rear end of panel ί exceeds the maximum loadable position 

of the trailer.  

 

Second, panel stability refers to the ratio of the overlapping length of a panel with other 

panels underneath it to the total length of the panel. For example, in Figure 5-4, panels 

placed on the left side of the A-frame are very stable, while panel ί on the right side of 

the A-frame is unstable because half of panel ί is overhanging without any other panels 

underneath to support it.  

 

Third, panel reshufflings mean that when panels are delivered to a construction site, their 

unloading sequence is not in line with the given installation sequence. For panels of types 

Ὧ and Ὧ, their installation sequence is denoted by a binary parameter ‏ȟ, which equals 

1 if panels of type Ὧ  are installed earlier than panels of type Ὧ  and 0 otherwise. Two 

issues about ‏ȟ are noteworthy: (i) All panels of the same type are identical and thus 

have the same installation precedence relation, and (ii) for two panel types Ὧ and Ὧ, if 

‏ ρ , then ‏ π ; if ‏ π , it is also possible that ‏ π  (implying that 
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panels of two types may have no preferable installation sequence in terms of engineering 

requirements). Taking panels ί and ί in Figure 5-4 as an example, if panel ί should be 

installed earlier than panel ί , we need to unload ί  first. Extra effort is required to 

temporarily put ί aside until it can be installed. As reshuffling has a detrimental impact 

on construction progress and may even cause accidental damage to prefabricated panels, 

it is essential for stacking planners to control the number of reshufflings when generating 

panel stacking plans. 

 

 

Figure 5-4: Illustration of trailer dimension, panel stability, and panel reshuffling 

 

Figure 5-5 gives an example of a total of 22 panels of 5 types stacked on one trailer. The 

maximum loadable length of the trailer is 14, which means that the rear end of any panels 

on the trailer cannot exceed 14. The maximum number of layers on the trailer is 8. Note 

that the layer index increases from near to far from the A-frame; that is, the indexes of 

layers closer to the A-frame are smaller than those farther from the A-frame. In the 
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meanwhile, the layer index alternates from the left to the right of the trailer for weight 

balance reasons. We define two sets, ὔ and ὔ, which respectively contain all layers on 

the left and right sides of the trailer. For modeling convenience, two dummy panels (έ 

and Ὡ) are assumed to denote the start and end points of the panel placement sequences 

of layers. For example, panels ί, ί, and ί are placed on the second layer from the front 

to the rear of the trailer, and the panel placement sequence is thus defined as έO ίᴼ

ίᴼίᴼὩ. 

 

 

Figure 5-5: An example of 22 panels of 5 types stacked on a trailer 
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Before elaborating on the mathematical formulation of the objectives and constraints, we 

first introduce the indices, sets, input parameters, and decision variables used throughout 

this chapter, as listed below. 

 

Sets and indices 

Ὓ set of panels, indexed by ί 

Ὕ set of trailers, indexed by ὸ 

ὔ 
set of layers, indexed by ὲ, ὲᶰπȟὗ; ὔ ὔẕὔ  where ὔ and ὔ  are the 

sets of layers on the left and right sides of trailers, respectively 

ὑ 
set of types of prefabricated panels, indexed by Ὧ; the type of panel ί is 

denoted by Ὧί 

έȟὩ 
dummy panels denoting the start and end points of the panel placement 

sequences of layers 

Parameters 

ὗ the maximum number of layers on a trailer, and it is an even number 

ὥ the length of a panel of type Ὧ (unit: cm) 

ὦ the maximum loadable length of a trailer (unit: cm) 

ύ  the weight of a panel of type Ὧ 

ύ  the maximum weight capacity of a trailer 

Ὑ  the panel reshuffling cutoff 

ȟ‏  
binary, if panels of type Ὧ must be installed earlier than panels of type Ὧ, it 

equals 1; otherwise, it equals 0 

Decision variables 

‌ binary, if trailer ὸ is used, it equals 1; otherwise, it equals 0 

‍ȟȟ 
binary, if panel ί is placed on the ὲth layer of trailer ὸ, it equals 1; otherwise, 

it equals 0 
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ώ 

integer, the coordinate of the position of panel ί on the trailer; the loadable 

position closest to the front of the trailer is set as the coordinate origin, and 

ώ equals the distance between coordinate origin and the front end of panel ί 

ὰȟ  
float, the distance between the centers of panel ίȟί in the direction of trailer 

length 

‎ȟȟȟ  
binary, if panel ί is placed next to panel ί on the ὲth layer of trailer ὸ and 

closer to the front of trailer, it equals 1; otherwise, it equals 0 

‐ȟ  

binary, if panels ίȟί are placed at two adjacent layers of the trailer and panel 

ί is placed on top of panel ί with an overlapping area, it equals 1; otherwise, 

it equals 0 

‗ȟ  
binary, if panel ί needed to be reshuffled in order to unload panel ί, it equals 

1; otherwise, it equals 0 

‘ binary, if panel ί is reshuffled, it equals 1; otherwise, it equals 0 

Ὀ 
integer, weight difference between the left and right side of A-frames on 

trailer ὸ 

 

To calculate the total number of trailers used, we define a binary variable ‌, which equals 

1 if trailer ὸ is used and 0 otherwise (‌ is to be determined). As mentioned above, panels 

are placed on the trailers layer by layer. Trailer ὸ is used when there is at least one panel 

placed on its first layer. Thus, the total number of trailers used can be calculated by 

В ‌ᶰ . To calculate the weight imbalance of all trailers, we denote the weight imbalance 

of trailer ὸ by Ὀ, which represents the weight difference between the weight of all panels 

placed on layers ὲᶰὔ and those placed on layers ὲᶰὔ. Thus, the weight imbalance 

of all trailers is В Ὀᶰ . Three practical factors considered in this problem are the weight 

and dimensional capacity of trailers, panel stability, and panel reshufflings. The 

calculation of the three metrics is then explained in detail. 
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First, we define a variable ‍ȟȟ that equals 1 if panel ί is placed on layer ὲ of trailer ὸ 

and 0 otherwise (‍ȟȟ is to be determined). Then, the total weight of all panels stored on 

trailer ὸ is 

            В В ύ ‍ȟȟᶰ ,             (5-1) 

which cannot exceed the trailerôs weight capacity, denoted by ύ  . We define the 

coordinate of the front end of panel ί as ώ (ώ is to be determined). For example, the 

values for ώ , ώ , and ώ  are 5, 9, and 0, respectively, as shown in Figure 5-5. The 

coordinate of the rear end of panel ί cannot exceed the trailerôs loadable length, that is, 

ώ ὥ ὦ.  

 

In practice, stacking planners usually set the panel stability cutoff before generating the 

stowage plans for panels. For each panel ί, its stability must be at least the determined 

cutoff, which is usually 75% (Lee et al., 2021a). We suppose ί to be the panel that has 

an overlapping area with panel ί and has the largest rear-end coordinate among all panels 

underneath ί. Then, the stability of panel ί can be calculated by 

            
ȟ

,            (5-2) 

which must be no less than 75%. Taking panel ί  in Figure 5-5 as an example, it is clear 

that, panel ί overlaps with ί , and the rear-end coordinate of panel ί is the largest, 

compared with other panels underneath ί . We thus have ώ ὥ ώ ὥ

ρσ; ώ χ and ώ ὥ ρτ. Then, the stability of panel ί  can be calculated as: 

ȟ
ψυȢχϷ χυϷ. Thus, panel ί  is stable. Additionally, the stability of 

panels placed on the layers closest to the A-frame (e.g., layers ὲ and ὲ in Figure 5-5) is 

100% because they are completely leaning against the A-frame. 
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Similar to panel stability cutoff, planners set a threshold to control the reshuffling work. 

The total number of reshufflings cannot exceed the reshuffling cutoff predetermined by 

stacking planners, denoted by Ὑ . We define a new variable ‗ȟ , which equals 1 if 

panel ί needs reshuffling to unload panel ί. There are two scenarios in which panel ί 

requires reshuffling. The first scenario is that panel ί, which is underneath panel ί and 

overlaps with panel ί, is installed earlier than panel ί according to the given sequence. 

Taking panels ί, ί, ί, and ί  in Figure 5-5 as an example, it is assumed that the 

installation sequence of these four panels is ίᴼίᴼίᴼί . Panel ί requires 

reshuffling during the process of unloading panel ί, i.e., ‗ȟ ρ. Similarly, panel ί  

requires reshuffling during the process of unloading panel ί, i.e., ‗ ȟ ρ. The second 

scenario is that panel ί, which is underneath panel ί and overlaps with panel ί, requires 

reshuffling during the process of unloading another panel ί and the installation sequence 

of ί is earlier than that of ί. Continuing with the above example, we have ‗ȟ ρ and 

‏ ȟ ρ, so ί requires reshuffling regardless of the installation sequence of 

panels ί and ί, i.e., ‗ȟ ρ. Similarly, panel ί  also requires reshuffling during the 

process of unloading panel ί, i.e., ‗ ȟ ρ. Note that for panel ί, it is likely that there 

are several panels ί that satisfy ‗ȟ ρ, but in real-world situations, panel ί can only 

be reshuffled once. Variable ‘ is defined which equals 1 when one of the scenarios 

occurs. Thus, we have ‘ ‘ ‘ ρ. Therefore, a total of three reshufflings are 

required in the above example. 

 

5.4.2 Model formulation  of vertical stacking problem 

After elaborating on the objectives and constraints, we formulate the vertical stacking 

problem of prefabricated panels into a mathematical model [ִיπ] as follows: 
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[︢ ] Minimize   
В ‌ᶰ
В Ὀᶰ

                      (5-3) 

s.t.  В В ‍ȟȟᶰ ρ          ίᶅɴ Ὓ          (5-4) 

   π ώ ὦρ ‎ȟȟȟ          ὸᶅɴ Ὕȟὲᶰὔȟίɴ Ὓ    (5-5) 

   ώ ώ ὥ ὦ ὥ ὥ ρ ‎ȟȟȟ            

                     ὸᶅɴ Ὕȟὲᶰὔȟίɴ ὛȟίᶰὛ (5-6) 

   ώ ώ ὥ ὦ ὥ ὥ ρ ‎ȟȟȟ            

                     ὸᶅɴ Ὕȟὲᶰὔȟίɴ ὛȟίᶰὛ (5-7) 

   ώ ὥ ὦ             ίᶅɴ Ὓ          (5-8) 

   В ‎ȟȟȟᶰ᷾ В ‎ȟȟȟᶰ᷾ ‍ȟȟ ᶅ ὸɴ Ὕȟὲᶰὔȟίɴ Ὓ    (5-9) 

   В ‎ȟȟȟᶰ В ‎ȟȟȟᶰ ‌      ὸᶅɴ Ὕ           (5-10) 

   В ‎ȟȟȟᶰ᷾ В ‎ȟȟȟᶰ᷾ ρ   ὸᶅɴ Ὕȟὲᶰὔ        (5-11) 

   ‎ȟȟȟ В ‎ȟ ȟȟᶰ         ὸᶅɴ Ὕȟὲᶰὔ͵ ρȟίɴ Ὓ.   (5-12) 

 

Objective function (5-3) aims to minimize the total number of trailers used and the total 

weight difference of all trailers. Constraints (5-4) guarantee that each panel is placed on 

one layer of one trailer. Constraints (5-5)ï(5-7) calculate the coordinate of the position of 

panel ί on the trailer, and Constraints (5-5) require that the coordinate of the position of 

the first panel placed on each layer of trailers is 0. Constraints (5-8) ensure that all panels 

placed on the trailer cannot exceed the length of the trailer. Constraints (5-9) indicate that 

if panel ί is placed on nth layer of trailer ὸ, panel ί is included in the placement sequence 

of layer ὲ of trailer ὸ. Constraints (5-10) ensure that if trailer ὸ is used, there must be one 

panel ί after the starting point of the panel placement sequence on the first layer of trailer 

ὸ. Constraints (5-11) describe the placement sequence of panels on each layer of the 

trailers. Constraints (5-12) indicate that panels are loaded on the vehicle layer by layer. 
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   ‗ȟ ‏ ȟ ‐ȟ           ίᶅȟίᶰὛ         (5-13) 

   ‗ȟ ‏ ȟ ‗ȟ ‐ȟ        ίᶅȟίȟί ᶰὛ        (5-14) 

   ‘ ‗ȟ                ίᶅȟίᶰὛ         (5-15) 

   В ‘ᶰ Ὑ .                         (5-16) 

 

Constraints (5-13)ï(5-16) are used to calculate panel reshufflings, where Constraints (5-

13) state that when panel ί is placed on panel ί with an overlapping area, and panel ί 

needs to be installed earlier than panel ί, panel ί requires reshuffling to unload panel ί. 

Constraints (5-14) guarantee that for panels ίȟί that satisfy ‐ȟ ρ, if panel ί requires 

reshuffling to unload panel ί and panel ί needs to be installed earlier panel ί, panel ί 

also requires reshuffling during the process of unloading panel ί . Constraints (5-15) 

require that for panel ί, if it requires reshuffling during the process of unloading any panel 

ί, panel ί will be reshuffled. Constraints (5-15) intend to avoid the repetitive calculation 

of panel reshufflings. Constraint (5-16) computes the total number of panel reshufflings. 

 

   ὰȟ ώ ώ ώ ώ     

                     ίᶅȟίᶰὛ         (5-17) 

   ‐ȟ В В ‍ȟȟ ‍ȟ ȟ ρᶰ   ίᶅȟίᶰὛ         (5-18) 

   ρ ȟ ς ‍ȟȟ ‍ȟ ȟ ‐ȟ ςὦρ ȟ

ς ‍ȟȟ ‍ȟ ȟ          ὸᶅɴ Ὕȟὲᶰὔ͵ ὗȟὗ ρȟίȟίᶰὛ  (5-19) 

   ᶰ ȟ
ȟ

χυϷ ὦ ὥ В В ‍ȟȟᶰ    

                     ίᶅɴ Ὓ.          (5-20) 
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Constraints (5-17) are used to define variable ὰȟ, which equals the distance between the 

centers of panels ίȟί in the direction of trailer length. Constraints (5-18) and (5-19) are 

used to define variable ‐ȟ. More specifically, Constraints (5-18) state that two panels 

overlap only when they are placed on adjacent layers of the same trailer, and the difference 

between their panel indexes is 2 according to the definition of the layer index. Constraints 

(5-19) indicate that for panel ί placed on layer ὲ ς and panel ί placed on layer ὲ of 

trailer ὸ, if the distance of their centers in the direction of trailer length is not larger than 

the sum of their half-lengths, these two panels definitely have an overlapping region. 

Taking panels ί, ί, and ί depicted in Figure 5-5 as an example, the distance of the 

centers of panels ί and ί in the direction of trailer length is 8, but the sum of their half-

lengths is only 6. We thus have ‐ ȟ π. Similarly, the distance of the centres of panels 

ί and ί in the direction of trailer length is 4, and the sum of their half-lengths is 5. We 

thus have ‐ ȟ ρ. Constraints (5-20) ensure that the stability of each panel cannot be 

less than 75% during transportation to prevent damage. The part ñÍÁØ
ᶰ

ώ

ὥ ‐ȟ ò indicates the maximum end position of the panel that is underneath panel ί 

and overlaps with panel ί . For example, for panel ί  in Figure 5-5, ÍÁØ
ᶰ

ώ

ὥ ‐ȟ ψ ; for panel ί , ÍÁØ
ᶰ

ώ ὥ ‐ ȟ ρσ . Then, the part 

ñÍÉÎÍÁØ
ᶰ

ώ ὥ ‐ȟ ȟώ ὥ ò indicates the maximum position where two 

panels have an overlapping area. For example, for panel ί , ÍÉÎÍÁØ
ᶰ

ώ

ὥ ‐ȟ ȟώ ὥ χ ; to panel ί , ÍÉÎÍÁØ
ᶰ

ώ ὥ ‐ ȟ ȟώ

ὥ ρσ. Thus, the numerator of Constraints (5-20) represents panel ίôs overlapping 

length with other panels underneath it, while its denominator represents the length of 
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panel ί. Their ratio should be at least 75%, unless panel ί is placed on layers that are 

closest to the A-frame, e.g., ὲ and ὲ in Figure 5-5. 

 

   Ὀ В В ύ ‍ȟȟᶰᶰ В В ύ ‍ȟȟᶰᶰ   ὸᶅɴ Ὕ      (5-21) 

   В В ύ ‍ȟȟᶰ ύ            ὸᶅɴ Ὕ.     (5-22) 

 

Constraints (5-21) calculate the weight difference between the left and right side of A-

frames on trailer ὸ, and Constraints (5-22) ensure that the total weight of panels loaded 

on the trailer cannot exceed the trailerôs weight capacity. 

 

   π ‍ȟȟ ‌ ρ            ὸᶅɴ Ὕȟὲᶰὔȟίɴ Ὓ   (5-23) 

   ‎ȟȟȟȟ‐ȟȟ‗ȟ ᶰπȟρȟὈ π       ὸᶅɴ ὝȟὲᶰὔȟίȟίᶰὛ. (5-24) 

 

Constraints (5-23) and (5-24) define the domains of decision variables. 

 

In the proposed model, there are several nonlinear parts in Constraints (5-14), (5-20), and 

(5-21), but these parts can be linearized. Here we elaborate on how to linearize ִיπ so 

that it can be solved by off-the-shelf commercial solvers. First, Constraints (5-14) are 

linearized, which contain the product of two binary decision variables, i.e., ‗ȟ ‐ȟ. To 

linearize this part, an auxiliary decision variable is introduced and defined as: “ȟȟ

‗ȟ ‐ȟ. Constraints (5-14) can be replaced by Constraints (5-25)ï(5-29) as follows: 

 

   “ȟȟ ‗ȟ               ίᶅȟίȟί ᶰὛ      (5-25) 

   “ȟȟ ‐ȟ                ίᶅȟίȟί ᶰὛ      (5-26) 
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   “ȟȟ ‗ȟ ‐ȟ ρ          ίᶅȟίȟί ᶰὛ      (5-27) 

   ‗ȟ ‏ ȟ “ȟȟ           ίᶅȟίȟί ᶰὛ      (5-28) 

   “ȟȟ ᶰπȟρ              ίᶅȟίȟί ᶰὛ.      (5-29) 

 

Before linearizing Constraints (5-20), we transform the formulation of its numerator, i.e., 

ÍÉÎÍÁØ
ᶰ

ώ ὥ ‐ȟ ȟώ ὥ ώ ÍÉÎÍÁØ
ᶰ

ώ ὥ ‐ȟ

ώȟὥ ÍÉÎÍÁØ
ᶰ
ώ‐ȟ ὥ ‐ȟ ώȟὥ  . As it contains the product of 

two variables, i.e., ώ‐ȟ, a new integer decision variable is defined as “ȟ ώ‐ȟ, 

which satisfies Constraints (5-30)ï(5-32) as follows: 

 

   “ȟ ώ ὦ ὥ ρ ‐ȟ       ίᶅȟίᶰὛ       (5-30) 

   “ȟ ὦ ὥ ‐ȟ            ίᶅȟίᶰὛ       (5-31) 

   “ȟ ώ                 ίᶅȟίᶰὛ.       (5-32) 

 

The numerator of Constraints (5-20) can then be written as: ÍÉÎÍÁØ
ᶰ
“ȟ

ὥ ‐ȟ ώȟὥ  . To linearize the part ñÍÁØ
ᶰ
“ȟ ὥ ‐ȟ  ò, one binary 

decision variable “ ȟ   and one integer decision variable “ȟ  are defined that satisfy 

Constraints (5-33)ï(5-36) as follows: 

 

   В “ȟᶰ В ‐ȟᶰ

ᶰ

В “ȟᶰ  ίᶅɴ Ὓ         (5-33) 

   В “ȟᶰ ρ              ίᶅɴ Ὓ         (5-34) 

   “ȟ “ȟ ὥ “ȟ           ίᶅȟίᶰὛ       (5-35) 
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   “ȟ “ȟ ὥ ‐ȟ “ȟ ὥ ‐ȟ            

                       ίᶅȟίȟί ᶰὛȟί ί.  (5-36) 

 

Then, the numerator of Constraints (5-20) can be written as: ÍÉÎВ “ȟ “ȟᶰ

ὥ ‐ȟ ώȟὥ . However, as the constraints still contain the product of variables 

“ȟ and “ȟ, we define an auxiliary decision variable “ȟ “ȟ “ȟ ὥ ‐ȟ  

that satisfies Constraints (5-37)ï(5-39) so that the left-hand side of Constraints (5-20) can 

be transformed to: 
В

ȟᶰ ȟ
, which equals the smaller value of 

В
ȟᶰ
 and . 

As ρ χυϷ, Constraints (5-20) can be replaced by Constraints (5-40) as follows: 

 

   “ȟ “ȟ ὥ ‐ȟ ὦρ “ȟ      ίᶅȟίᶰὛ     (5-37) 

   “ȟ ὦ“ȟ                  ίᶅȟίᶰὛ     (5-38) 

   “ȟ “ȟ ὥ ‐ȟ            ίᶅȟίᶰὛ     (5-39) 

   
В

ȟᶰ
χυϷ ὦ ὥ В В ‍ȟȟᶰ   ίᶅɴ Ὓ.      (5-40) 

 

Then, Constraints (5-21) are replaced by Constraints (5-41) and (5-42) as follows: 

 

   Ὀ В В ύ ‍ȟȟᶰᶰ В В ύ ‍ȟȟᶰᶰ  ὸᶅɴ Ὕ       (5-41) 

   Ὀ В В ύ ‍ȟȟᶰᶰ В В ύ ‍ȟȟᶰᶰ  ὸᶅɴ Ὕ.      (5-42) 

 

Finally, ִיπ can be transformed into the following MIP formulation: 
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[︢ ] Minimize   
В ‌ᶰ
В Ὀᶰ

                       (5-43) 

s.t.  Constraints (5-4)ï(5-13), (5-15)ï(5-19), and (5-22)ï(5-42). 

 

5.4.3 Description of horizontal slab stacking problem 

Consider a construction site that requires a total of ὑ types of precast slabs. The number 

of slabs of type Ὧ ρȟȣȟὑ is ὗ. The total number of slabs is ὗ В ὗ. Slabs of 

type Ὧ  have a width of ὥ  and a length of ὦ , and ὦ ὥ . The ὗ  slabs are to be 

configured as ὐ stacks (ὐ is to be determined), which will then be transported by trailers 

from the factory to the construction site. The number of slabs of type Ὧ in a stack Ὦ

ρȟȣȟὐ is denoted by ὼ (ὼ is to be determined). 

 

Still, binary indicator ‏  is used to indicate the sequence of on-site installation of precast 

slabs, which equals 1 if slabs of type Ὧ must be installed earlier than slabs of type Ὧᴂ, 

where Ὧ ρȟȣȟὑ  and Ὧ ρȟȣȟὯ ρȟὯ ρȟȣȟὑ . Here, we clarify the concept of 

slab type. In this study, slab dimension and installation precedence relation are the two 

criteria used to classify slabs. We first calculate the slab dimensions and categorize slabs 

with different dimensions into different types. We then determine whether the slabs of 

each type have different precedence relations. Note that slabs with the same dimensions 

are likely to differ in terms of installation precedence relation. For example, 20 identical 

wall slabs could be needed, 10 for the 1st floor and the other 10 for the 2nd floor, and 15 

floor slabs would be needed for the 2nd floor. Then, 10 wall slabs must be installed before 

the 15 floor slabs, and the other 10 wall slabs must be installed after the 15 floor slabs. In 

this case, we can see that although the 20 wall slabs are identical in dimensions, they 

differ in installation sequence and are therefore classified into two slab types, each 
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comprising 10 wall slabs. We thus have three slab types: the first type comprises 10 wall 

floor slabs to be installed first, the second type comprises 15 floor slabs to be installed 

after the first type, and the third type comprises the other 10 wall slabs to be installed after 

the second type. Figure 5-6 shows an illustrative stacking problem with 13 slabs of four 

different types. A possible solution for this problem is also given, from which we can see 

that the slabs are divided into four stacks.  

 

 

Figure 5-6: An illustrative stacking problem and one of its solutions 

 

The problem examined in this chapter aims to address the two challenges of transporting 

precast slabs: high logistics costs and additional reshuffling work. The first objective of 

configuring the ὐ stacks is to minimize the sum of their areas, i.e., the total area occupied 

by all of the stacks on the trailers. As the area of the stacks decreases, more slabs can be 

delivered by a trailer, thus reducing the total number of trailers required to transport all 

of the slabs to a construction site. This can enhance the utilization rate of trailer beds and 

serve as a proxy for minimizing transportation costs. The area on the trailer occupied by 

stack Ὦ, denoted by ὃ, is 

          ὃ ÍÁØ
ȟȣȟȟ

ὥ ÍÁØ
ȟȣȟȟ

ὦ         (5-44) 
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Note that Eq. (5-44) cannot be rewritten as ὃ ÍÁØȟȣȟȟ ὥὦ because the width 

of the stack is the largest width of all slabs that comprise it, and the length of the stack is 

the largest length of all slabs that comprise it. Figure 5-7 shows the calculation of ὃ using 

stack 1 in Figure 5-6 as an example. The area of stack 1 thus equals σȢς Í.  

 

 

Figure 5-7: An example of calculating the occupied area of a stack 

 

The other objective is to minimize the reshuffling of slabs. The number of slabs in stack 

Ὦ is denoted by ώ and ώ В ὼ (ώ is to be determined). Considering the safety and 

stability requirement, only one slab is allowed to be placed on each layer of a stack. For 

each stack, we define the 1st, 2nd, é, ώth layers from the top to the bottom of the stack. 

Figure 5-8 explains how to calculate the number of reshufflings using stack 2 in Figure 

5-6 as an example. Stack 2 has four slabs, which are of the following types from the top 

to the bottom layers: Ὧ, Ὧ, Ὧ, and Ὧ. Moreover, ‏ ‏ ‏ ‏ ρ 

and the values for the other ‏  are all 0. Once the stack arrives at the construction site, 

it is unloaded from the vehicle. Then, we first retrieve the slab of type Ὧ stored on the 

2nd layer, and to this end, we have to remove the slab of type Ὧ stored on the 1st layer 

(one reshuffling). We then retrieve the slab of type Ὧ stored on the 4th layer, and to this 

end, we have to remove the slab of type Ὧ  stored on the 3rd layer (one reshuffling). 

Therefore, a total of two reshufflings are required for stack 2. 
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Figure 5-8: An example of calculating the number of slab reshufflings 

 

Additionally, stack stability, dunnage position, and maximum stacking layers are three 

main factors that must consider to configure the horizontal slab stacks. We first discuss 

the stability of a horizontal slab stack. The types of the slabs in stack Ὦ from top to bottom 

are Ὧ, Ὧ,é, Ὧ  (e.g., the types of the slabs in stack 3 of Figure 5-6 are Ὧ, Ὧ, and Ὧ 

from top to bottom). Then, for the slab on the ώth layer, ώ ρȟȣȟώ ρ, its overlapping 

area with the slab on the ώ ρth layer (i.e., the underneath slab) is ÍÉÎὥ ȟὥ
ȟ

ÍÉÎὦ ȟὦ
ȟ
 and its stability is defined as ÍÉÎὥ ȟὥ

ȟ
ÍÉÎὦ ȟὦ

ȟ
Ⱦ

ὥ ὦ  (Lee et al., 2021a; Lee et al., 2021b; Lee et al., 2022a). The stability of the 

slab on the ώth layer is 1. Then, the stability of stack Ὦ is 

        В
ȟ

ȟ
ȟ

ȟ ρ,       (5-45) 

which must be at least 70%. Note that 70% is a commonly used threshold for the stack 

stability of precast slabs (Lee et al. 2022a). For example, Figure 5-9 shows the calculation 

for the stability of stack 3 in Figure 5-6. The stability of the slabs in stack 3 from the top 

to the bottom layers are 75%, 90.6% and 100%, respectively. It is worth noting that 

although the overlapping slab area of the 1st and 2nd layers are the same as for the slabs 

on the 2nd and 3rd layers, the 1st layer slab is not as stable as the 2nd layer slab due to the 

different slab areas [the component of the denominator in Eq. (5-45)]. 
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Figure 5-9: An example of calculating the stability of a slab stack 

 

We then discuss the locations for placing the dunnage between slabs. Dunnage is widely 

used in precast slab delivery to prevent accidental damage to slabs during transportation, 

especially when a horizontal stacking method is used. For each layer ὲ of stack Ὦ, at least 

two pieces of dunnage should be placed between points ὦ/4 and ὦ/5 at both ends of the 

slab (Precast/Prestressed Concrete Institute, 2017), where ὦ refers to the slab length of 

layer ὲ . For each stack, the dunnage of different layers must be placed at the same 

coordinates above and below (i.e., the dunnage of different layers is placed at exactly the 

same horizontal distance from the stack center). If this requirement is not satisfied, the 

stack is infeasible because slabs cannot be stacked together during transportation for 

warranty reasons. More specifically, the positions for placing dunnage for all slabs in a 

feasible stack must overlap vertically. Therefore, when configuring a horizontal slab stack, 

we must calculate whether there is a vertical overlapping region. That is, for each stack Ὦ, 

we must have 

         ÍÉÎȟȣȟ ὦ ÍÁØ ȟȣȟ ὦ .         (5-46) 

Figure 5-10 demonstrates how to check for the presence of such a region for the three 

slabs of stack 4 in Figure 5-6. In practice, dunnage can be placed in any position within 

the obtained overlapping region. If no vertical overlapping region is derived, this implies 

that these slabs cannot be stacked together and the stack is infeasible. 
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Figure 5-10: An example of calculating the position of dunnage 

 

Finally, the maximum number of slabs in a stack cannot exceed ὣ, that is, ώ ὣ. Before 

the formulation of the mathematical model, all the indices, sets, parameters, and variables 

are presented below. 

 

Sets and indices 

ὑ set of types of precast slab, indexed by Ὧ 

ὐ set of the configured stacks, indexed by Ὦ, ȿὐȿɴ ȟὗ 

ὔ set of layers, indexed by ὲ, ὲᶰπȟὣ 

Parameters 

ὣ the maximum number of slabs in a stack 

ὗ the total number of slabs of all types 

ὗ  the number of slabs of type Ὧ 

ὥ the width of slabs of type Ὧ 

ὦ the length of slabs of type Ὧ 

ȟ‏  
binary, if slabs of type Ὧ must be installed earlier than slabs of type Ὧ, it 

equals 1; otherwise, it equals 0 
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Decision variables 

‌ binary, if stack Ὦ is configured, it equals 1; otherwise, it equals 0 

ὼȟ the number of slabs of type Ὧ in stack Ὦ 

ώ the total number of slabs of all types in stack Ὦ 

ᾀȟȟ 
binary, if the slab stored on layer ὲ of stack Ὦ is type Ὧ, it equals 1; 

otherwise, it equals 0 

Ὤȟȟȟȟ 
binary, if slabs stored on layer ὲ and ὲ of stack Ὦ are type Ὧ and Ὧ, 

respectively, it equals 1; otherwise, it equals 0 

Ὠȟȟ 

binary, for two slabs of stack Ὦ, if the slab stored on layer ὲ should be 

reshuffled in order to collect the slab stored on layer ὲ, it equals 1; 

otherwise, it equals 0 

ὴ 

the horizontal coordinate of dunnage placed in slabs of stack Ὦ; the center 

of stack Ὦ is set as the coordinate origin, so ὴ equals the distance between 

the dunnage position and the stack center 

ὃ the area on the trailer occupied by stack Ὦ 

Ὑ the required reshuffling work when installing slabs in stack Ὦ 

 

5.4.4 Model formulation of horizontal slab stacking problem 

We formulate the horizontal stacking problem of prefabricated slabs into a mathematical 

model [ִיς] as follows: 

 

[︢ ] Minimize   
В ὃᶰ
В Ὑᶰ

                      (5-47) 

s.t.  ὃ ÍÁØ
ȟȣȟȟ

ὥ ÍÁØ
ȟȣȟȟ

ὦ     Ὦᶅɴ ὐ        (5-48) 

   Ὑ В В Ὠȟȟ          Ὦᶅɴ ὐ        (5-49) 

   Ὠȟȟ ‏ ȟὬȟȟȟȟ В Ὠȟ ȟ               

                  ὯᶅȟὯᶰὑȟὮɴ ὐȟρ ὲ ὲ ώ  (5-50) 
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   В Ὠȟȟ ρ             Ὦᶅɴ ὐȟὲᶰρȟώ ρ  (5-51) 

   В Ὠȟȟ π              Ὦᶅɴ ὐȟὲᶰρȟώ    (5-52) 

   В ὼȟ ὗ               Ὧᶅᶰὑ       (5-53) 

   В В
ȟ ȟ

ᾀȟȟ ᾀȟ ȟȟᶰ ρ ώ χπϷ    

                       Ὦᶅɴ ὐ        (5-54) 

   ὴ ὦÍÉÎρȟὼȟ             Ὦᶅɴ ὐȟὯᶰὑ     (5-55) 

   ὴ ὦ ÍÁØ
ȟȣȟ
ὦ ρ ÍÉÎρȟὼȟ   Ὦᶅɴ ὐȟὯᶰὑ     (5-56) 

   ᾀȟ ȟ В ᾀȟȟᶰ ‌    Ὦᶅɴ ὐȟὲᶰρȟώ ρȟὯᶰὑ    (5-57) 

   В ᾀȟȟ ‌ᶰ               Ὦᶅɴ ὐ        (5-58) 

   В ὼȟᶰ ώ ὣ‌            Ὦᶅɴ ὐ        (5-59) 

   В ᾀȟȟ ὼȟ              Ὦᶅɴ ὐȟὯᶰὑ     (5-60) 

   Ὤȟȟȟȟ ÍÉÎᾀȟȟȟᾀȟȟ    Ὦᶅɴ ὐȟὯȟὯᶰὑȟρ ὲ ὲ ώ  (5-61) 

   Ὤȟȟȟȟ π          Ὦᶅɴ ὐȟὯȟὯᶰὑȟρ ὲ ὲ ώ  (5-62) 

   ổὗȾὣỖ В ‌ ὗ                      (5-63) 

   π ὼȟ ὗ                Ὦᶅɴ ὐȟὯᶰὑ     (5-64) 

   ‌ȟᾀȟȟȟὬȟȟȟȟȟὨȟȟᶰπȟρ  Ὦᶅɴ ὐȟὯȟὯᶰὑȟὲȟὲᶰὔ.    (5-65) 

 

Objective function (5-47) aims to minimize the area occupied by all slab stacks on the 

trailer and the number of slab reshufflings. The area occupied by stack Ὦ can be calculated 

by Constraints (5-48), and the number of slab reshufflings is calculated by Constraints (5-

49)ï(5-52). More specifically, Constraints (5-50) state that for two slabs stored on the ὲ 

and ὲ layer of the same stack (ὲ<ὲ), if slab on layer ὲ should be installed earlier than 

that on layer ὲ and the slab stored on layer ὲ has not been reshuffled in order to collect 
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other slab stored on layer ὲ ᶰὲ ρȟȣȟὲ ρ , slab stored on layer ὲ  needs to be 

reshuffled. Constraints (5-51) require that all slabs can only be reshuffled once, and 

Constraints (5-52) imply that slabs stored on the higher layers do not need to be reshuffled 

to collect the slabs stored on the lower layers. Constraints (5-53) ensure that each slab is 

assigned to one stack. Constraints (5-54) guarantee that the stability of each stack should 

be no less than 70%. The location of the dunnage of stack Ὦ is specified by Constraints 

(5-55) and (5-56), which require that the dunnage must be placed between points ὦ/4 and 

ὦ /5 at both ends of the slabs of this stack. Constraints (5-57)ï(5-62) link the integer 

variables with the corresponding binary variables, and Constraints (5-63)ï(5-65) define 

the domains of all decision variables. 

 

Considering that the constraints related to calculating the reshuffling work, especially 

Constraints (5-49)ï(5-51), may be difficult to understand, an illustrative example is 

presented in Figure 5-11. There are five slabs in stack Ὦ, each of a different type. Note that 

the calculation for slab reshuffling proceeds from the top to the bottom layers. We first 

determine whether the slab stored on the 1st layer needs to be reshuffled. According to the 

installation sequence depicted in Figure 5-11, the slabs stored on the 2nd, 3rd, and 5th layers 

need to be installed before it. To satisfy Constraints (5-50), decision variable Ὠȟȟ equals 

1, implying that the 1st layer slab needs to be reshuffled to collect the 2nd layer slab. 

Therefore, when collecting the slab stored on the 3rd or 5th layer, we should avoid counting 

the reshuffling of the 1st layer slab multiple times. According to Constraint (5-51), 

В Ὠȟȟ ρ, so Ὠȟȟ Ὠȟȟ π. Then, we can similarly calculate the reshuffling 

of the slabs stored on the 2nd, 3rd, and 4th layers. Finally, the number of slab reshuffling of 

stack Ὦ is calculated by Constraint (5-49), i.e., Ὑ В В Ὠȟȟ τ. 
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Figure 5-11: Illustration of the calculation of slab reshuffling using constraints 

 

5.5 ALGORITHM DESIGN  

As both the proposed models [ִיρ] and [ִיς] have two objective functions that need to 

be simultaneously optimized, the vertical panel stacking problem and the horizontal slab 

stacking problem investigated in this chapter are bi-objective combinatorial optimization 

problems by nature. One striking feature of bi-objective problems is their noncomparable 

objectives, i.e., neither objective is more significant than the other. Therefore, we aim to 

find the solutions that contain all rational compromises between the objectives, called 

Pareto optimal solutions. Such solutions cannot dominate each other, comprising a Pareto 

optimal set and Pareto optimal front (see Coello et al., 2004 for the definitions of Pareto 

optimal solutions, Pareto dominance, Pareto optimal set, and Pareto optimal front). To 
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better understand the complexity of bi-objective problems, Figure 5-12 illustrates the 

trade-off between the two objectives of the proposed panel stacking problem (i.e., model 

 .where each point in Figure 5-12 represents the two objective values of a solution ,([ρיִ]

The solution corresponding to point A yields the minimum number of trailers used but 

has a severe imbalance problem, while the solution corresponding to point B minimizes 

the weight imbalance but requires more trailers. Such non-dominated solutions comprise 

the Pareto front of the proposed problem, and all solutions beyond the Pareto front are 

dominated by at least one solution on the front. 

 

 

Figure 5-12: Illustration of the trade-off between two optimization objectives 

 

Typically, large-scale bi-objective programming models derived from real-life problems 

are challenging to solve. Approaches to address this issue are (i) to analyze the properties 

of the formulated mathematical model and further develop appropriate exact solution 

methods, or alternatively; (ii) to efficiently find the approximate Pareto optimal solutions 
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to the mathematical model using various heuristic algorithms (Ghezavati and Hosseinifar, 

2018; Zhang et al., 2021c). Section 5.5.1 provides a detailed description of the algorithm 

design of NSGA-II being applied to the vertical panel stacking problem, and Section 5.5.2 

analyzes the properties of the formulated model and presents the tailored exact solution 

method used to calculate the horizontal slab stacking problem.  

 

5.5.1 Algorithm  for vertical panel stacking problem 

To solve the vertical panel stacking problem, the NSGA-II proposed by Deb et al. (2002) 

is adopted, which has numerous advantages over other evolutionary algorithms in terms 

of solution diversity and convergence speed (Shieh et al., 2018). Although NSGA-II was 

further extended to NSGA-III to better adapt to multi-objective problems, especially those 

with three objectives (Deb and Jain, 2014), NSGA-II has been shown more suitable for 

solving problems with two objectives (Liu et al., 2022). An overview of the NSGA-II  

applied to the vertical stacking problem of precast panels is provided in Figure 5-13.  

 

First, the initial chromosome population is generated. Second, all chromosomes in the 

population undergo a fast non-dominated sorting. Their crowding distances are calculated, 

based on which we decide to select or reject the chromosomes of the current population. 

Third, the selected chromosomes, called parent chromosomes, are used to generate more 

offspring chromosomes through two genetic operators (i.e., crossover and mutation). 

Fourth, the parent chromosomes and their generated offspring chromosomes construct a 

new population. These three steps are repeated until the termination condition of the 

designed algorithm is satisfied; that is, the total number of iterations exceeds 50 or the 

obtained Pareto solutions remain the same for three consecutive iterations. Some crucial 

steps of the algorithmic framework are then explained in detail. 
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Figure 5-13: Overview of the proposed NSGA-II  

 

Step 1: Population initialization 

First, we initialize the chromosome population of NSGA-II. The number of chromosomes 

in a population is the population size (denoted by ὔ). Each chromosome, representing 

one feasible solution, is composed of multiple genes that contain the detailed information 

about a solution. The relationships among population, chromosomes, solutions, and genes 

are shown in Figure 5-14.  

 

 

Figure 5-14: Relationship of population, chromosomes, solutions, and genes 
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Population initialization includes three steps: (i) generating two initial feasible solutions 

and encoding them into chromosomes; (ii) taking two obtained chromosomes as seeds to 

generate new chromosomes through various genetic operators; and (iii) determining 

whether to select or reject chromosomes. 

 

(i) Generation and encoding of initial feasible solutions: The vertical panel stacking 

problem has two optimization objectives, and we generate two initial feasible solutions, 

one to reduce the number of trailers used and the other to balance the weight of trailers 

(see Appendix B1 for more details). We then conduct the genetic encoding of the panel 

stacking plans (i.e., solutions) into chromosomes using the example depicted in Figure 5-

15, where ȿὛȿ ρς, ȿὗȿ φ, and ȿὝȿ σ. In Figure 5-15, only two trailers are used to 

transport all of the panels. Genes for each trailer are encoded layer by layer according to 

the stowage plan of prefabricated panels, the values for which range from ρȟȣȟȿὛȿȟȿὛȿ

ρ to ȿὛȿ ς. More specifically, the value from ρ to ȿὛȿ represent the indexes of the panels 

stored on different layers. Genes with the value of ȿὛȿ ρ are used to separate different 

layers of one trailer and those with the value of ȿὛȿ ς are used to separate different 

trailers. We name these two kinds of genes ñS-GENE-1ò and ñS-GENE-2,ò respectively. 

In Figure 5-15, the values for S-GENE-1 and S-GENE-2 are 13 and 14, respectively. 

After determining the genes for each trailer, we combine these genes sequentially so that 

a chromosome is derived. Note that although no panel is placed on the fifth and sixth 

layers of trailers ὸ and ὸ, no layer of trailer ὸ, S-GENE-1, and S-GENE-2 cannot be 

omitted because they are essential parts of a complete chromosome. The total number of 

genes in a complete chromosome is ȿὛȿ ȿὝȿ ȿὗȿ ȿὝȿ, indicating that there are ȿὛȿ 

panel genes, ȿὝȿ ȿὗȿ genes of ñS-GENE-1,ò and ȿὝȿ genes of ñS-GENE-2ò. 
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Figure 5-15: Illustration of genetic encoding of a solution 

 

(ii ) Application of genetic operators: Two genetic operatorsðcrossover and mutationð

are used to generate more chromosomes. For the detailed frameworks of these two 

operators, please refer to Step 2. After obtaining one chromosome through either of these 

two operators, we check the feasibility of its corresponding solution. If the solution is 

infeasible, then delete it; otherwise, it is considered a candidate chromosome and put into 

the initial population. 

 

(iii ) Selection and rejection of chromosomes: The population size of the developed 

NSGA-II is not fixed, as the total number of candidate solutions obtained by crossover 

and mutation is dependent on the problem scales. If we set ὔ to a fixed value, e.g., ὔ

υπ, the total number of candidate solutions is likely to be less than 50, especially when 

the problem scale is very small. We let the size of the initial population ὔ take the smaller 

value of the number of all candidate solutions (denoted by ὅ) and a predetermined 

threshold (which equals 20 in this study), so we have ὔ ÍÉÎὅȟςπ. During iterations, 

ὔȾς parents are used to generate ὔȾς offspring and these ὔ chromosomes will be 

non-dominated sorted, half of which with high quality will be selected and passed to the 
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next iteration as parent chromosomes. The fast non-dominated sorting rank and crowding 

distance are considered two core metrics to select or reject chromosomes. See Steps 3 and 

4 for more details.  

 

Step 2: Design of genetic operators 

Crossover and mutation are designed and adopted during iterations. Continuing with the 

example depicted in Figure 5-15, we next provide a detailed explanation of the framework 

of these two operators. 

 

To conduct gene crossover, two or four genes are selected from a parent chromosome. If 

two genes are selected, their positions are swapped in the original chromosome. For 

example, in Figure 5-16, the genes of panels ί and ί are selected, and their positions 

in the chromosome are swapped to generate a new offspring chromosome. If four genes 

are selected, a float value ranging from 0 to 1 is randomly generated for each gene. These 

values are then sorted in descending order, based on which the positions for the four genes 

after crossover can be determined. For example, in Figure 5-16, the genes of panels ί, 

ί, ί, and ί are selected, corresponding to random values 0.52, 0.37, 0.19, and 0.86, 

respectively. As 0.86 > 0.52 > 0.37 > 0.19, the four genes will be inserted back into the 

chromosome in the sequence ί, ί, ί, and ί.  

 

According to the crossover mechanism, it can be seen that the crossover operator mainly 

aims to optimize the second objective, i.e., minimizing the total weight imbalance of 

trailers. Thus, to improve the first objective, i.e., reducing the number of trailers used, a 

mutation operator is further designed. First, we determine the trailer that is used (i.e., 

empty trailers are not considered) and carries the least number of panels in the current 
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solution. Then, we transfer the panels stored on this trailer to other used trailers by 

mutation. Note that if all used trailers have insufficient empty layers to store these panels, 

the mutation is infeasible. For example, trailer ὸ in Figure 5-15 carries five panels of 

three layers, but there are only two empty layers on trailer ὸ, implying that the number 

of trailers used cannot be reduced further. To illustrate gene mutation, we design another 

example in Figure 5-16, where three panels of two layers are stored on trailer ὸ and there 

are two empty layers on trailer ὸ. Then, the positions of the genes corresponding to these 

three panels are mutated from ὸ to ὸ, to generate two offspring chromosomes. 

 

 

Figure 5-16: Framework of two generator operators: crossover and mutation 
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Step 3: Fast non-dominated sorting and crowding distance calculating 

This study uses the fast non-dominated sorting approach proposed by Deb et al. (2002), 

which can be briefly described as follows. First, for each solution Ὥ , we calculate the 

number of other solutions in the population that dominate it (denoted by ὲόά) and the 

number of other solutions in the population that it dominates (denoted by ὲόά). Second, 

for each solution Ὥ whose ὲόά π, we put it into Front 1; for each solution Ὦ dominated 

by solution Ὥ, we reduce its ὲόά by one. After that, if any solution Ὦ satisfies ὲόά π, 

we put it into Front 2. These two steps are repeated until all solutions have been put into 

their fronts. Finally, for each solution, we define its fast non-dominated rank as Ὥ . For 

solutions in Front 1, the fast non-dominated rank equals 1 and the value of Ὥ   for 

solutions in the last front is the largest. 

 

We refer to Deb et al. (2002) for the calculation of crowding distance. Note that each 

objective function must be normalized before the calculation begins. For each objective 

function, we find the two solutions that respectively have the smallest and the largest 

objective values and set their crowding distances to infinite. Then, the crowding distances 

of other solutions can be calculated as the absolute difference in the objective values of 

its two adjacent solutions. After calculating the crowding distances of solution Ὥ for both 

objective functions, we add the two obtained distances together and the sum is the 

crowding distance of solution Ὥ, denoted by Ὥ. 

 

Step 4: Chromosome selection and rejection 

The non-dominated sorting rank Ὥ  and crowding distance Ὥ are two metrics used to 

decide whether to select or reject the chromosomes in the current population. We first 

compare their non-dominated sorting ranks. For two chromosomes Ὥ  and Ὥ , if Ὥ
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Ὥ  , we give priority to chromosome Ὥ . For two chromosomes with the same non-

dominated sorting ranks, we further compare their crowding distances. For chromosomes 

Ὦ  and Ὦ , if Ὦ Ὦ   and Ὦ Ὦ , we give priority to chromosome Ὦ . This is 

because the chromosomes with a larger crowding distance are better than those with a 

smaller crowding distance in terms of solution diversity. Note that the first metric (Ὥ ) 

outweighs the second metric (Ὥ), so we do not need to calculate crowding distances for 

all chromosomes. Figure 5-17 gives an example of chromosome selection and rejection 

where the population size ὔ is six. 

 

 

Figure 5-17: Illustration of chromosome selection and rejection 

 

We assume that the six chromosomes have been divided into three fronts (chromosomes 

Ὥ and Ὥ are in Front 1 and thus Ὥ Ὥ ρ; chromosomes Ὥ and Ὥ are in 

Front 2 and thus Ὥ Ὥ ς; chromosomes Ὥ and Ὥ are in Front 3 and thus 

Ὥ Ὥ σ). As mentioned above, only half of the chromosomes in the 

population are selected as parent chromosomes, so three chromosomes need to be selected. 

In Figure 5-17, the two chromosomes with the smallest sorting rank (Ὥ and Ὥ) are 

selected first. There are two chromosomes (Ὥ and Ὥ) in Front 2, and their crowding 
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distances need to be further compared. We assume that Ὥ Ὥ , so chromosome Ὥ 

outperforms Ὥ. Finally, chromosomes Ὥ, Ὥ, and Ὥ are selected and chromosomes Ὥ, Ὥ, 

and Ὥ are rejected. 

 

In addition to the NSGA-II, a heuristic method is also developed to solve the model (see 

Appendix B2 for details), the core idea of which can be briefly described as follows. First, 

a preliminary assignment of panels to trailers is made according to the type of panel. It is 

required that all layers on the left or right side of one trailer can only accommodate panels 

of the same type so that the reshuffling work is minimal and all panels are stable (number 

of panel reshufflings: 0; stability of panels: 100%). However, in such a case, the number 

of trailers used may be much larger than that is really required. Moreover, the weight 

imbalance of trailers is another drawback of the assignment mechanism mentioned above 

due to the weight difference of panels of different types. The preliminary assignment plan 

is then improved, i.e., decreasing the number of trailers used and total weight imbalance, 

through the following two steps. We determine the trailer with the fewest layers used and 

whether panels placed on the trailer can be transferred to other trailers. Note that panels 

can be transferred to other trailers only when this will not bring additional reshuffling 

work and the stability of the panel is at least 75%. The number of trailers used can thus 

be reduced without increasing the number of panel reshufflings. Third, we balance the 

trailers and prevent overweight. Finally, the two objectives of model [ִיρ], i.e., the total 

number of trailers used and the total weight imbalance of all trailers, can be calculated.  

 

5.5.2 Algorithm for horizontal slab stacking problem 

The formulation of the proposed horizontal slab stacking problem also includes many 

nonlinear parts that greatly complicate the problem-solving process, but this problem has 
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two appealing properties. First, both objectives are additive over the stacks. Second, the 

optimal pattern for a given stack is determined. Here the concepts of stack, stacking 

pattern, and the optimal pattern of the stack are clarified. The types and total number of 

slabs are two parameters used to define a stack. The different sequences in which slabs 

can be placed from top to bottom comprise the multiple stacking patterns of a specific 

stack. For example, stacks Ὦ and Ὦ are configured by one slab of type Ὧ and two slabs of 

type Ὧ versus two slabs of type Ὧ and three slabs of type Ὧ. Thus, stacks Ὦ and Ὦ are two 

different stacks. For stack Ὦ, slabs of type Ὧ and Ὧ can be placed in three different 

sequences from the top to the bottom layers (i.e., one slab of type Ὧ on the 1st layer and 

two slabs of type Ὧ on the 2nd and 3rd layers; two slabs of type Ὧ on the 1st and 2nd layers 

and one slab of type Ὧ on the 3rd layer; or one slab of type Ὧ on the 2nd layer and two slabs 

of type Ὧ on the 1st and 3rd layers). Thus, stack Ὦ has three stacking patterns in total. The 

area occupied by stack Ὦ is consistent regardless of which stacking pattern is chosen, and 

therefore the one with the least number of reshufflings is the optimal pattern for stack Ὦ. 

According to these two properties, the solutions to this bi-objective problem can be 

derived by the following two steps: (i) generating all feasible stacks and calculating the 

optimal stacking pattern of each stack and (ii ) solving the Pareto optimal solution by 

calculating the number of times each optimal stacking pattern is used.  

 

Step 1: Generation of stacks and stacking patterns 

All feasible stacks and their optimal stacking patterns can be generated using Algorithm 

5-1. Specifically, stacks can be generated by enumerating the types and total number of 

slabs they contain. Some generated stack patterns may be infeasible if they do not satisfy 

Constraints (5-55) and (5-56), and therefore need to be deleted. We then calculate the area 

occupied by the stack, and further enumerate the sequence of placement for the different 
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types of slabs from the top to the bottom layers (i.e., the different stacking patterns). For 

each stacking pattern, we calculate the number of reshufflings if it satisfies Constraints 

(5-54). The one with the minimal number of reshufflings is the optimal pattern for the 

stack. Thus, the optimal patterns of all stacks can finally be determined. 

 

Algorithm 5-1: An algorithm for determining the optimal stacking patterns 

Step 1. Generate all possible stacking patterns by enumerating the values for ὼȟ, 

denoted by ὴ. For pattern ὴ, delete it if Constraints (5-55) and (5-56) are not satisfied.  

Step 2. For each remaining pattern ὴ, the occupied area is calculated and denoted by 

ὃ . Enumerate all possible groups of values for ᾀȟȟ. For each group of values, delete 

it if Constraints (5-54) are not satisfied. 

Step 3. For each pattern ὴ, calculate the number of reshufflings when different groups 

of values are given to ᾀȟȟ. The minimal number of reshufflings is recorded as Ὑ , and 

the group of values for ᾀȟȟ that yields Ὑ  represents the optimal pattern for the stack. 

 

Step 2: Development of a method for Pareto optimal solutions 

With all optimal patterns obtained for the different stacks, an integer linear programming 

model is formulated as model [ִיσ], which aims to decide the number of times each of 

the optimal patterns needs to be used. All newly defined parameters and decision variables 

are listed as follows. 

 

Sets and indices 

ὖ set of the optimal patterns, indexed by ὴ 
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Parameters 

ὃ  the area on the trailer occupied by the stack of pattern ὴ 

Ὑ  the required reshuffling work when installing slabs in the stack of pattern ὴ 

ὗȟ the number of slabs of type Ὧ in pattern ὴ 

Decision variables 

•  the number of times pattern ὴ is used 

Mathematical model 

[︢ ] Minimize   
В ὃ•ᶰ

В Ὑ•ᶰ

                     (5-66) 

s.t.  В ὗȟ•ᶰ ὗ              Ὧᶅᶰὑ       (5-67) 

   • πȟ• ᶰὤ              ὴᶅᶰὖ.       (5-68) 

 

Objective function (5-66) corresponds to Objective function (5-47) of ִיς, which aims 

to minimize the area of configured stacks and the number of slab reshufflings. Constraints 

(5-67) correspond to Constraints (5-53) of ִיς, which guarantee that the slabs of each 

type belong to one used optimal stacking pattern. Constraints (5-68) define the domain of 

decision variable •. 

 

The horizontal slab stacking problem examined in this chapter requires the consideration 

of two objectives, namely the minimum occupied area of all stacks and the minimum 

reshuffling work. The problem can also be rewritten in the following form: 

              ÍÉÎ
ᶰ
ὪὼȟὪὼ             (5-69) 

where ὼ represents a feasible solution and all feasible solutions comprise solution space 

ɱ. The solution to such a bi-objective combinatorial optimization problem is a Pareto 
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optimal set composed of solutions with Pareto efficiency (B®rub® et al., 2009; Yi et al. 

2018). All Pareto efficient solutions can be solved using Algorithm 5-2.  

 

Algorithm 5-2: An algorithm for searching all Pareto efficient solutions 

Step 1. Define ‗ȟρ ‗ as the weight vector for two objectives. Define 101 uniformly 

distributed values, i.e., (0.00, 1.00), (0.01, 0.99), é,(0.99, 0.01), (1.00, 0.00) for it. 

Step 2. For each value, i.e., ‗ȟρ ‗  (0.00, 1.00), (0.01, 0.99), é, (0.99, 0.01), and 

(1.00, 0.00), solve the single-objective problem which aims to minimize the sum of 

‗Ὢὼ and ρ ‗Ὢὼ. Optimal solutions corresponding to 101 values for ‗ȟρ ‗ 

are denoted by ɮ , ɮ , é, ɮ . 

Step 3. For each obtained solution ɮ ɮȟɮȟȣȟɮ , check whether ɮ is a non-

redundant Pareto efficient solution. If ɮ is not Pareto efficient or ɮ is a redundant 

solution, then delete it. // Take ɮȟɮ  as an example. If Ὢɮ Ὢɮ  and 

Ὢɮ Ὢɮ , delete ɮ . 

 

First, the weights of the two objectives are defined, which can be written as a weight 

vector (‗ȟρ ‗), where ‗ɴ πȟρ. The area occupied by the stacks is weighted by ‗ and 

the number of reshufflings is weighted by ρ ‗. The following 101 uniformly distributed 

values are predefined for the weight vector: (0.00, 1.00), (0.01, 0.99), é, (0.99, 0.01), 

and (1.00, 0.00). Second, 101 solutions are obtained by solving a single-objective problem 

with given values for the weight vector. Third, all obtained solutions are checked to delete 

the solutions that are not Pareto efficient. If a solution yields the same objective value as 

any previous solution, we identify it as a redundant solution and delete it. For example, it 

is assumed that ɮ and ɮ are the optimal solutions when the weight vector (‗ȟρ ‗) 
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equals (0.00, 1.00) and (0.01, 0.99), respectively. If Ὢɮ Ὢɮ   and Ὢɮ

Ὢɮ , we delete ɮ because it is either not a Pareto efficient solution or a redundant 

solution. It is worth noting that, ɮ is not necessarily a Pareto efficient solution unless 

another solution ɮ  satisfying that Ὢɮ Ὢɮ ȟὪɮ Ὢɮ   and Ὢɮ

Ὢɮ Ὢɮ Ὢɮ  cannot be found when the weight vector (‗ȟρ ‗) equals 

other predefined values. All obtained Pareto efficient solutions will be provided to 

decision makers and they will then choose the most suitable solution to implement based 

on overall considerations. More specifically, practitioners can select the most suitable 

solution by calculating the weighted average of the two objectives. For example, consider 

two Pareto efficient solutions: the first solution corresponds to a stacking plan with a total 

area of 10 m2 and 20 reshufflings, and the second solution corresponds to a stacking plan 

with a total area of 20 m2 and 10 reshufflings. If the decision maker assigns a weight 

vector of (0.8, 0.2) to the two objectives, the weighted averages of the two solutions are 

12 (i.e., 0.8100.220 ) and 18 (i.e., 0.8200.210 ), and therefore the 1st 

solution should be selected. If the decision maker assigns a weight vector of (0.2, 0.8), 

the weighted averages of the two solutions are 18 and 12, and therefore the 2nd solution 

should be selected. If the decision maker considers the two objectives to be equally 

important and assigns a weight vector of (0.5, 0.5), the weighted averages of the two 

solutions are 15, and therefore either of the two solutions can be selected. 

 

In addition to the tailored exact method presented above, a heuristic method is developed 

to solve model [ִיς] (see Appendix B3 for details), the core idea of which can be briefly 

described as follows. First, slabs are divided into multiple stacks according to their types, 

with a maximum of four slabs in each stack. For each type, the remaining slabs form a 

stack. Second, we determine whether two stacks can be merged to form a new stack, 
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according to Constraints (5-55), (5-56), and (5-59). If these constraints are satisfied, the 

stability of the newly configured stack is evaluated by Constraints (5-54). The heuristic 

algorithm terminates when stacks can no longer be merged with each other, at which point 

we calculate the objectives and output the solution.  

 

5.6 EXPERIMENTAL VALIDATION  

To validate the effectiveness of the vertical panel stacking model [ִיρ] and the horizontal 

slab stacking model [ִיς] and to test the efficiency of the proposed solution methods, 

extensive numerical experiments were designed and conducted on a laptop computer 

equipped with 1.60 GHz of Intel Core i5 CPU and 8 GB of RAM. All the models and 

solution methods proposed in this chapter were implemented in CPLEX 12.6.1 (Visual 

Studio 2019, C#). Sections 5.6.1 and 5.6.2 report the parameter setting and computational 

results of the vertical panel stacking problem, respectively, and Sections 5.6.3 and 5.6.4 

present the parameter setting and computational results of the horizontal slab stacking 

problem, respectively.  

 

5.6.1 Experimental design for vertical panel stacking problem 

To conduct the numerical experiments for the vertical panel stacking problem, trailer 

information and panel information are the two main inputs required. The trailers with an 

A-frame are typically 183 cm wide with a maximum loadable length of 427 cm, and the 

A-frame is 30 cm in width and 297 cm in height (Lee et al., 2021a). International 

standardized trailers have a maximum weight capacity of 25 tons (Jang et al., 2022). 

Moreover, according to Lee et al. (2021a), wall panels stacked vertically vary in length 

from 800 to 4,400 cm, while their widths and heights are constant at 16 cm and 300 cm, 
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respectively. The maximum number of layers on one trailer can thus be calculated as 

follows: (i) the loadable width on each side of the trailer is ρψσσπȾς χφȢυ ÃÍ; (ii ) 

the number of layers on each side of the trailer is ỗχφȢυȾρφỘ τ; and (iii ) the total number 

of layers on the trailer, i.e., ὗ τ ς ψ. Although their study did not report the weight 

of panels of each type, we can calculate it by measuring the volume and the weight density 

of panels. According to Lee and Pessiki (2006) and Mugahed Amran et al. (2016), the 

weight density of prefabricated panels is between 1,100 and 2,400 kg/m3, depending on 

the panel design and materials used in production. Thus, for a given weight density of 

panels of each type, the weight of one panel equals the product of the weight density and 

panel volume. For example, the weight of a panel with the dimensions of 

ςυπ ÃÍ ρφ ÃÍ σππ ÃÍ ranges from 1,320 to 2,880 kg/m3.  

 

To show the general applicability of model [ִיρ] and the proposed NSGA-II, we also 

consider some randomness in the design of computational experiments. More specifically, 

we generate the type of panels [i.e., Ὧί] and the installation sequence of different types 

of panels (i.e., ‏ȟ ) randomly. As these two parameters can vary considerably from one 

construction project to another, random generation, which considers more possibilities 

for panel installation sequencing, is reasonable and applicable. Also, panel dimension and 

weight density (i.e., parameters ὥ and ύ ) are randomly generated within the reasonable 

ranges mentioned above. 

 

We assume that all panels are used to build the ground floor of a building. Two scenarios 

of different problem scales are designed, in which a total number of 20 and 40 panels of 

five different types are required, respectively. Additionally, the reshuffling cutoff is 

determined according to the on-site space. However, most construction sites have limited 
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space used to temporarily park the early-arrived trailers or store the panels that require 

additional reshuffling (Yi et al., 2018; Ahn et al., 2022). Jang et al. (2022) designed two 

groups of experiments, in which the number of reshufflings cannot exceed 3 and 6, 

respectively, when delivering 63 precast components. For each scenario in this study, 

reshuffling cutoffs are set as 5% and 10%, in two test groups. In one test group of each 

scenario, three instances are designed by adjusting the values for ‏ȟ , ὥ , and ύ , 

yielding 12 (i.e., ς ς σ) problems in total. The values for all parameters in the 12 

randomly generated cases are reported in Tables 5-1ï5-4. 

 

Table 5-1: Parameter settings for ȿὑȿ, ὗ, ὦ, ὥ, ύ ȟ‏ , , and ὡ  

Parameters Value 

Number of types of prefabricated panels, ȿὑȿ   5 

Maximum number of layers on one trailer, ὗ   8 

Weight capacity of one trailer, ὡ  (ton)  25 

Maximum loadable length of one trailer, ὦ (cm) 427 

Length of panels of type Ὧ, ὥ (cm) Random value from [80, 420] 

Weight density of panels of type Ὧ (kg/m3) Random value from [1,100, 2,400] 

Installation sequence of panels, ‏ȟ  Random value; if ‏ȟ ρ, ‏ ȟ π 

Table 5-2: Parameter settings for Ὑ  and ȿὛȿ 

Parameters 

Scenario A  Scenario B 

Group 1 Group 2  Group 1 Group 2 

Reshuffling cutoff, Ὑ  5% 10%  5% 10% 

Number of prefabricated panels, ȿὛȿ 20  40 
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Table 5-3: Randomly generated values for parameters ‏ȟ, ὥ, and ύ  

ID ╪▓ (cm) ◌▓ (kg) 

♯▓ȟ▓ 

Ὧ 1 2 3 4 5 1 2 3 4 5 

A-1 388 136 202 170 358 3430.5 1154.2 1672.6 1925.8 2469.3 

 

A-2 419 195 133 120 292 2445.6 1413.4 1106.3  998.2 2841.0 

 

A-3 241 95 235 388 138 1588.3 1001.0 2653.1 2940.7 1039.3 
 

B-1 327 358 341 270 150 2908.4 3924.8 2795.7 3075.4 1079.3 
 

B-2 404 336 338 316 325 2965.0 2643.4 2805.1 2163.0 3669.1 

 

B-3 333 272 368 239 281 3160.0 1856.6 4198.7 2502.0 2827.1 all ‏ȟ π 

Note: Cases ID A-1, A-2, and A-3 refer to three different instances of scenario A (20 prefabricated panels), and Cases ID B-1, B-2, and B-3 refer to three different 

instances of scenario B (40 prefabricated panels). 
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Table 5-4: Randomly generated values for parameter Ὧί 

ID ▓▼  ▓▼  ▓▼  ▓▼  ▓▼  

A-1 ίȟίȟίȟί  ί  
ίȟίȟίȟ 
ίȟίȟί  

ίȟίȟίȟ 
ίȟίȟί  

ίȟίȟί  

A-2 ίȟίȟί  
ίȟίȟίȟ 
ίȟίȟί  

ίȟί  ίȟίȟίȟί  ίȟίȟίȟίȟί  

A-3 ίȟί  
ίȟίȟίȟ 
ίȟίȟί  

ίȟίȟίȟί  ίȟίȟίȟί  ίȟίȟίȟί  

B-1 
ίȟίȟίȟίȟ 
ίȟίȟί  

ίȟίȟίȟίȟ 
ίȟίȟί  

ίȟίȟίȟίȟ 
ίȟίȟίȟί  

ίȟίȟίȟίȟί ȟ 
ί ȟίȟίȟί ȟί  

ίȟίȟίȟίȟ 
ί ȟίȟίȟί  

B-2 

ίȟίȟίȟίȟ 
ίȟίȟίȟίȟ 
ίȟίȟίȟί  

ίȟίȟίȟίȟ 
ίȟίȟί  

ίȟίȟίȟίȟ 
ίȟίȟίȟί  

ίȟίȟίȟί ȟ 
ίȟίȟί  

ίȟίȟίȟ 
ίȟίȟί  

B-3 

ίȟίȟίȟίȟίȟ 
ίȟίȟίȟί  
ίȟίȟίȟί  

ίȟίȟίȟίȟ 
ίȟίȟί  

ίȟίȟίȟ 
ίȟί  

ίȟίȟίȟ 
ίȟίȟί  

ίȟίȟίȟίȟίȟ 
ίȟίȟίȟί  

Note: The figures listed in the table represent the indexes of panels. Taking Case ID A-1 as an example, there are 7 panels of type Ὧ, 7 panels of type Ὧ, 8 panels of 

type Ὧ, 10 panels of type Ὧ, and 8 panels of type Ὧ. 



 

Chapter 5: Design of Stacking Plans for Prefabricated Panels and Slabs 150 

5.6.2 Computational results of vertical panel stacking problem 

Table 5-5 reports the solutions obtained by the two methods (i.e., the NSGA-II proposed 

in Section 5.5.1 and the heuristic method elaborated in Appendix B2). When solving the 

12 problems, we observed that NSGA-II yielded solutions in which the number of panel 

reshufflings was mostly 0 so that the solutions for two test groups (reshuffling cutoff 

Ὑ : 5% and 10%) of the same scenario were identical and thus not repeatedly recorded 

in Table 5-5. As both methods found a solution within seconds, the computational time 

is not listed. Instead, the two objectives of the problem, i.e., the total number of trailers 

used and the total weight imbalance of trailers, are compared. For the sake of simplicity, 

the two objectives are denoted as a vector έὦὮВ ‌ὸὸɴὝ ȟВ ὈὸὸɴὝ . 

 

Table 5-5: Performance comparison of NSGA-II and the heuristic method 

Case ID 

 
έὦ В ‌ᶰ ȟВ Ὀᶰ   

 

(ὋὥὴȟὋὥὴ) 

 

 
έὦᴆ  έὦᴆ  

  

A-1 
 

(2, 228) (3, 20,401) 
 

(50 %, 8,847 %) 
 

A-2 
 

(2, 156) (3,  6,856) 
 

(50 %, 4,294 %) 
 

A-3 
 

(2, 270), (3, 0) (2,  3,980) 
 

N/A 
 

B-1 
 

(5, 123) (5,  9,598) 
 

(0 %, 7,703 %) 
 

B-2 
 

(5, 157) (5,  6,701) 
 

(0 %, 4,168 %) 
 

B-3 
 

(5, 1,727), (6, 68) (6, 15,887) 
 

N/A 
 

Average   
 

(25 %, 6,328 %) 
 

Notes: (1) έὦᴆ  refers to the objectives solved by the NSGA-II, whereas έὦᴆ  refers to the 

objectives solved by the heuristic method. (2) The optimality gaps between the two objectives obtained 

by the two methods are calculated and denoted by Ὃὥὴ and Ὃὥὴ; for example, Ὃὥὴ of Case ID A-

1 equals σ ςȾς υπϷ and Ὃὥὴ of Case ID A-1 equals ςπτπρςςψȾςςψψψτχϷ. 
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According to the computational results listed in Table 5-5, it can be seen that the designed 

NSGA-II outperforms the heuristic method in two aspects. First, the proposed NSGA-II 

gives multiple solutions on the obtained Pareto front. Taking Case ID A-3 as an example, 

two solutions are provided for stacking planners: (i) using two trailers that have 0.27 ton 

of weight imbalance, and (ii ) using three trailers with no weight imbalance. Stacking 

planners can make decisions based on their predetermined criteria or preferences for the 

two objectives. Second, the solutions obtained by NSGA-II dominate those obtained by 

the heuristic method in both objectives. For problems that yield only one approximate 

Pareto optimal solution by NSGA-II (Case ID A-1, A-2, B-1, and B-2), the optimality 

gaps between the two objectives obtained by two methods are calculated. The average 

optimality gaps are 25% and 6328% respectively. 

 

We use one instance (Case ID B-1) as an example to compare the solutions obtained by 

these two methods. In Figure 5-18, ñplan 1ò refers to the vertical stacking plan for 

prefabricated panels obtained by NSGA-II proposed in Section 5.5.1, while ñplan 2ò 

refers to that obtained by the heuristic method elaborated in Appendix B2. It can be seen 

that both of the derived plans require five trailers in total and neither plan requires 

additional panel reshufflings. In terms of panel stability, the average stability of all panels 

in plan 1 is 98.4%, with the smallest value of the stability for a single panel being no less 

than 80%. Although the average panel stability of plan 2 (i.e., 100%) is slightly higher 

than that of plan 1 (98.4%), the weight imbalance of all trailers in plan 2 is 78 times larger 

than that of plan 1. Therefore, the solution obtained by NSGA-II outperforms that 

obtained by the heuristic method. 
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Figure 5-18: Illustration of the solutions obtained by two methods (Case ID B-1) 

 

5.6.3 Experimental design for horizontal slab stacking problem 

Typically, slabs installed on lower floors are installed before those on higher floors. Note 

that slabs of the same type but installed on different floors are treated as different types 

in model formulation and problem solution. Slabs installed on the same floor may also be 

of different types due to engineering requirements. For example, slabs for bathrooms are 

different from those for bedrooms because they have more built-in conduits. Precast slabs 

refer to wall and floor slabs. In this study, it is assumed that both wall slabs and floor slabs 

to be stacked are of two different dimensions. All slabs are used to build an ὓ-level house 

where ὓ is an adjustable number according to the actual construction needs. All levels 
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are considered identical and thus each requires the same number and types of slabs for its 

construction. Different values for ὓ correspond to different experimental scenarios. The 

slab installation sequence in different scenarios can easily be determined according to the 

following two principles: 

(i) There is no mandatory installation sequence for different types of wall or floor slabs 

unless they are to be installed on different floors; and 

(ii) For floor and wall slabs on the same level, the floor slabs should be installed before 

the wall slabs.  

 

For example, when ὓ ς  (Scenario A), there are floor slab types Ὧ  and Ὧ  for the 

ground floor and Ὧ and Ὧ for the first floor, along with wall slab types Ὧ and Ὧ for the 

ground floor and Ὧ and Ὧ for the first floor. As shown in Figure 5-19, the installation 

sequence of slabs is ὯȟὯᴼὯȟὯᴼὯȟὯᴼὯȟὯ, where slabs represented by left-

side nodes must be installed before those represented by right-side nodes (e.g., ‏ȟ ρ 

and ‏ȟ ρ). There is no installation priority between slabs represented by nodes in the 

same column (e.g., ‏ȟ π and ‏ȟ π). Slab installation sequence in three scenarios 

can thus be derived. 

 

 

Figure 5-19: Illustration of slab installation sequence when ὓ ς 
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According to the literature, precast slabs differ in size due to different engineering needs. 

The width range of slabs is 0.8 to 1.2 m (Zhang et al., 2022), while slab lengths of 2.4 to 

3.6 m are most common in practice (Shewchuk and Guo, 2012). The maximum number 

of layers in a stack is usually set to 4 (Lee et al., 2022a). Therefore, in this study, the 

length and width ranges of precast slabs are set to ςȢτ ÍȟσȢφ Í  and πȢψ ÍȟρȢς Í , 

respectively, and the maximum number of slabs in a stack remains 4 in all scenarios. 

 

The parameter settings are reported in Table 5-6. To show the general applicability of the 

proposed methodology, we neither fix the dimensions (i.e., parameters ὥ and ὦ) nor the 

number of slabs of various types (i.e., parameter ὗ) when conducting the computational 

experiments. Instead, in each scenario, five instances are randomly generated by adjusting 

the values of ὥ, ὦ, and ὗ, yielding 15 problems in total for the different scales. 

 

Table 5-6: Parameter settings for ὣ, ὓ, ὑ, ὗ, ὗ, ὥ, and ὦ in different scenarios 

Scenarios A B C 

Maximum layer of a stack, ὣ 4 4 4 

Number of levels, ὓ 2 3 4 

Number of slab types, ὑ 8 12 16 

Number of slabs, ὗ 18 27 36 

Number of slabs of type Ὧ, ὗ  
Randomly generated, satisfying ὗ ρ  

and В ὗ ὗ 

Width of slabs of type Ὧ, ὥ Randomly generated from the range πȢψ ÍȟρȢς Í  

Length of slabs of type Ὧ, ὦ Randomly generated from the range ςȢτ ÍȟσȢφ Í  

 

Table 5-7 further reports the values of parameters ὗ , ὥ , and ὦ  in the 15 randomly 

generated cases. As mentioned above, the wall and floor slabs examined in this study each 
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have two different dimensions, and therefore there are four different types of slabs for 

each floor level. For the sake of simplicity and space limitation, Table 5-7 only lists the 

values of ὗ, ὥ, and ὦ for Ὧᶰρȟτ. As each level is considered identical, the number 

of slabs and also the dimensions of each type Ὧ slab installed on the 1st level are exactly 

the same for the 2nd, 3rd, é, ὓth levels. Take the first case of scenario A (Case ID: A-1) 

as an example. The number of slabs is 3 for both types Ὧ and Ὧ, and their dimensions 

are also the same (i.e., 0.99 m wide and 2.45 m long). This similarly applies to slabs of 

types Ὧ and Ὧ, Ὧ and Ὧ, and Ὧ and Ὧ. 

 

Table 5-7: Randomly generated values for parameters ὗ, ὥ, and ὦ 

Case ID ὗ  ὥ (m) ὦ (m) 

Ὧ 1 2 3 4 1 2 3 4 1 2 3 4 

A-1 3 4 1 1 0.99 0.98 0.87 1.13 2.45 3.49 2.61 3.55 

A-2 3 1 2 3 0.83 1.18 0.97 0.83 3.01 3.57 3.05 2.96 

A-3 3 1 2 3 1.08 0.98 1.07 0.93 3.57 2.45 3.49 3.57 

A-4 1 3 1 4 0.95 1.06 0.95 0.82 3.45 2.46 3.21 3.54 

A-5 1 3 2 3 0.94 0.94 1.14 0.98 2.44 3.04 2.43 2.99 

B-1 4 2 2 1 0.90 0.99 1.06 0.94 2.53 3.33 2.92 3.53 

B-2 1 3 3 2 0.92 1.15 1.02 0.90 3.24 2.64 2.62 3.54 

B-3 4 1 2 2 1.16 0.94 1.13 1.00 2.60 2.72 3.06 2.95 

B-4 1 4 3 1 0.82 1.02 1.01 0.87 3.51 3.06 3.35 2.96 

B-5 2 2 2 3 1.20 0.86 1.05 0.91 2.81 2.54 2.45 2.95 

C-1 2 2 3 2 1.14 1.18 1.17 1.04 3.09 3.41 3.36 2.94 

C-2 2 2 3 2 1.18 1.10 1.09 0.95 3.30 3.23 2.76 2.95 

C-3 3 3 2 1 0.87 1.10 0.89 1.15 3.22 3.39 2.44 2.97 

C-4 2 3 1 3 1.10 1.14 1.04 0.88 3.08 2.96 3.19 3.58 

C-5 1 3 3 2 1.01 1.17 0.98 0.81 2.86 2.69 2.42 3.00 
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5.6.4 Computational results of horizontal slab stacking problem 

Table 5-8 lists and compares the solutions to the 15 problems of different scales obtained 

by the two methods (i.e., the integer programming method proposed in Section 5.5.2 and 

the heuristic method elaborated in Appendix B3). As both methods can find a solution 

within seconds, the computational time is not recorded here. Instead, we compare the two 

objectives of the problem, i.e., the total area occupied by the stacks and the total number 

of reshufflings. There is only one Pareto optimal solution when we solve the problem 

using the integer programming method. As we expected, the integer programming method 

outperforms the heuristic method, the latter being developed according to the intuitive 

stacking strategies used by planners in practice. The average optimality gap between the 

two methods is 16.56% for the first objective, and our proposed exact method can always 

derive the solution with no additional reshuffling work. Therefore, the comparison of the 

computational performance of the exact and heuristic methods highlights the contribution 

of the proposed integer programming method. 

 

Illustrative optimal stacking solutions obtained by the two methods are shown in Figure 

5-20, where the fourth case of scenario B (Case ID B-4) is used as an example. Some 

commonalities between the obtained solutions can be observed (e.g., the same stacking 

patterns are adopted for stacks 1ï3). However, the integer programming method can 

better guide planners to find the trade-offs among the number of stacks, stability of stacks, 

and slab reshufflings of stacks. This is evident for stack 6 in Figure 5-20(a). Although 

placing the slab of type Ὧ on the 3rd layer makes the overall stack slightly less stable, it 

can effectively avoid additional slab reshuffling without increasing the area occupied by 

stack 6. 
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Table 5-8: Performance comparison of the exact method and the heuristic method 

Case 

ID 

 
Total occupied area, В ὃᶰ  

 
Total reshuffling works, В Ὑᶰ  

 
έὦᾮρ  έὦᾮρ  Ὃὥὴ (%) 

 
έὦᾮς  έὦᾮς  Ὃὥὴ 

A-1 
 

15.86 18.13 14.31% 
 

0 0 0 

A-2 
 

14.58 18.79 28.88% 
 

0 0 0 

A-3 
 

17.16 20.48 19.35% 
 

0 0 0 

A-4 
 

14.29 14.29 0.00% 
 

0 2 2 

A-5 
 

13.83 17.13 23.86% 
 

0 0 0 

B-1 
 

20.07 23.79 18.54% 
 

0 0 0 

B-2 
 

23.80 26.89 12.98% 
 

0 0 0 

B-3 
 

21.47 25.32 17.93% 
 

0 0 0 

B-4 
 

22.25 22.89 2.88% 
 

0 1 1 

B-5 
 

19.55 23.40 19.69% 
 

0 0 0 

C-1 
 

33.00 38.36 16.24% 
 

0 2 2 

C-2 
 

29.52 34.71 17.58% 
 

0 2 2 

C-3 
 

27.34 33.33 21.91% 
 

0 1 1 

C-4 
 

29.66 34.85 17.50% 
 

0 1 1 

C-5 
 

24.30 28.36 16.71% 
 

0 1 1 

Average   16.56% 
 

   

Notes: (1) έὦᾮρ  and έὦᾮς  are the two objectives solved by the integer programming method, 

whereas έὦᾮρ  and έὦᾮς  are the two objectives solved by the heuristic method. (2) The 

optimality gaps between the two objectives obtained by different methods are denoted by Ὃὥὴ and 

Ὃὥὴ, where Ὃὥὴ έὦᾮρ έὦᾮρ Ⱦέὦᾮρ  and Ὃὥὴ έὦᾮς έὦᾮς . 
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Figure 5-20: Optimal stacking solutions by two methods (Case ID: B-4) 

 

5.7 SUMMARY  

In this chapter, the vertical panel stacking problem and horizontal slab stacking problem 

are investigated and formulated into bi-objective programming models, whose goal is to 

find optimal stacking solutions that simultaneously minimize the total number of trailers 

used and the total weight imbalance of A-frame trailers (or the number of slab reshuffling).  

 

In the current literature, two optimization objectives are scalarized to one objective so 

that the standard single-objective optimization methods can be used for problem-solving. 

However, we live in a world full of trade-offs. Many if not all real-world problems are 
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bi-objective or multi-objective by nature, with two or more conflicting and incomparable 

objectives. For example, from the perspective of a decision maker, it would be preferable 

to consider both objectives (e.g., time and cost, quantity and quality, and efficiency and 

equality) as part of the optimization process. Intuitively, the two objectives incorporated 

in each of the proposed models are conflicting. Take the vertical panel stacking problem 

as an example: to decrease the number of trailers used, trailers need to carry as many 

panels as possible regardless of whether this would result in an imbalanced load, and the 

derived results of Case ID A-3 and B-3 in Section 5.6.2 confirm this issue. Scarification 

of two objectives into one objective has evident drawbacks. Take Case ID A-1 in Section 

5.6.2 as an example: the heuristic method obtains a stacking plan in which 3 trailers are 

required but the weight imbalance of trailers is over 20 tons.  

 

Bi-objective programming incorporates the mixing of noncomparable objectives and thus 

can effectively avoid such polarized solutions that are practically infeasible. Objectives 

and factors considered in this chapter represent the general concerns and aims of stacking 

planners in practice, making the two studies presented in this chapter more comprehensive 

representations of real-life panel and slab stacking operations than prior studies. The 

developed bi-objective models and algorithms help decision makers to better understand 

the trade-off between different optimization objectives before choosing a suitable solution. 

Furthermore, to show the research generalizability, extensive instances are designed and 

tested, making the validation experiments diverse and as close as possible to the various 

possibilities of different real-life construction projects. As the desire for bi-objective 

optimization becomes increasingly urgent, the proposed methodology is expected to be 

applied to various practical problems in the field of construction and engineering. 
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Chapter 6: Transport Planning for Modular 

Integrated Construction5 

6.1 INTRODUCTION  

Modular construction is recognized as a promising construction method to improve the 

quality, sustainability, productivity, and safety of building construction, and therefore has 

attracted worldwide attention (Wong et al., 2010). However, the wide implementation of 

modular construction faces many practical challenges, the topmost of which is related to 

the transportation of MiC modules (Zheng et al., 2023; Hussein et al., 2023). This chapter 

is motivated by this practical challenge and aims to develop a scientific approach for MiC 

transport planning, thereby achieving on-time door-to-door module delivery in a cost-

effective manner (Research question 2). This chapter is outlined as follows. Section 6.2 

introduces the research background. Section 6.3 identifies the research gaps and explains 

the potential pathways to fill the existing gaps. Section 6.4 presents a detailed description 

of the module transport planning problem and formulates it into an IP model. Section 6.5 

explains the method used for model calculation. Section 6.6 validates the proposed model 

and solution method through a Hong Kong case study. Section 6.7 presents conclusions 

and summarizes the whole chapter. 

 

6.2 BACKGROUND  

Modular construction, referred to as PPVC in Singapore and MiC in Hong Kong, is a 

game-changing method that can facilitate the sustainable development of the construction 

industry (BCA, Singapore, 2017b; CIC, Hong Kong, 2023a). By dividing the construction 

 
5 Wang, H., Liao, L., Yi, W., Zhen, L., 2023. Transportation scheduling for modules used in modular integrated construction. 

International Journal of Production Research, 62(11), 3918ï3931. 
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of a whole building into separate volumetric modules that can be fabricated in off-site 

factories, most construction activities can be devoted to a controlled off-site environment 

(Hussein and Zayed, 2021a). As the modules delivered to sites only need to be assembled 

into a preconstructed structure, the requirement for on-site labor can be greatly reduced 

(Mao et al., 2016). Generally, MiC modules (with internal finishes, fixtures, and fittings) 

represent the most advanced prefabrication technology (Bertram et al., 2019). Currently, 

MiC has been adopted to construct hotels, apartments, and residential buildings in various 

countries and regions, e.g., in the USA, the UK, Singapore, China, and Korea (Hong et 

al., 2018; Chen et al., 2022; Wang et al., 2024b). 

 

However, the complicated and costly transportation of MiC modules represents a huge 

obstacle to the wide adoption of MiC (Zheng et al., 2023; Hussein et al., 2023). MiC 

modules are typically of bulky sizes and high completion rates (Yang et al., 2022). It is 

acknowledged within the construction industry that the transportation of MiC modules is 

much more expensive and intricate than the transportation of raw materials in cast-in-situ 

construction (CIC, Hong Kong, 2021; BCA, Singapore, 2023c). Two key challenges are 

to be addressed in MiC module transportation planning. First, the logistics costs of MiC 

modules need to be better controlled. Normally, cost is considered a prioritized objective 

by practitioners (Chen et al., 2023). The transportation costs of precst components rank 

among the top three contributors to the overall expenditure (Hong et al., 2018). More 

importantly, MiC module transportation from factories to sites brings additional costs that 

are not incorporated into the conventional all-in-situ construction (Jaillon and Poon, 2009; 

Mao et al., 2016). In Hong Kong, for example, the construction expenditure is expected 

to reach 44.2 billion USD (exchange rate: 1 USD =7.8 HKD) by 2030 (CIC, Hong Kong, 

2022a), which implies that over 4 billion USD is estimated to be spent on MiC module 



 

Chapter 6: Transport Planning for Modular Integrated Construction 162 

transportation in Hong Kong in 2030. Therefore, failing to control logistics costs may 

result in severe cost overruns and further wipe out the benefits of using MiC. Second, a 

scientific method for the transport planning of MiC modules should be developed. In the 

current practice, MiC modules are delivered to sites according to the transportation plans 

made by general contractors of construction projects based on their experience, which 

may cause progress delays, additional storage, and budget overruns (Dan and Liu, 2023). 

As the types and dimensions of MiC modules vary greatly among construction projects 

(Wuni and Shen, 2020), practitioners are in urgent need of an automated tool that can 

generate optimal transportation plans for delivering MiCs from factories to construction 

sites. A well-designed module transportation plan has the potential to reduce the overall 

project costs by 10ï30%, compared to the subjective ñrule of thumbò approach (Fang and 

Ng, 2019). 

 

This chapter is motivated by the real-world need for a scientific approach for the transport 

planning of MiC module. An innovative IP model is formulated with the objective of 

minimizing the total transportation costs, including trailer rental, fuel costs, and worker 

salaries. A case study based on Hong Kong data validates that the developed model can 

efficiently solve the problems of practical sizes. Results demonstrate that the proposed 

MiC module transportation plan can reduce module transportation costs by 58.7% 

compared with a JIT strategy, thus bringing great economic benefits to practitioners in 

the off-site construction industry.  

 

6.3 RESEARCH GAPS AND CONTRIBUTIONS 

Based on the literature review presented in Chapter 2, it can be observed that an increasing 

number of studies have been devoted to the transport planning problem of prefabricated 
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products and to the development of high-quality approaches for transportation scheduling. 

Despite many insightful review papers, such as Briskorn and Dienstknecht (2018) and 

Olawumi et al. (2022), there has been a dearth of investigation into the formulation of 

operations research models for the transport planning of 3D MiC modules. The research 

gaps are identified as follows. 

 

First, the current literature has mainly focused on the supply chain management of 2D 

PCs (such as precast floor slabs and prefabricated wall panels), rather than that of 3D 

volumetric modules. The transportation plans designed for 2D PCs can hardly be applied 

to 3D volumetric modules due to their bulkier sizes and more stringent JIT requirements 

(Heravi et al., 2020; CIC, Hong Kong, 2021; Zheng et al., 2023). 

 

Second, although the importance of JIT has been increasingly recognized, to the best of 

our knowledge, there is a dearth of research that compares the optimal module transport 

plans in two scenarios, i.e., (i) there is available on-site space for module storage (non-

implementation of the JIT strategy) and (ii) modules must be delivered to sites on time 

(implementation of the JIT strategy). 

 

In light of the existing literature, an IP model with the objective of minimizing the total 

transportation costs of 3D volumetric modules is proposed in this chapter. A tailored 

solution is designed that can efficiently solve the investigated module transport planning 

problem of practical scales. This study enriches the current literature by proposing a 

transport planning tool to reduce transportation costs of precast modules, thereby bringing 

considerable cost savings for practitioners to use the prefabrication technology. 
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6.4 PROBLEM FORMULATION  

6.4.1 Problem description 

Consider a construction project that requires ȿὑȿ types of MiC modules (denoted by set 

ὑ) in ȿὝȿ calendar days (denoted by set Ὕ). There are ὲ MiCs of type Ὧᶰὑ, each of 

which has a width ύ (unit: m) and a length ὰ (unit: m)6. The number of MiC modules 

of type Ὧ  required to be on site for installation on calendar day ὸ , denoted by Ὠȟ , is 

predetermined and recorded in the construction plan. Assume that each calendar day starts 

at 0:00. At night (from 0:00 to 8:00), all required MiC modules are transported to the 

construction site and then stored there; in the daytime (from 8:00 to 17:00), MiC modules 

are installed at their target locations in the building.  

 

The whole process is depicted in Figure 6-1. At the beginning of each construction day 

ὸɴ Ὕ, the project manager first decides whether to transport the MiCs. We define a binary 

variable ‗ that equals 1 if at least one MiC is transported to the site on the night of day ὸ 

and 0 otherwise. If ‗ π, there is no transportation of MiC modules on the night of day 

ὸ and the project manager does not make any further decisions. In such a circumstance, 

the project manager must ensure that the number of MiCs of each type Ὧ stored on site at 

the beginning of the daytime (before installation) of day ὸ, denoted by ‍ȟ, is no less than 

that required to be stored on site before installation, i.e., ‍ȟ Ὠȟ. If ‗ ρ, the project 

manager should further schedule the MiC transportation by deciding the number of MiC 

modules of each type to be transported, the trailer types to be rented, and the number of 

trips that each rented trailer should take. In practice, MiC modules are delivered by semi-

tractor-trailers (Zheng et al. 2023). Assume that there are ȿὟȿ types of semi-tractor-trailers 

 
6 As we do not impose that ὰ ύ , it is possible that ύ ὰ. The length and width of MiCs refer to their dimensions along the 

length and width of trailers during loading and transportation, respectively. 
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(denoted by set Ὗ) and the flatbed length of trailers of type ό is ὒ (unit: m). We define a 

binary variable ‎ȟ that equals 1 if a tractor with a trailer of type ό is rented on the night 

of day ὸ and 0 otherwise. Therefore, ‌ȟ MiC modules of type Ὧ (to be determined) are 

delivered by the semi-tractor-trailers for multiple trips. For each rented semi-tractor-

trailer ό on the night of day ὸ, which satisfies ‎ȟ ρ, it can take a maximum of ȿὄȿ 

round trips that night (denoted by set ὄ). Note that ȿὄȿ equals the quotient of the total 

number of working hours at night (i.e., 8 hours) and the time taken to finish a round trip. 

The latter is dependent on many practical factors, such as the distance between the factory 

and the construction site, the travel speed of semi-tractor-trailers, and the efficiency of 

the loading and unloading process of MiC modules. After MiC modules are transported 

to the site, a tower crane operator will unload the MiC modules from the trailers and place 

them in the storage yard, the effective storage area of which is ὃ. Thus, the total area 

occupied by all MiC modules on site cannot be larger than ὃ. During the daytime of day 

ὸ, the required MiC modules will be installed at their target locations in the building. The 

above-mentioned process is repeated until the completion of the whole construction 

project after ȿὝȿ days. 

 

This chapter investigates the optimal MiC transport planning problem to minimize the 

total costs, including the rental of semi-tractor-trailers, fuel costs, and salaries paid to 

drivers and tower crane operators. First, ὧ and ὧ are used to indicate the salaries paid to 

one driver and one tower crane operator, respectively. Then, the total salaries paid to 

drivers and tower crane operators during the entire construction period are calculated by 

В В ὧ‎ȟᶰᶰ  and В ὧ‗ᶰ , respectively. Note that the total salaries paid to drivers 

and tower crane operators cannot be rewritten as В ὧ ὧ ‗ᶰ , because the number 

of drivers required depends on the number of semi-tractor-trailers rented; that is, as long 
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as a trailer of type ό is rented, a driver is required for trailer ό. The rental for a tractor 

with a trailer of type ό is denoted as ὧ (unit: $/night). The fuel cost of one trip, denoted 

by ὧ(unit: $/trip), equals the product of the unit fuel cost (unit: $/L), the unit fuel 

consumption (unit: L/km), and the roundtrip distance between factory and construction 

site (unit: km). Thus, the total rentals and fuel costs during the ȿὝȿ days are calculated by 

В В ὧ‎ȟ ὧ‏ȟᶰᶰ . 

 

 

Figure 6-1: Illustration of all inputs and decisions of the problem 

 

Before presenting the mathematical model, we summarize the model assumptions. First, 

transportation uncertainty, e.g., delays in MiC delivery caused by traffic congestion or 

accidental module damages, is not incorporated. Second, all of the construction works 

strictly follow a predetermined construction plan. Third, managers have full access to 

information such as the effective on-site storage area, trailer types and rentals, unit fuel 
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cost, and salaries of drivers and crane operators. All the notation used throughout this 

chapter is listed as follows. 

 

Sets and indices 

Ὕ set of construction days, indexed by ὸ 

ὑ set of the types of MiC modules, indexed by Ὧ 

Ὗ set of trailer types, indexed by ό 

ὄ set of trips, indexed by ὦ 

Parameters 

ὃ the effective storage area of the construction site 

ὲ 
the total number of MiC modules of type Ὧ required by the construction site 

during the whole construction period 

Ὠȟ 
the number of MiC modules of type Ὧ required to be stored on site at the 

beginning of the daytime (before installation) of calendar day ὸ 

ύ  the dimension of MiC modules of type Ὧ along the width of trailers 

ὰ the dimension of MiC modules of type Ὧ along the length of trailers 

ὒ the flatbed length of trailers of type ό 

ὧ the salary for one driver ($/night) 

ὧ the rental cost of a tractor with a trailer of type ό (unit: $/night) 

ὧ the fuel cost of MiC module transportation (unit: $/trip) 

ὧ the salary for one tower crane operator ($/night) 

Decision variables 

‌ȟ 
integer, the number of MiC modules of type Ὧ transported to site on the night 

of calendar day ὸ 
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‍ȟ 
integer, the number of MiC modules of type Ὧ on site at the beginning of the 

daytime (before installation) of calendar day ὸ 

‎ȟ 
binary, it equals 1 if a tractor with a trailer of type ό is rented to transport 

MiC modules on the night of calendar day ὸ and 0 otherwise 

 ȟ‏
integer, the number of trips that a tractor with a trailer of type ό takes on the 

night of calendar day ὸ 

 ȟ‏
integer, the number of trips that a tractor with a trailer of type ό takes on the 

night of calendar day ὸ 

—ȟȟ 
binary, it equals 1 if at least one MiC module is transported by a tractor with 

a trailer of type ό in its trip ὦ on the night of calendar day ὸ and 0 otherwise 

‐ȟȟȟ 
integer, the number of MiC modules of type Ὧ transported by a tractor with 

a trailer of type ό in its trip ὦ on the night of calendar day ὸ 

‗ 
binary, it equals 1 if at least one MiC module is transported to site on the 

night of calendar day ὸ and 0 otherwise 

 

6.4.2 Model formulation  

According to the problem description presented in Section 6.4.1, the transport planning 

problem of MiC modules can be formulated as an MIP model [ִיσ] as follows: 

 

[︢ ] Minimize В В ὧ ὧ ‎ȟᶰ В ὧ‏ȟᶰ ὧ‗ᶰ        (6-1) 

s.t.  В ‌ȟᶰ ὲ            Ὧᶅᶰὑ         (6-2) 

   ‍ȟ ‌ȟ Ὠȟ           Ὧᶅᶰὑ         (6-3) 

   ‍ȟ ‍ ȟ Ὠ ȟ ‌ȟ Ὠȟ    ὸᶅɴ Ὕ͵ ρȟὯᶰὑ     (6-4) 

   ‎ȟ ȟ‏ ȿὄȿ‎ȟ          ὸᶅɴ ὝȟόᶰὟ       (6-5) 

   ‎ȟ ‗               ὸᶅɴ ὝȟόᶰὟ       (6-6) 

   В ὰ ύ ‍ȟᶰ ὃ         ὸᶅɴ Ὕ          (6-7) 
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   В ὰ‐ȟȟȟᶰ ὒ—ȟȟ        ὸᶅɴ ὝȟόᶰὟȟὦɴ ὄ    (6-8) 

   В В ‐ȟȟȟᶰᶰ ‌ȟ        ὸᶅɴ ὝȟὯᶰὑ       (6-9) 

   В —ȟȟᶰ ȟ           ὸᶅɴ‏ ὝȟόᶰὟ       (6-10) 

   —ȟȟ —ȟȟ            ὸᶅɴ ὝȟόᶰὟȟὦɴ ὄ͵ ρ  (6-11) 

   ‗ȟ‎ȟȟ—ȟȟᶰπȟρ          ὸᶅɴ ὝȟόᶰὟȟὦɴ ὄ    (6-12) 

   ‌ȟȟ‍ȟȟ‏ȟȟ‐ȟȟȟᶰὤ         ὸᶅɴ ὝȟὯᶰὑȟόᶰὟȟὦɴ ὄ. (6-13) 

 

Objective function (6-1) aims to minimize the total costs of delivering MiC modules, 

where В ὧ ὧ ‎ȟᶰ  indicates the salary paid to drivers and the rental cost of tractors 

with different trailers on calendar day ὸ, В ὧ‏ȟᶰ  indicates the total fuel cost of MiC 

module transportation on calendar day ὸ and it depends on the number of trips that all 

rented semi-tractor-trailers take, and ὧ‗ indicates the salary paid to tower crane 

operators on calendar day ὸ. Constraints (6-2) specify that all MiC modules of each type 

Ὧ will be delivered to the site during the construction period. Constraints (6-3) and (6-4) 

calculate the number of MiC modules of type Ὧ on site at the beginning of the daytime 

(before installation) of calendar day ὸ, which should be no less than the number of MiC 

modules of type Ὧ required to be stored. If ὸ ρ, it equals the number of MiC modules 

of type Ὧ transported to site. If ὸ ς, σ, é, ȿὝȿ, it equals the number of MiC modules of 

type Ὧ on site at the beginning of the daytime (before installation) of calendar day ὸ ρ 

minus the number of MiC modules of type Ὧ required to be transported to the site on the 

night of calendar day ὸ ρ and plus the number of MiC modules of type Ὧ transported to 

the site on the night of calendar day ὸ. Constraints (6-5) link the integer variable ‏ȟ with 

binary variable ‎ȟ, which guarantee that the number of trips of a tractor with a trailer of 

type ό on the night of calendar day ὸ should be no more than the maximum number of 

trips that a semi-tractor-trailer can take each night. Constraints (6-6) require that the 
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transportation of MiC modules is arranged on the night of calendar day ὸ as long as any 

tractor with a trailer of type ό is rented. Constraints (6-7) guarantee that the total area 

occupied by all MiC modules on site cannot exceed the effective storage area of the 

construction site. Constraints (6-8) limit that the total length of all transported MiC 

modules by a tractor with a trailer of type ό in its trip ὦ should be no greater than the 

length of the trailer. Constraints (6-9) stipulate that the number of MiC modules of type 

Ὧ transported to the site equals the sum of MiC modules transported by trailers of all types 

in all their trips on the night of calendar day ὸ. Constraints (6-10) calculate the number of 

trips that a tractor with a trailer of type ό takes on the night of calendar day ὸ. Constraints 

(6-11) ensure the consecutiveness of trailer trips, that is, a trailer can take its next trip ὦ 

only when it finishes a previous trip ὦ ρ. Constraints (6-12) and (6-13) define the 

domains of the decision variables. 

 

6.5 ALGORITHM DESIGN  

The IP model shown in Section 6.4.2 is appropriately formulated so that it can be directly 

embedded into commercial solvers, i.e., CPLEX. Practitioners simply need to input the 

required parameters, e.g., the salaries of drivers and crane operators, and dimensions of 

modules and trailers, and CPLEX will automatically perform calculations and yield 

optimal solutions. Since CPLEX already has the computational capability to efficiently 

derive the optimal transportation plans, typically in less than one minute for practical-

scale problems, it may not be necessary to develop the heuristic algorithms. 
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6.6 EXPERIMENTAL VALIDATION  

To validate the effectiveness and efficiency of the proposed mathematical model, this 

section presents its implementation to a real-life construction project in Hong Kong. 

Project information for this case study is derived from Jaillon and Poon (2008). Section 

6.6.1 explains how the model parameters were set based on the project data. Section 6.6.2 

reports the statistical results. Section 6.6.3 considers the MiC module transport planning 

problem under the JIT strategy. Section 6.6.4 presents the sensitivity analysis of the on-

site storage area. 

 

6.6.1 Data collection 

Many residential and commercial buildings in Hong Kong adopt a hybrid construction 

method, that is, both conventional method and prefabrication technology are used in one 

project. The precast rate refers to the percentage of prefabrication used in the total volume 

(Hong et al., 2018).  

 

First, the project overview is presented, including precast rate, the types of MiC modules 

used, the number of MiCs of each type, and the entire construction period. The project 

was to construct a 32-storey tower and a two-level podium composed of 310 construction 

units. The construction units are of eight types, including bay windows, structural walls, 

staircases and stairwells, semi-precast slabs, precast facades, precast balconies, precast 

kitchens, and precast bathrooms. As the precast rate of the target building is 50%, we 

infer that there are 165 prefabricated units of eight types. As this study mainly focuses on 

MiC modules and the number of precast construction units is assumed to be the same for 

each type, the precast balconies, precast kitchens, and precast bathrooms are considered, 

each with 20 units. Assume that the time period for installing all MiC modules in this 
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project is one month. The number of MiC modules of different types required to be stored 

on site at the beginning of the daytime (before installation) on each day is randomly 

generated and listed in Table 6-1. 

 

Table 6-1: Parameter setting for Ὠȟ 

Ὠȟ ὸ ὸ ὸ ὸ ὸ ὸ ὸ ὸ ὸ ὸ  

Precast  

balconies, Ὧ 
1 0 0 2 0 0 0 2 1 1 

Precast  

kitchens, Ὧ 
1 1 1 0 1 1 0 0 0 1 

Precast  

bathrooms, Ὧ 
0 0 1 0 1 1 0 1 1 0 

Ὠȟ ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  

Precast  

balconies, Ὧ 
1 0 1 0 1 0 0 0 1 3 

Precast  

kitchens, Ὧ 
0 1 0 0 0 2 1 0 0 0 

Precast  

bathrooms, Ὧ 
2 2 0 1 2 1 0 0 0 0 

Ὠȟ ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  ὸ  

Precast  

balconies, Ὧ 
1 2 0 1 0 0 0 0 1 1 

Precast  

kitchens, Ὧ 
1 1 0 2 2 1 1 0 1 1 

Precast  

bathrooms, Ὧ 
4 0 0 0 0 0 0 0 1 2 
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Then, the data of on-site storage area for MiC modules, and the dimensional and weight 

capacity of MiC modules and trailers are reported. The total area of the construction site 

is φσππ Í . According to the layout of construction sites (Jung et al., 2018; Yi et al., 

2018), they usually include building construction workspace, indoor storage area, and 

outdoor storage area. All large construction materials that can only be hoisted by tower 

cranes, such as reinforced bars, deck plates, structural steel beams, and MiC modules, are 

stored in outdoor yard, which accounts for approximately 20% of the entire construction 

site (i.e., ρςππ Í ). Thus, we assume that the effective storage area for MiCs is ςππ Í . 

Although the dimensions of three types of MiC modules are not recorded in Jaillon and 

Poon (2008), we choose the dimensions commonly used in practice (Zheng et al., 2023; 

Zhu and Pan, 2022), i.e., υȢτ Í ςȢψ Í, φ Í ςȢυ Í, and ψ Í σȢυ Í. The two lengths 

for the flatbed of semi-tractor-trailers are χȢψ Í and ρσȢφ Í (Kharrazi, 2012; Karam and 

Reinau, 2021).  

 

Finally, the values of parameters related to costs are determined. The rentals for tractors 

with χȢψ Í and ρσȢφ Í trailers are assumed to be 1200 and 1750 HKD/night, respectively. 

The distance between the module production factory and the construction site is 28 km, 

and the vehicle speed is 40 km/h (Hong Kong Transport Department, 2024). Thus, a semi-

tractor-trailer can at most take five trips each night. According to Karam and Reinau 

(2021), the fuel consumption of a semi-tractor-trailer is 0.28 L. The unit fuel price is 16.8 

HKD/L (Hong Kong Consumer Council, 2022). Thus, the fuel cost for one round trip is 

about 260 HKD. The salaries paid to one driver and one tower crane operator are 600 and 

900 HKD/night, respectively. 
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6.6.2 Computational results 

The proposed model was implemented in Visual Studio 2019, C#, and solved by CPLEX 

12.6.1. The computational time was 38 seconds. The objective of the case study is 37,650 

HKD, and the optimal MiC module transportation plan is listed in Table 6-2. Furthermore, 

Table 6-3 shows the types of trailers used and the types of MiCs transported in each trip.  

 

To present the solutions more clearly and visually, Figures 6-2, 6-3, and 6-4 take the 

construction period (unit: days) as the horizontal axis and the number of MiC modules 

transported on each day (unit: pcs) and the total number of MiC modules transported up 

to each day (unit: pcs) of types Ὧ, Ὧ, and Ὧ as the primary and secondary vertical axes, 

respectively. 

 

Table 6-2: Optimal MiC transportation plan 

 ὸ ὸ ὸ ὸ  ὸ  ὸ  ὸ  ὸ  

‌ȟ  5 1 2 2 4 3 3 0 

‌ȟ  4 1 2 0 3 2 4 4 

‌ȟ  1 4 3 4 2 3 3 0 

ȟ‏  0 0 0 0 0 0 2 4 

ȟ‏  5 5 5 4 5 5 5 0 

Notes: (1) MiC module transportation is only arranged on the days listed in the table, i.e., there are no 

MiC module deliveries on other days (i.e., ὸ ὸ, ὸ ὸ, ὸ , ὸ , ὸ ὸ , ὸ ὸ , ὸ , ὸ , ὸ , 

and ὸ ὸ ). (2) For example, the transportation plan on day ὸ is to rent a tractor with a 13.6-m 

long trailer that travels five round trips for delivering five precast balconies, four precast kitchens, and 

one precast bathroom. 
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Table 6-3: Types of trailers used and types of MiC modules transported in each trip 

(model [ִיσ]) 

Π 

ὸ ὸ ὸ ὸ  

ό Ὧ ό Ὧ ό Ὧ ό Ὧ 

1 ό ὯȟὯ ό Ὧ ό ὯȟὯ ό ὯȟὯ 

2 ό ὯȟὯ ό ὯȟὯ ό Ὧ ό ὯȟὯ 

3 ό ὯȟὯ ό Ὧ ό Ὧ ό Ὧ 

4 ό ὯȟὯ ό Ὧ ό Ὧ ό Ὧ 

5 ό ὯȟὯ ό Ὧ ό ὯȟὯ --- --- 

Π 

ὸ  ὸ  ὸ  ὸ  

ό Ὧ ό Ὧ ό Ὧ ό Ὧ 

1 ό Ὧ ό Ὧ ό Ὧ ό Ὧ 

2 ό ὯȟὯ ό Ὧ ό Ὧ ό Ὧ 

3 ό ὯȟὯ ό ὯȟὯ ό ὯȟὯ ό Ὧ 

4 ό ὯȟὯ ό ὯȟὯ ό ὯȟὯ ό Ὧ 

5 ό ὯȟὯ ό ὯȟὯ ό ὯȟὯ --- --- 

6 --- --- --- --- ό Ὧ --- --- 

7 --- --- --- --- ό Ὧ --- --- 

Note: For example, a tractor with a 13.6-m long trailer is rented and delivers five trips on the night of 

day ὸ. One precast balcony and one precast kitchen are delivered in each of the first four trips, and 

one precast balcony and one precast bathroom are delivered in the last trip. 
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Figure 6-2: Number of MiC modules transported on day ὸ and the total number of MiC 

modules transported up to day ὸ (MiC module type: Ὧ) 

 

 

Figure 6-3: Number of MiC modules transported on day ὸ and the total number of MiC 

modules transported up to day ὸ (MiC module type: Ὧ) 

 


































































































































