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Abstract: This paper focuses on sustainable transportation of prefab products from factories to
construction sites by ship. Since the transportation cost for all the prefab products of a construction
site is mainly dependent on the number of cargo holds used on ships, a loading plan for prefab
products that minimizes the number of holds required is highly desirable. This paper is therefore
devoted to the development of an optimal loading plan that decides which prefab products are
loaded into each cargo hold and how to pack these prefab products into the holds so that as few
holds as possible are used. We formulate the problem as a large-scale integer optimization model
whose objective function is to minimize the total number of cargo holds used and whose constraints
represent the cargo hold capacity limits. We develop a heuristic to solve the problem and obtain a
high-quality solution. We have tested the model and algorithm on a case study that includes 20 prefab
products. We find that di↵erent cargo holds carry prefab products that have quite di↵erent densities.
Moreover, the orientations of many prefab products are di↵erent from their default orientations.
The results demonstrate the applicability of the proposed model and algorithm.

Keywords: sustainable shipping; logistics in construction; prefabrication product loading plan

1. Introduction

The construction industry has a long history [1]. Over the years, the industry has been striving to
develop new techniques, methods, and tools to improve safety, productivity, and quality and to reduce
the cost of construction [2]. Prefabrication is one such method [3–6]. As far back as the Empire State
Building, built in 1931, the use of o↵-site prefabrication was common with “just in time” delivery to
the site only when installation was ready to accept the component. The supply chain and logistics
practices have advanced today but the idea is essentially the same—build as many components o↵-site
as possible, where conditions can be controlled, and use the site as an assembly location [7].

The conventional method of construction is to transport bricks, timber, sand, etc. to construction
site and then to construct a building from the materials. In prefabricated construction, the foundation
of a building is generally built using conventional construction methods and walls, floors, and roofs are
generally prefabricated in a factory and transported to the construction site for assembly. Prefabricated
products (prefab products) can be small components, 2D panels, 3D modules, a mixture of the above,
or a complete building. The prefab products are manufactured in factories, similar to products in
the traditional manufacturing industry. They are then transported, usually by cargo hold, to construction
sites. At the construction sites, the prefab products are installed and assembled. The motivation for
prefabrication construction is to group similar construction tasks to allow workers to work on similar
tasks multiple times and to improve e�ciency. Moreover, when the construction tasks are conducted in a
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factory, the management of resources, scheduling, and quality control can be well planned. It is generally
accepted that prefabrication has the advantages of lower cost, higher productivity, higher quality,
eliminating impact of weather on construction, no expensive on-site falsework, and improved worker
health and safety. However, prefabrication has a few disadvantages. The first one is there are
limited varieties of styles of buildings, though mass customization is an option. The second one is
the transportation costs are higher for voluminous prefabs than for their constituent materials because
the materials can be packed more densely; Hong et al. [8] reported that transportation cost accounts
for 10% of the cost of typical prefabricated components. This paper focuses on the transportation
of prefab products from factories to construction sites by ship. In traditional construction processes,
loose construction materials such as sand, bricks, and cement are transported to construction sites.
Since the granularity of these materials is small, they can be tightly packed in a cargo hold when
they are transported. In prefab construction processes, the size and weight of a piece of prefab
product are significant. Since the transportation cost for all the prefab products of a construction
site is mainly dependent on the number of cargo holds used, a loading plan for prefab products that
minimizes the number of cargo holds required is highly desirable. This paper is therefore devoted to
the development of an optimal loading plan that decides which prefab products are loaded into one
cargo hold and how to pack these prefab products in the cargo hold so that the least number of cargo
holds are used while the volume and weight capacities of cargo holds are satisfied. The party that is
directly in charge of the loading and transportation will benefit from our research and the benefit can
be shared among several parties in the supply chain. If the prefab factory is in charge of the loading
and transportation, that is, the prices of prefab products already include the costs of the transportation,
then the prefab factory can use our research to reduce its cost. If a logistics company is in charge
of the loading and transportation, it can use our model to reduce the number of cargo holds used
and therefore to charge a lower price to the customer. Optimizing the number of loads per cargo hold
can reduce the number of cargo holds on the road, and therefore the fossil fuels used and emissions
generated from transportation.

1.1. Literature Review

The first type of relevant studies is those looking at adoption of prefabrication in construction.
Chen et al. [9] found that whether a construction project employs prefab largely depends on
the familiarity and personal preference of the decision maker. They therefore proposed a construction
method selection model to assist decision makers to evaluate the pros and cons for prefabrication
compared with the conventional construction method. Li et al. [10] collected prefabrication housing
production data based on a literature review, regulations, expert interviews, and government reports
and then performed a strengths, weaknesses, opportunities, and threats (SWOT) analysis for prefab
residential housing in Hong Kong. Chang et al. [11] argued that in the fast urbanization process in China,
adopting prefabrication construction allows the governments, prefab housing producers, and contractors
to be more sustainable. Lu et al. [12] developed a methodological framework to identify the optimal
level of prefabrication adoption under different political, economic, social, and technological contexts.
The framework’s applicability is demonstrated using a case study in Hong Kong. Zhang et al. [13]
collected 22 hindrances of adopting prefabrication in the literature. Based on a questionnaire survey
and face-to-face interviews, they identified the most significant hindrances.

The second type of relevant studies considers measures to improve prefabrication-based
construction. Tam et al. [14] conducted questionnaire surveys and structured interviews and discovered
that involving contractors and subcontractors in the design stage can bring advantages because
subcontractors often lack experience in using prefabrication. Tam et al. [15] conducted two case studies to
uncover the best practice of prefabrication construction in Hong Kong. Li et al. [16] employed simulation
and identified a few scheduling risks when prefabrication housing production is moved offshore,
including incompatibility between different companies’ information systems, logistics information
errors, delay of delivery of prefabs, and design information gaps between designer and manufacturer.
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Li et al. [17] developed a simulation game to train practitioners in prefab construction. The results
show that the game can considerably improve practitioners’ understanding of knowledge concepts in
prefab. Wong et al. [18] conducted semi-structured interviews of Australian construction site managers
regarding their intention to use prefabrication. The results demonstrated that the managers were aware
of the need and importance of using prefabrication but not yet well-prepared. Chen et al. [19] developed
a physical internet-enabled building information modeling system (PI-BIMS) for prefabrication
construction. The system enables real-time data collection, information flow, and visualization
along the whole process of production, transportation, and on-site assembly of prefab products.
Li et al. [20] developed an internet of things (IoT)-enabled platform to provide decision support to
di↵erent stakeholders in prefabrication construction, aimed at improving e�ciency in daily operations
and communication. Li et al. [21] integrated system dynamics and discrete event simulation to analyze
the schedule design of a prefab construction site in Hong Kong. Key reasons for schedule design
were identified, some of which can lead to delays of more than five hours. Liu and Lu [22] developed
a dual-level multiproject scheduling framework to optimize resource allocation in prefabrication
projects. The e↵ectiveness of the proposed framework was demonstrated through a case study.
Tan et al. [23] conducted a questionnaire survey regarding barriers a↵ecting China’s application of BIM
to prefabricated construction. They found that cost, lack of research on BIM in China, and the absence
of government standards are the three key hindrances.

The third type of relevant studies is those on the logistics chain of prefab products. The logistics
chain of prefab products is similar to the manufacturing, transportation, and assembly process of
industry products. Tommelein and Li [24] examined the delivery of ready-mix concrete to construction
sites in a just-in-time manner, either by a batch plant or by the contractor’s own revolving-drum cargo
hold. They found that which just-in-time approach is preferable depends on the contractor’s willingness
to control and the variability in the contractor’s demand for ready-mix concrete. Pheng and Chuan [25]
conducted surveys and interviews regarding factors that a↵ect contractors’ adoption of just-in-time
delivery of precast concrete components. They found that contractors in general overlooked the benefits
of just-in-time delivery of prefab products in terms of alleviating tra�c congestion and reducing
storage space in construction sites. Li et al. [10] applied a social network analysis method to recognize
stakeholder-associated risk factors in prefabrication housing construction projects. They proposed
BIM to facilitate communication between stakeholders and thereby to alleviate stakeholder-associated
risks. Niu et al. [26] developed a smart construction objects (SCOs)-enabled system that enhances
concurrence of process and the flow of information to improve the logistics in prefabrication construction.
Hsu et al. [27] analyzed the logistics chain of prefab products and developed a stochastic optimization
model for prefab production scheduling and inventory management. There are also studies on road
transport [28–31] and maritime transport [32–34], but these studies do not examine the packing of
cargoes onto the vehicles/vessels.

Based on the literature review, we find a gap in that no study has been devoted to the load
planning for prefab products in cargo holds. To bridge the gap, we employed mathematical models
and optimization methods to address this practical problem for construction. We enriched the literature
by applying an optimization solution approach to prefabricated construction process.

1.2. Objectives and Contributions

The objective of this research is to propose an optimization model for prefab product load planning
to minimize the number of cargo holds required to transport them. The contribution of the paper
is twofold. First, to the best of our knowledge, we are the first to propose the prefab product load
planning problem, which contributes to the literature on prefab construction. Second, we propose a
heuristic that solves the problem and identifies a high-quality solution.

The remainder of the paper is organized as follows: Section 2 presents the problem statement
and model. Section 3 proposes the solution method. Section 4 reports the results of a case study.
Section 5 presents discussions and points out future research opportunities. Section 6 concludes.
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2. Problem Description and Mathematical Model

A construction site requires a total of N prefabricated products transported from a factory.
Define set I = {1, . . . , N}. Prefab product i 2 I is treated as a rectangular prism, with the sizes of
ai, bi, and ci in the three dimensions. Each prefab product has a weight wi. We assume that all
the prefab products are manufactured in the same factory; otherwise we can optimize the packing
of prefab products for each factory separately. We further assume that all the prefab products are to
be transported from the factory to the construction site on the same day. If the construction site is
not large enough to temporarily store all the prefab products and/or the prefab products are to be
transported on di↵erent days, we can optimize the packing of prefab products for each day separately.

We assume that the prefab products are transported by homogeneous cargo holds. The sizes of a
cargo hold in the three dimensions are A, B, and C; for simplicity, the three dimensions of a cargo hold
are called the A-dimension, B-dimension, and C-dimension, as shown in Figure 1. The weight capacity
of a cargo hold is W. We have A � maxi2Iai, B � maxi2Ibi, C � maxi2Ici, W � maxi2Iwi, We try to load all
the prefab products into as few cargo holds as possible. Note that if the cargo holds are heterogeneous,
the proposed model and algorithm in the paper are still applicable after minimal revision.
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A lower bound on the number of cargo holds required is denoted by K1 = max
nl P

i2I aibici
ABC

m
,
lP

i2I wi
W

mo
,

where dxe returns the smallest integer greater than or equal to x. An upper bound on the number of
cargo holds required is denoted by K2 = N, that is, each cargo hold carries only one prefab product.
The minimum number of cargo holds required is between K1 and K2.

The decision variables in our model are summarized in Table 1. They can be classified into a
few categories: the decision variables tk determine the number of cargo holds used to transport all
the prefab products; the decision variables zik are on the assignment of prefab products to cargo holds;
the decision variables yi1, yi2, yi3, yi4, yi5, and yi6 determine the orientation of a prefab product on
a cargo hold; the decision variables di1, di2, and di3 determine, based on the orientation of a prefab
product, its sizes in the three dimensions; the decision variables xi1, xi2, and xi3 determine the location
of a prefab product in a cargo hold.
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Table 1. Decision variables.

Symbol Meaning

tk Binary variable that is equal to 1 if cargo hold k = 1, . . . , K2 is used and 0 otherwise

zik
Binary variable that is equal to 1 if prefab product i 2 I is loaded into cargo hold

k = 1, . . . , K2 and 0 otherwise

yi1

Binary variable that is equal to 1 if prefab product i is loaded into a cargo hold such that
the prefab product’s size is ai in the A-dimension, bi in the B-dimension, ci in

the C-dimension, and 0 otherwise

yi2

Binary variable that is equal to 1 if prefab product i is loaded into a cargo hold such that
the prefab product’s size is ai in the A-dimension, ci in the B-dimension, bi in

the C-dimension, and 0 otherwise

yi3

Binary variable that is equal to 1 if prefab product i is loaded into a cargo hold such that
the prefab product’s size is bi in the A-dimension, ai in the B-dimension, ci in

the C-dimension, and 0 otherwise

yi4

Binary variable that is equal to 1 if prefab product i is loaded into a cargo hold such that
the prefab product’s size is bi in the A-dimension, ci in the B-dimension, ai in

the C-dimension, and 0 otherwise

yi5

Binary variable that is equal to 1 if prefab product i is loaded into a cargo hold such that
the prefab product’s size is ci in the A-dimension, ai in the B-dimension, bi in

the C-dimension, and 0 otherwise

yi6

Binary variable that is equal to 1 if prefab product i is loaded into a cargo hold such that
the prefab product’s size is ci in the A-dimension, bi in the B-dimension, ai in

the C-dimension, and 0 otherwise
di1 The size of the prefab product i in the A-dimension of the cargo hold
di2 The size of the prefab product i in the B-dimension of the cargo hold
di3 The size of the prefab product i in the C-dimension of the cargo hold
xi1 The coordinate of the centroid of prefab product i in the A-dimension of the cargo hold
xi2 The coordinate of the centroid of prefab product i in the B-dimension of the cargo hold
xi3 The coordinate of the centroid of prefab product i in the C-dimension of the cargo hold

The optimal cargo hold loading planning problem for the prefabricated products can be formulated
as the following model:

(P1)
subject to

min
XK2

k=1
tk (1)

tk � zik, i 2 I, k = 1, . . . , K2 (2)

K2X

k=1

zik = 1, i 2 I (3)

yi1 + yi2 + yi3 + yi4 + yi5 + yi6 = 1, i 2 I (4)

di1 = ai(yi1 + yi2) + bi(yi3 + yi4) + ci(yi5 + yi6), i 2 I (5)

di2 = ai(yi3 + yi5) + bi(yi1 + yi6) + ci(yi2 + yi4), i 2 I (6)

di3 = ai(yi4 + yi6) + bi(yi2 + yi5) + ci(yi1 + yi3), i 2 I (7)

xi1 �
di1
2

, i 2 I (8)

xi1  A� di1
2

, i 2 I (9)

xi2 �
di2
2

, i 2 I (10)

xi2  B� di2
2

, i 2 I (11)



Sustainability 2020, 12, 8905 6 of 12

xi3 �
di3
2

, i 2 I (12)

xi3  C� di3
2

, i 2 I (13)

���xi1 � xj1
��� �

di1 + dj1

2
�M
⇣
2� zik � zjk

⌘
, i 2 I, j 2 I, i , j, k = 1, . . . , K2 (14)

���xi2 � xj2
��� �

di2 + dj2

2
�M
⇣
2� zik � zjk

⌘
, i 2 I, j 2 I, i , j, k = 1, . . . , K2 (15)

���xi3 � xj3
��� �

di3 + dj3

2
�M
⇣
2� zik � zjk

⌘
, i 2 I, j 2 I, i , j, k = 1, . . . , K2 (16)

X

i2I
wizik Wtk, k = 1, . . . , K2 (17)

tk = 1, k = 1, . . . , K1 (18)

tk 2 {0, 1}, k = K1 + 1, . . . , K2 (19)

zik 2 {0, 1},i 2 I, k = 1, . . . , K2 (20)

yi1 2 {0, 1}, i 2 I (21)

yi2 2 {0, 1}, i 2 I (22)

yi3 2 {0, 1}, i 2 I (23)

yi4 2 {0, 1}, i 2 I (24)

yi5 2 {0, 1}, i 2 I. (25)

yi6 2 {0, 1}, i 2 I (26)

di1 � 0, i 2 I (27)

di2 � 0, i 2 I (28)

di3 � 0, i 2 I (29)

xi1 � 0, i 2 I (30)

xi2 � 0, i 2 I (31)

xi3 � 0, i 2 I (32)

The objective function (1) minimizes the total number of cargo holds used to transport the prefab
products. Constraint (2) enforces the condition that a cargo hold is used as long as it transports a
prefab product. Constraint (3) requires that every prefab product must be transported. Constraint
(4) requires that every prefab product has exactly one orientation when loaded into a cargo hold.
Constraints (5)–(7) calculate the sizes of the prefab product i in the A-dimension of the cargo hold,
in the B-dimension, and in the C-dimension, respectively. Constraints (8)–(13) mandate that the whole
volume of a prefab product must stay within the boundary of the rectangular prism of the cargo hold.
Constraints (14)–(16), in which M is a big positive number, require that if two prefab products, i and j,
are loaded into the same cargo hold, k, then they cannot overlap with each other. Take Constraint (14)
as an example. When zik is 0, or zjk is 0, or both are 0, then 2� zik � zjk � 1 and M

⇣
2� zik � zjk

⌘
is very

large. As a result, Constraint (14) will not a↵ect the values of decision variables xi1 and xj1. When both
zik and zjk are 1, meaning that products i and j are loaded into the same cargo hold, k, then Constraint
(14) will become

���xi1 � xj1
��� �
⇣
di1 + dj1

⌘
/2, ensuring that prefab products i and j cannot overlap with

each other in the A-dimension. Constraint (17) requires that the total weight of prefab products loaded
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into a cargo hold must not exceed the weight capacity of the cargo hold. Constraint (18) mandates
that all the first K1 cargo holds are used. Constraint (19) defines tk as binary variables. Constraint (20)
defines zik as binary variables. Constraints (21)–(26) define yi1, . . . , yi6 as binary variables, respectively.
Constraints (27)–(29) define di1, di2, and di3 as non-negative variables, respectively. Constraints (30)–(32)
define xi1, xi2, and xi3 as non-negative variables, respectively.

3. Solution Method

Model (P1) is challenging to solve because it has a very large number of integer decision
variables [35–40]. Given a problem instance, the number of decision variables tk is O(N), where the big-O
notation is used, the number of decision variables zik is O(N · |I|); the number of decision variables
yi1, yi2, yi3, yi4, yi5, and yi6 is O(N · |I|); the number of decision variables di1, di2, and di3 is O(N · |I|);
the number of decision variables xi1, xi2, and xi3 is O(N · |I|). Therefore, the number of integer decision
variables is O(N · |I|) and the number of continuous variables is O(N · |I|). As a result, it is not possible
to directly solve model (P1) using o↵-the-shelf solvers.

To address model (P1), we propose a heuristic approach below. We first explain the main ideas
behind the heuristic and then present the overall algorithm.

First, we calculate the density of each prefab product i as ⇢i = wi/(aibici). We will try to balance
the low-density prefab products in a cargo hold with the high-density prefab products in a cargo
hold. Specifically, we will first try to load a low-density prefab product into a cargo hold, then a
high-density prefab product, then another low-density prefab product, and then another high-density
prefab product, etc.

Second, we try to find a location (coordinates of the centroid) and orientation of a prefab product
in a cargo hold such that the volume of the occupied rectangular prism is minimum. Suppose that
the set of prefab products in a cargo hold k is Ik, Ik ✓ I. Then the volume of the occupied rectangular
prism is

V(Ik; xi1, xi2, xi3, di1, di2, di3, i 2 Ik) =
⇣
maxi2Ik {xi1 + di1/2}

⌘⇣
maxi2Ik {xi2 + di2/2}

⌘⇣
maxi2Ik {xi3 + di3/2}

⌘
. (33)

We try to place all the prefab products into a “corner” (that is, in a way such that the volume
of the occupied rectangular prism is minimum) because we can leave enough “intact” volume to
load more prefab products. It should be noted that the function V(Ik; xi1, xi2, xi3, di1, di2, di3, i 2 Ik) is
monotonically increasing with xi1, xi2, and xi3, and therefore if we find a feasible centroid for a prefab
product with a particular orientation, we no longer need to try a centroid with larger coordinates for
the same orientation.

Third, we try to load as many prefab products into a cargo hold as possible. Once no more prefab
product can be loaded, we use a second cargo hold.

We are now ready to present the algorithm. The overall algorithm is “Algorithm 1:
UseFewerTrucksHeuristic().” It calls a sub-algorithm “Algorithm 2: LoadAsManyPrefabProducts(k, I),”
which calls another sub-algorithm “Algorithm 3: bLoadOntoTruck(i⇤, Ik).”

Algorithm 1 UseFewerTrucksHeuristic() // Overall algorithm

Define sets Ik  ? as the sets of prefab products loaded into cargo hold k = 1, . . . , K2
For k = 1 : K2

Define I I r[k�1
k0=1Ik0 as the set of prefab products that are not loaded yet

If I = ? then
Return

End
LoadAsManyPrefabProducts(k, I)

End
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Algorithm 2 LoadAsManyPrefabProducts(k, I) // Load as many prefab products in I into cargo hold k

bPreviousLowDensity = false
For ✓ = 1 to

���I
���

If bPreviousLowDensity then
i⇤ 2 argmaxi2I⇢i

Else
i⇤ 2 argmini2I⇢i

End
If bLoadOntoTruck(i⇤, Ik) == false then

Set I I\{i⇤.}
Else

Set Ik  Ik [ {i⇤} and I I\{i⇤}
bPreviousLowDensity = ! bPreviousLowDensity

End
End

Algorithm 3 bLoadOntoTruck(i⇤, Ik) // The set Ik of prefab products are already loaded into cargo hold k
and we try to load an extra prefab product i⇤; if it cannot be loaded, return false; otherwise, load it
and return true

If wi⇤ +
P

i2Ik
wi �W

Return false
End
Set the volume of the occupied rectangular prism V⇤  1
For each of the six orientations of prefab product i⇤

For xi⇤1 = di⇤1/2: A� di⇤1/2
For xi⇤2 = di⇤2/2 : A� di⇤2/2

For xi⇤3 = di⇤3/2 : A� di⇤3/2
If for all i 2 Ik the following constraints are satisfied

|xi1 � xi⇤1| � (di1 + di⇤1)/2
|xi2 � xi⇤2| � (di2 + di⇤2)/2
|xi3 � xi⇤3| � (di3 + di⇤3)/2

Calculate the volume of the occupied rectangular prism by the prefab products in set Ik [ {i⇤},
denoted by V̂
If V⇤ > V̂

Set V⇤  V̂
End
Break

End
End

End
End
If V⇤ < 1

Return true
Else

Return false
End

End

4. Case study

We carried out a case study to demonstrate the applicability of the proposed model and algorithm.
The cargo hold has a dimension of 12.5 ⇥ 2.4 ⇥ 2.7 m. We used 5 cm as a unit length and hence A = 48,
B = 54, and C = 250. The weight capacity W = 35. We considered a total of I = 20 prefab products,
whose dimensions and weights are shown in Table 2.
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Table 2. Information of the 20 prefab products.

ID ai bi ci wi ⇢i

1 12 2 70 8 0.0048
2 12 10 26 12 0.0038
3 8 8 80 10 0.0020
4 4 16 24 15 0.0098
5 22 14 08 2 0.0001
6 14 2 54 2 0.0013
7 4 18 30 2 0.0009
8 6 10 60 4 0.0011
9 16 14 64 7 0.0005

10 20 18 22 13 0.0016
11 24 16 114 7 0.0002
12 14 12 56 14 0.0015
13 14 28 70 2 0.0001
14 10 24 52 1 0.0001
15 6 2 126 18 0.0119
16 20 18 98 4 0.0001
17 8 16 46 1 0.0002
18 24 14 64 6 0.0003
19 8 12 106 14 0.0014
20 10 2 102 5 0.0025

We applied Algorithm 1 to solve the problem and the solution is shown in Table 3. A total of
8 cargo holds were used. The cargo holds carried prefab products that had quite di↵erent densities.
For instance, cargo hold 1 carried prefab products 15, 5, and 4, in which prefab product 15 had
the highest density among the 20 prefab products and prefab product 5 had the lowest density.
Moreover, the orientations of many prefab products were changed, i.e., di↵erent from the default
orientation in Table 2, including prefab products 4, 6, 13, 14, and 18.

Table 3. Prefab product loading plan.

Truck ID Prefab Product ID Coordinates of Centroid Sizes in Dimensions A, B, and C

1 15 3,1,63 6,2,126
5 17,9,180 22,14,108
4 30,28,242 4,24,16

2 1 6,1,35 12,2,70
13 26,9,105 28,14,70

3 2 6,5,13 12,10,26
14 24,15,52 24,10,52
20 41,21,129 10,2,102

4 3 4,4,40 8,8,80
16 18,17,129 20,18,98
10 38,35,189 20,18,22

5 12 7,6,28 14,12,56
11 26,20,113 24,16,114

6 19 4,6,53 8,12,106
17 12,20,129 8,16,46
6 17,35,179 2,14,54

7 8 3,5,30 6,10,60
18 13,22,92 14,24,64
7 22,43,139 4,18,30

8 9 8,7,32 16,14,64
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5. Discussions

We have presented a stylized model that captures the key constraints in load planning of prefab
products in a cargo hold. There are a few issues that are worth discussion before prefab housing
producers, logistics companies, and construction site managers adopt the proposed model.

First, if BIM is used, then the information on the dimensions of the prefab products is available
in the BIM system. As a result, the proposed model and algorithm can be integrated into the BIM
system to allow ease of use. If BIM is not available, it may be too tedious for planners to manually
input the parameters of the model into a program and planners may be reluctant to use the model.
In other words, the key success of decision support systems is the availability of data.

Second, we have assumed that the shape of a prefab product is a rectangular prism. In reality,
some prefab products have hollows and therefore smaller prefab products can be placed inside bigger
prefab products with hollows. This will allow more prefab products to be loaded into a cargo hold.
Therefore, a future study is to examine prefab products with more complex shapes. It should be noted
that mathematically modeling the complex shapes is very challenging and we expect that artificial
intelligence can be adopted to optimize the loading plan of prefab products with complex shapes.
Moreover, when the shapes are complex, a BIM system must be available to enable the use of decision
support tools.

Third, some prefab products may be fragile and cannot be placed under other prefab products.
Moreover, the area of contact between two prefab products with one on top of the other cannot be too
small. These types of practical constraints should be incorporated, otherwise the generated loading
plan has to be visually inspected by an experienced planner.

Fourth, we have assumed that all the prefab products come from the same factory. In practice,
they can come from several factories, either factories of the same company or di↵erent companies. In that
case, a cargo hold may have to visit more than factory to transport prefab products to the construction
site. As a result, we will have to jointly optimize the assignment of prefab products to cargo holds,
the route of the cargo holds, and the loading plan of prefab products in the cargo holds. This joint
optimization problem is a worthwhile research topic.

6. Conclusions

Prefab is a method for construction borrowed from the manufacturing industry. Prefab products
must be transported from factory to construction sites. This study has proposed a prefab product
loading planning problem in which we decided which prefab products to load into the same cargo
hold and how to store them in the cargo hold in order to use the least number of cargo holds to
transport the prefab products. We proposed a large-scale integer optimization model for the problem
and developed a heuristic to address the problem. A case study was carried out to demonstrate
the applicability of the proposed model. We find that the cargo holds carry prefab products that
have quite di↵erent densities. Moreover, the orientations of many prefab products are changed.
To the best of our knowledge, we are the first to propose the prefab product load planning problem,
which contributes to the literature on prefab construction. We hope that our study can contribute to
the construction industry by reducing the number of cargo hold trips and thereby reducing the costs
and emissions.
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