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A B S T R A C T

This paper considers the transportation of prefabricated products in the construction industry. Prefabricated
products can be transported by road transport or intermodal transport, the latter of which incurs lower carbon
emissions. A construction contractor always selects the transport mode with a lower cost rather than one with a
lower carbon emission. A bi‐level programming model was formulated to decide the optimal subsidy for inter-
modal transport to achieve the lowest carbon emissions while accounting for the cost minimization decisions
faced by construction contractors who use prefabricated products. A numerical example was conducted to
demonstrate the effectiveness of the proposed model. This research is important with regard understanding
carbon emissions and how they relate to transportation options for industry.
1. Introduction

Prefabrication construction means manufacturing (prefabricating)
sub‐structures of buildings in a factory, transporting the prefabricated
(prefab) products to a construction site, and then assembling the pre-
fab products at the site. Prefabrication applies the modular production
and mass customization concepts in the manufacturing industry to the
construction industry (Lee and Hyun, 2019). Compared with tradi-
tional in‐situ construction practices, prefabrication has several advan-
tages. Since the sub‐structures are manufactured in a factory instead of
in the open air, the production schedule is not subject to adverse
weather conditions and the workers enjoy a safer and healthier work-
ing environment. The prefab products are often standardized to be of a
few variants, and as a result, the production cost can be reduced, the
quality can be improved, and the carbon emissions can be decreased.
For instance, Pervez et al. (2021) estimated that over 40% of carbon
emissions can be reduced using prefabrication. Finally, prefabrication
construction involves much fewer items than traditional in‐situ con-
struction methods (Bengtsson, 2019), and this significantly increases
the productivity on site. It is not uncommon to build one floor in three
days using prefabricated products.

Prefab products are transported by road transport or intermodal
transport. Road transport means the prefab products are transported
by truck from the manufacturing factory directly to the construction
site. Prefab products are usually large and heavy weight (Liu, 2016;
Niu et al., 2019). Some prefab products are even transported by vehi-
cles that require escort services such as a pilot vehicle (Liu, 2016). For
example, in Hong Kong, vehicles planning to carry a load wider than
2.5 m must be escorted by two vehicles and must obtain a permit from
the government. This can be a challenge as many prefab products are
wider than 3 m (Construction Industry Council of Hong Kong, 2020).
The heavy‐duty trucks transporting prefab products generate a consid-
erable amount of carbon emissions (Zhu et al., 2021). Intermodal
transport means the prefab products are first transported by truck from
the manufacturing factory to a port, then transported by ship to
another port, and finally transported by truck to the construction site.
For instance, some prefab products assembled at sites in Singapore and
Canada are manufactured in China (Liu, 2016; Yang et al., 2021), and
some prefab products assembled at sites in Hong Kong are manufac-
tured in Guangdong Province of China and delivered to Hong Kong
using intermodal transport.

Road transport and intermodal transport have significantly differ-
ent amounts of carbon emissions (Kholod et al., 2016). Ship transport
by water is much cleaner than truck transport by road in terms of car-
bon emissions. For example, a heavy‐duty truck carrying 40 tons of
cargo can consume 50L of fuel per 100 km, while a ship carrying
100,000 tons of cargo can consume 100 tons of fuel per 800 km.
Assuming the density of truck fuel is 0.85 ton/m3, a truck consumes
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0.01 kg/(ton·km) of fuel, whereas a ship consumes 0.000001 kg/(-
ton·km) of fuel. As a result, intermodal transport is a potential option
to reduce the carbon emissions of prefab products. This logistics fact
must be further brought to the attention to government agencies
around the world.

This study aims to examine the optimal subsidy design to enable
the government to promote intermodal transport of prefab products,
which is interdisciplinary in nature (Qu and Wang, 2021). For each
unit of prefab products delivered by intermodal transport mode, the
government could provide a subsidy to the site building contractor.
As a result, more prefab products could be delivered using an inter-
modal transport mode. The purpose of this research is to assist the gov-
ernment in understanding the importance (with regard to
mathematically estimated figures) of how to achieve maximum carbon
emission reductions by using a limited subsidy budget. This is a new
problem that has not yet been addressed in the literature.

The remainder of this paper is organized as follows. Section 2 sum-
marizes the related literature. Section 3 describes the problem. A bi‐
level programming model is presented in Section 4. Section 5 presents
an illustrative example to demonstrate the effectiveness of the pro-
posed model. Section 6 concludes this study.

2. Literature review

The literature on logistics management of prefab products is scarce.
Li et al. (2017) have developed a radio frequency identification device
(RFID)‐enabled that has assisted in building information modeling
(BIM) platforms that can share information among stakeholders
involved in prefabrication construction; in particular, drivers of prefab
product transportation vehicles can check via a mobile phone App the
transportation tasks and update their status (e.g., arrival at pickup
location, arrival at construction site, task completed).

Hsu et al. (2018) presented a two‐stage stochastic optimization
model that considers three tiers of prefabrication construction,
namely, manufacturing, storage, and assembly, and uncertain demand
for prefab products on sites. Hsu et al. (2019) addressed a similar prob-
lem using robust optimization approaches. The work of Hsu et al.
(2018) is extended in Hsu et al. (2020) who examined a multi‐
period setting using multi‐stage optimization techniques.

Fang and Ng (2019) optimized the logistics of prefabricated prod-
ucts for a construction company using genetic algorithm and
activity‐based costing approach. The goal is to assist construction man-
agers and manufacturers to determine an informed delivery schedule
of prefab products.

Lee and Hyun (2019) have presented an optimization model for
scheduling the production and delivery of multi‐type prefab products.
They examined a setting in which the prefab products are manufac-
tured on a production line and the switching between two types of pre-
fab products takes significant time. A genetic algorithm was proposed
to solve the model, based on a South Korean case study project.

Niu et al. (2019) modeled the transportation of prefab products as a
vehicle routing problem and solved the problem using an artificial bee
colony algorithm. Yi et al. (2020) examined the grouping of prefab
products onto trucks and the schedule of the trucks in a way that min-
imizes the number of trucks used and the inventory holding cost of the
prefab products.

Xu et al. (2019) developed a transportation management service
sharing platform that allows multiple transport service providers to
share their vehicle fleet information and multiple construction sites
to share their demand for transporting prefab products. This platform
was validated using a public housing project in Hong Kong that used
prefab products.
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Based on the above literature review, it can be seen that, to date,
there has not yet any study that examines effectively using a govern-
ment subsidy to promote the use of intermodal transport for prefab
products. Methodologically, the existing studies focus on one stake-
holder, i.e., the contractor (if there is a manufacturer of prefab pro-
duct, the manufacturer is controlled by the contractor). In contrast,
our study has two types of stakeholders—government and contrac-
tors—and different stakeholders have different objectives—the gov-
ernment aims to minimize the carbon emissions while a contractor
aims to minimize her cost. As a result, the model in our paper is a
bi‐level programming one, instead of a single‐level optimization model
as identified in the literature.

3. Problem statement

We consider a total of V contractors, indexed by v, who will pur-
chase prefab products from a total of U manufacturers, indexed by u.
Each contractor has one construction site that uses prefab construction
methods. A single type of prefab products is considered. The quantity
of prefab products required by contractor v ¼ 1; � � � ;V is qv. The selling
price at manufacturer u ¼ 1; � � � ;U is pu. Each contractor needs to
choose a manufacturer to purchase prefab products and then trans-
ports them to her construction site. There are two transport modes
from a manufacturer u to the construction site of contractor v: road
transport and intermodal transport. The costs per unit prefab product
of road transport and intermodal transport from manufacturer u to
contractor v are Cuv and cuv, respectively, and the carbon emission of
road transport and intermodal transport are Euv and euv, respectively.
Since contractor v has to pay the purchase price and the transport cost,
she will choose a manufacturer, denoted by u�v 0ð Þ (note that the num-
ber 0 in the parentheses means there is no subsidy from government),
that has the lowest total cost per unit prefab product, denoted by
Π�v 0ð Þ:
u�v 0ð Þ∈ argminu¼1;���;U pu þmin Cuv; cuvf gð Þ ð1Þ

Π�v 0ð Þ ¼ minu¼1;���;U pu þmin Cuv; cuvf gð Þ ð2Þ
It is possible that there is more than one manufacturer and/or

transport mode with the lowest total cost. In this case, we assume that
the contractor will choose the combination of manufacturer and trans-
port mode among those with the lowest total cost that has the lowest
carbon emissions. As a result, the amount of carbon emissions per unit
prefab product from contractor v, denoted by Θ�v 0ð Þ, can be calculated
as shown below:

Θ�v 0ð Þ ¼ min Θ�rv 0ð Þ;Θ�iv 0ð Þ� � ð3Þ

where Θ�rv 0ð Þ is carbon emissions of using road transport mode if road
transport mode has the lowest total cost and Θ�iv 0ð Þ is carbon emissions
of using intermodal transport mode if intermodal transport mode has
the lowest total cost; Θ�rv 0ð Þ and Θ�iv 0ð Þ can be calculated as shown
below:

Θ�rv 0ð Þ ¼ min þ1;minu0 ∈ u¼1;���;UjpuþCuv ≤Π�v 0ð Þf gEu0v

n o
ð4Þ

Θ�iv 0ð Þ ¼ min þ1;minu0 ∈ u¼1;���;Ujpuþcuv ≤Π�v 0ð Þf geu0v
n o

ð5Þ

where þ1 in Eq. (4) defines Θ�rv 0ð Þ to be infinity if no road transport
mode has the lowest total cost and þ1 in Eq. (5) defines Θ�iv 0ð Þ to be
infinity if no intermodal transport mode has the lowest total cost.

The total amount of carbon emissions from all the contractors,
denoted by Ξ 0ð Þ, can be calculated as:
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Ξ 0ð Þ ¼ ∑
V

v¼1
qvΘ

�
v 0ð Þ ð6Þ

The government aims to promote cleaner intermodal transport
modes by providing a subsidy of x to contractor for each unit of prefab
product that is transported by intermodal mode. This means, the cost
cuv of intermodal transport mode from manufacturer u to contractor v
essentially decreases to cuv � x for the contractor. The government’s
total budget is B and the subsidy x is a decision variable for the gov-
ernment. The subsidy x has a lower bound a (e.g., 0) and an upper
bound b (e.g., making sure the intermodal transport cost after subsi-
dization is nonnegative).

With subsidy x, contractor v will choose a manufacturer, denoted
by u�v xð Þ, that has the lowest total cost per unit prefab product, denoted
by Π�v xð Þ:
u�v xð Þ∈ argminu¼1;���;U pu þmin Cuv; cuv � xf gð Þ ð7Þ

Π�v xð Þ ¼ minu¼1;���;U pu þmin Cuv; cuv � xf gð Þ ð8Þ
Again, when there is more than one combination of manufacturer

and transport mode with the lowest total cost, we assume that the con-
tractor will choose the combination among those with the lowest total
cost that has the lowest carbon emissions. When there is more than
one combination with the lowest total cost and with the same amount
of carbon emissions, we assume that the contractor will choose a com-
bination with road transport mode (if there exists such a combination)
because a road transport mode does not require a government subsidy.
As a result, the amount of carbon emissions per unit prefab product
from contractor v, denoted by Θ�v xð Þ, can be calculated as shown
below:

Θ�v xð Þ ¼ min Θ�rv xð Þ;Θ�iv xð Þ� � ð9Þ

where Θ�rv xð Þ and Θ�iv xð Þ can be calculated as shown below:

Θ�rv xð Þ ¼ min þ1;minu0 ∈ u¼1;���;UjpuþCuv ≤Π�v xð Þf gEu0v

n o
ð10Þ

Θ�iv xð Þ ¼ min þ1;minu0 ∈ u¼1;���;Ujpuþcuv�x≤Π�v xð Þf geu0v
n o

ð11Þ

The total amount of carbon emissions from all the contractors,
denoted by Ξ xð Þ, can be calculated as:

Ξ xð Þ ¼ ∑
V

v¼1
qvΘ

�
v xð Þ ð12Þ

The aim of the government is to identify the optimal value of x that
induces the lowest total carbon emissions from all the contractors sub-
ject to a limited budget.

4. Bi-level programming model

To address the problem, a bi‐level programming model has been
formulated (Wang, 2013; Qu et al., 2017; Tian et al., 2021). In the
bi‐level programming model, the government can make the decision
of subsidy x at the upper level and each of the contractors can choose
the combination of manufacturer and transport mode at the lower
level. The government’s decision can affect, but not determine, the
contractors’ decisions (Wu and Wang, 2020).

With subsidy x, define yuv as a binary decision variable that equals
1 if and only if contractor v chooses manufacturer u and road transport
mode (0 otherwise), and define zuv as a binary decision variable that
equals 1 if and only if contractor v chooses manufacturer u and inter-
modal transport mode (0 otherwise). We can further define bzv as a bin-
ary decision variable that equals 1 if and only if contractor v chooses
intermodal transport mode no matter which manufacturer is chosen
3

(0 otherwise). Finally, we can use y�uv, z
�
uv, and bz�v as the optimal value

of yuv, zuv, and bzv, respectively, u ¼ 1; � � � ;U; v ¼ 1; � � � ;V . The bi‐level
(BL) programming model is as follows:

[BL] min
x

∑V
v¼1qv∑

U
u¼1 Euvy�uv þ euvz�uv

� �
(13)subject to:

∑
V

v¼1
qvbz�vx≤B ð14Þ

a≤ x≤ b ð15Þ
where the optimal values y�uv, z

�
uv, and bz�v can be obtained by solving the

lower‐level (LL) model for each contractor v ¼ 1; � � � ;V:
[LL‐v] min∑U

u¼1 pu þ Cuvyuv þ cuv � xð Þzuv½ �f g (16)subject to:

∑
U

u¼1
yuv þ zuvð Þ ¼ 1 ð17Þ

∑
U

u¼1
zuv ¼ bzv ð18Þ

yuv ∈ 0;1f g; u ¼ 1; � � � ;U ð19Þ

zuv ∈ 0;1f g; u ¼ 1; � � � ;U ð20Þ

bzv ∈ 0;1f g ð21Þ
Objective function (13) is the government’s objective: minimizing

the total carbon emissions from all contractors. Constraint (14)
requires that the total subsidy allocated to the contractors does not
exceed the government’s budget. Constraint (15) defines the lower
and upper bounds of the subsidy. Objective (16) is the objective of
contractor v: minimizing the total cost, consisting of purchasing cost
and transportation cost minus subsidy. Constraint (17) mandates that
exactly one manufacturer and one transport mode will be chosen. Con-
straint (18) defines whether intermodal transport mode is used. Con-
straints (19)–(21) define yuv, yuv, and bzv as binary decision variables.

Model [BL] has a few properties.

Proposition 1:. Constraints (21) can be removed from model [LL‐v].
Proof:. Constraints (21) are implied by Constraints (17)–(20). □
Proposition 2:. The integrality requirements in Constraints (19) and
(20) can be removed from model [LL‐v], that is, Constraints (19) and
(20) can be replaced with:

yuv ≤1; u ¼ 1; � � � ;U ð22Þ

zuv ≤1; u ¼ 1; � � � ;U ð23Þ

yuv ≥0; u ¼ 1; � � � ;U ð24Þ

zuv ≥0; u ¼ 1; � � � ;U ð25Þ

Proof:. The coefficient matrix of Constraints (17), (22), (23) is totally
unimodular (Wang, 2014) and the right‐hand side coefficients are all
integral. Therefore, the linear programming relaxation of model [LL‐v]
admits at least one integral optimal solution. □
The following Proposition 3 and Corollary 1 are easy to check and
hence their proofs are omitted.

Proposition 3:. Consider two subsidies x1 and x2, x1 < x2, whose

values of bzv are bz�1v and bz�2v , respectively. We have bz�1v ≤ bz�2v ,
v ¼ 1; � � � ;V , that is, a higher subsidy leads to a higher share of
intermodal transport mode.
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Corollary 1:. If the intermodal transport mode always has a lower
carbon emission than the corresponding road transport mode, that
is, Euv ≥ euv, u ¼ 1; � � � ;U; v ¼ 1; � � � ;V , then a higher subsidy always
leads to a lower total amount of carbon emissions.

To solve the bi‐level programming model [BL], we define M as a
large positive number and then we have:

Theorem 1:. The bi‐level programming model [BL] can be trans-
formed to the following single‐level (SL) optimization model:

[SL] min∑V
v¼1qv∑

U
u¼1 Euvyuv þ euvzuvð Þ (26) subject to:

∑
V

v¼1
qv ∑

U

u¼1
zuvx≤B ð27Þ

a≤ x≤ b ð28Þ

pu þCuv �M 1� yuvð Þ≤pu0 þCu0 v;u¼ 1; � � � ;U;u0 ¼ 1; � � � ;U;v¼ 1; � � � ;V
ð29Þ

pu þ Cuv �M 1� yuvð Þ≤ pu0 þ cu0 v � x; u ¼ 1; � � � ;U;

u0 ¼ 1; � � � ;U; v ¼ 1; � � � ;V ð30Þ

pu þ cuv � xð Þ �M 1� zuvð Þ≤ pu0 þ Cu0 v; u ¼ 1; � � � ;U;

u0 ¼ 1; � � � ;U; v ¼ 1; � � � ;V ð31Þ

pu þ cuv � xð Þ �M 1� zuvð Þ≤ pu0 þ cu0 v � x; u ¼ 1; � � � ;U;

u0 ¼ 1; � � � ;U; v ¼ 1; � � � ;V ð32Þ

∑
U

u¼1
yuv þ zuvð Þ ¼ 1; v ¼ 1; � � � ;V ð33Þ

yuv ∈ 0;1f g; u ¼ 1; � � � ;U; v ¼ 1; � � � ;V ð34Þ

zuv ∈ 0;1f g; u ¼ 1; � � � ;U; v ¼ 1; � � � ;V ð35Þ
The key trick of converting the bi‐level programming model [BL]

into the single‐level programming model [SL] lies in Constraints
(29)–(32). If a particular yuv ¼ 1, i.e., the combination of manufacturer
u and road transport mode is chosen, Constraints (29)–(30) require
that the resulting cost pu þ Cuv is less than the cost of any other man-
ufacturer using road transport mode and intermodal transport mode,
respectively. In contrast, if yuv ¼ 0, then Constraints (29)–(30) are
not binding because a “big‐M” is deducted from the left‐hand sides.
Similarly, if a particular zuv ¼ 1, i.e., the combination of manufacturer
u and intermodal transport mode is chosen, Constraints (31)–(32)
require that the resulting cost pu þ cuv � x is less than the cost of any
other manufacturer using road transport mode and intermodal trans-
port mode, respectively. In contrast, if zuv ¼ 0, then Constraints
(31)–(32) are not binding because a “big‐M” is deducted from the
left‐hand side. The value of M can be set to:

M ¼ maxu¼1;���;U;v¼1;���;V pu þ Cuv; pu þ cuvf g: ð36Þ
Of course, it is also possible to define a smaller “big‐M” for each of

the Constraints (29)–(32).
To solve the model [SL], we note that in reality the value of subsidy

x is usually an integer amount of dollars. To simplify the notation, we
assume that both a and b are integers; otherwise we set a ad e and
b bd e.Then we can enumerate all possible values of x, i.e.,
a; aþ 1; � � � ; b. Given the value of x, the choice of manufacturer and
transport mode by each contractor can be addressed independently.
This can be achieved using Algorithm 1:
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Algorithm 1. Given x, choice of manufacturer and transport mode by
contractor v.

Step 0: Set the lowest total cost per unit prefab product
Π�v xð Þ  þ1. Set the amount of carbon emissions per unit
prefab product Θ�v xð Þ  þ1. Set the current manufacturer ID
u 0.

Step 1: Set u uþ 1. If u > U, output the values of Π�v xð Þ, Θ�v xð Þ,
yu0v, zu0v, u

0 ¼ 1; � � � ;U, and stop.
Step 2: If pu þ Cuv < Π�v xð Þ, or if pu þ Cuv ¼ Π�v xð Þ and Euv ≤Θ�v xð Þ,

set Π�v xð Þ  pu þ Cuv, Θ�v xð Þ  Euv, yuv ¼ 1,
yu0v  0; u0 ¼ 1; � � � ; u� 1; uþ 1; � � � ;U, and
zu0v  0; u0 ¼ 1; � � � ;U.

Step 3: If pu þ cuv � xð Þ < Π�v xð Þ, or if pu þ cuv � xð Þ ¼ Π�v xð Þ and
euv < Θ�v xð Þ, set Π�v xð Þ  pu þ cuv � xð Þ, Θ�v xð Þ  euv,
yu0v  0; u

0 ¼ 1; � � � ;U, zuv ¼ 1 and
zu0v  0; u

0 ¼ 1; � � � ; u� 1; uþ 1; � � � ;U.
Step 4: Go to Step 1.

A few issues of Algorithm 1 are noteworthy. In Step 2, we check
whether the contractor will choose manufacturer u and land transport
mode. If pu þ Cuv < Π�v xð Þ, a lower cost is found and hence the contrac-
tor will choose manufacturer u and land transport mode. The second
condition “pu þ Cuv ¼ Π�v xð Þ and Euv ≤Θ�v xð Þ” can be divided into two
cases: pu þ Cuv ¼ Π�v xð Þ and Euv < Θ�v xð Þ (case i) and pu þ Cuv ¼ Π�v xð Þ
and Euv ¼ Θ�v xð Þ (case ii). The first case means the combination of man-
ufacturer u and land transport mode has the same lowest cost as the
best combination found but a lower emission, and we assume that
the contractor will choose the combination with the lower emission.
The second case means the combination of manufacturer u and land
transport mode has the same lowest cost as the best combination found
and the same amount of carbon emissions, and we assume that the con-
tractor will choose the combination of manufacturer u and land trans-
port mode because this combination does not require government
subsidy. In contrast, in Step 3, the inequality in the condition
“pu þ cuv � xð Þ ¼ Π�v xð Þ and euv < Θ�v xð Þ” is strict, because if an inter-
modal transport mode has the same cost and emissions as those of
the best combination found, we assume the contractor does not choose
the intermodal transport mode (if the best combination found is the
land transport mode) because choosing the intermodal transport mode
requires government subsidy.

5. Illustrative example

In this section, we present an illustrative example to demonstrate
the effectiveness of the proposed bi‐level programming model. The
layout of the manufacturers and construction sites are shown in
Fig. 1. The geographical area of interest is a 140 km�400 km, which
is 56,000 km2, equal to the size of the Guangdong‐Hong Kong‐Macao
Greater Bay Area of China. A total of U ¼ 30 manufacturers are ran-
domly located in the northern half of area (i.e., rectangle GHJI) and
a total of V ¼ 100 contractors are randomly located in the southern
half of area (i.e., rectangle IJLK). There are six ports in the area: A
and B are river ports, located along a river, and C, D, E, and F are
sea ports, located along coastlines.

We assume there are four ways of transporting prefab products
from a manufacturer to a contractor: (i) using road transport only;
(ii) using road transport from the manufacturer to port A, using ship



Fig. 1. Layout of the manufacturers and construction sites.
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from A to B, and using road transport from B to the contractor; (iii)
using road transport from the manufacturer to port C, using ship from
C to E, and using road transport from E to the contractor; (iv) using
road transport from the manufacturer to port D, using ship from D
to F, and using road transport from F to the contractor. We further
assume that there is direct and straight road connection between any
two points in the area. The cost of road transport is assumed to be
$3/km per unit prefab products, and the cost of water transport is
$1.5/km. The handling of prefab products at ports is $50 per unit each
time. Therefore, the cost of transporting prefab products from a man-
ufacturer to a contractor using road transport from the manufacturer
to port A, using ship from A to B, and using road transport from B to
the contractor is equal to $3/km times the road transport distance
from the manufacturer to port A, plus $50, plus $1.5/km times the
water transport distance from A to B, plus $50, and plus $3/km times
the road transport distance from port B to the contractor. The contrac-
tor will compare each of the three intermodal transport modes (via
ports AB, via ports CE, and via ports DF) with the land transport mode
and use the one with the lowest cost.

The carbon emission of road transport is set to 5 kg/km per unit
prefab products, and of water transport is set to 0.5 kg/km. The other
Fig. 2. Sensitivity of intermodal transport mode s
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parameters are as follows: The quantity of prefab products required by
contractor qv is randomly selected from 10, 20, 30. The selling price at
manufacturer pu is assumed to be the same for all manufacturers and
can thus be excluded from the analysis. The government’s total budget
B is $300,000, the lower bound of subsidy a ¼ 0, the upper bound
b ¼ 500, and the increment is $5 (i.e., the subsidy can only be $0,
$5, $10,…,$500).

5.1. Sensitivity with the subsidy

We first conducted a sensitivity analysis with the subsidy per unit
prefab product without considering the total available budget. We
set the subsidy per unit prefab product at 0, $100, $200, $300,
$400, and $500, and report in Fig. 2 the share of intermodal transport
mode (i.e., the proportion of prefab products that are transported by
intermodal mode) and the total carbon emission from all contractors.
It can be seen that as the subsidy increases, the intermodal transport
mode share increases and the total carbon emission decreases. How-
ever, when the subsidy is high, all prefab products use intermodal
transport and a further increase in subsidy will not affect the results.

5.2. Sensitivity with total budget

We then conduct sensitivity analysis with the total budget avail-
able. We set the total budget at 0, $100,000, $200,000,…, and
$800,000, and report in Fig. 3 the share of intermodal transport mode
and the total carbon emission from all contractors. It can be seen that
as the total budget increases, the intermodal transport mode share
increases and the total carbon emission decreases. However, when
the total budget is over $600,000, a further increase in the total budget
will have little effect. The change of the optimal unit subsidy with the
total budget is plotted in Fig. 4. It can be seen that the optimal unit
subsidy increases with the total budget.

5.3. Sensitivity with the size of barges in water transport

The unit water transport emission depends on the size of the ship
used. If larger ships are used, a lower unit emission will be the result.
However, larger ships mean the prefab products have to wait longer at
the port of loading, resulting in a holding cost. A sensitivity analysis
was conducted with the unit water transport emission with the
assumption that the unit water transport cost does not change. The
unit water transport emission was set at 0.1 kg/km, 0.2 kg/km,
0.3 kg/km, 0.4 kg/km, and 0.5 kg/km, and shown in Fig. 5 against
the total carbon emission from all contractors. It can be seen that as
hare and total carbon emission with subsidy.



Fig. 3. Sensitivity of intermodal transport mode share and total carbon emission with total budget.

Fig. 4. Sensitivity of the optimal subsidy with total budget.

Fig. 5. Sensitivity of the total carbon emission with the unit water transport emission.
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Fig. 6. Sensitivity of intermodal transport mode share and total carbon emission with the number of manufacturers.
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the unit water transport emission increases, the total carbon emissions
increase in an upward linear trajectory.

5.4. Sensitivity with the number of manufacturers

Finally, the study conducted a sensitivity analysis with the number
of manufacturers. The numbers of manufacturers were noted as 20, 30,
40, 50, and 60, and shown in Fig. 6 against the share of intermodal
transport mode and the total carbon emission from all contractors. It
can be seen that due to randomness, there is no universal trend of
the intermodal transport mode share or the total carbon emission with
the number of manufacturers.

6. Conclusions

The research presented in this paper proposes a bi‐level program-
ming model for the government to decide the optimal subsidy for
intermodal transport to achieve the lowest carbon emissions. The
model takes into account the cost‐minimization objective of contrac-
tors, which is not aligned with the government’s primary objective.
The bi‐level programming model is converted into a single‐level model
and an efficient solution method is proposed to solve it. A number of
sensitivity analysis simulations were carried out as a numerical study
and these were conducted to demonstrate the effectiveness of the pro-
posed model. The results demonstrated that an increase in the subsidy
or in the total budget will lead to an increase in the share of intermodal
transport mode and also in the total carbon emissions, however, the
marginal benefit of the increase in the subsidy or the total budget will
decrease. The results also showed that as the unit water transport
emission increases, the total carbon emissions will increase linearly.
Specific trends were not identified with regard to the intermodal trans-
port mode share nor the total carbon emissions for the total number of
manufacturers. We have assumed that diesel trucks are used for trans-
port prefab products on road, but more and more electric and con-
nected vehicles are used (Qu et al., 2020; Shi et al., 2021) and their
adoption will change the emission picture of prefab transportation.
Another future research could consider the effect of government sub-
sidies on the total cost of prefab construction and how construction
sites based on their location could benefit from adopting prefab con-
struction methods.
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