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The prefabricated construction generates considerable embodied carbon emissions during the manufac-
ture, transportation, and construction stages. However, the contribution from the transportation stage is
usually overlooked, leading to biases in life-cycle sustainability analysis of these projects. This article pro-
vides a micro-level transportation CE calculation method that estimates the project-specific emissions
according to the features of prefabricated elements. The method simulates the transportation status of
prefabricated elements as bin packing (BP) problems. Then, a modal analysis model is employed to cal-
culate the CE of each vehicle based on vehicle type, road condition, and freight weight. Considering the
minimum transportation CE as objective, a genetic algorithm is then used to search for the optimal solu-
tion and corresponding CE values. The comparative results among different CE calculation methods show
that this BP-algorithm-based method provides reliable data across different loading rates, rendering the
method suitable for calculating the transportation CE of prefabricated construction projects. Additionally,
the BP-algorithm-based method differs the emission characteristics among different element types—the
prefabricated floor generates the highest emissions, followed by prefabricated beam, wall, and column—
suggesting the need to identify disparate emission factors for different element types and considering the
sustainability aspects when selecting prefabricated approaches of projects. The results also highlight the
efficiency of considering more prefabricated elements in a single transportation batch and selecting suit-
able vehicles for the optimisation of embodied carbon emissions. Architects, engineers, and contractors
can use the method for project-specific transportation CE calculations and transportation planning.
The calculation variables concerning the geometric features of prefabricated elements and vehicles can
be adopted in the optimisation of project design and construction management for achieving less embod-
ied carbon.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Global carbon emissions (CE) reached 32 billion tons in 2020
[1]. As the main contributor, the construction industry consumes
36 % of global energy and produces 37 % of energy-related CO2

emissions [2]. Apart from consuming operational energy for air-
conditioning, heating, lighting, and operations of building equip-
ment, buildings demand an inevitable supply of embodied energy
through various products and processes used in initial construc-
tion, life-cycle maintenance, and final demolition [3]. In the future,
the average percentage of embodied energy in the life-cycle energy
of a building is predicted to rise as high as 60 % [4]. Therefore, the
opportunity for energy reduction in embodied energy should not
be ignored [5].

As a response, prefabrication is being increasingly adopted
worldwide to alleviate the adverse environmental effects because
the method has the potential to reduce the initial construction
CE by 15 % compared to conventional methods [6]. Prefabrication
is defined as a construction method where buildings are assembled
with prefabricated elements [7]. As a result of manufacturing
building elements in a specialised facility, the associated prefabri-
cation process reduces material consumption in the construction
process [8]. This reduction is believed to significantly contribute
toward sustainability when adopting this modern construction
method [6,9–12]. However, Teng et al. [13] challenged the asser-
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Nomenclature

area The windward area of the vehicle (m2)
B The set of boxes
B0 The set of residual boxes (boxes that are not placed)
bi The i-th box in set B
bi0 A parameter set that defines each box bi in the box set B
box numi The selected sequence number of box in set B0

C The set of containers
Ci�j The j-th container of the i-the vehicle
CE3D�RSO The CE of 3D-RSO algorithm (kg CO2e)
CEbenchmark The benchmarked CE value (kg CO2e)
CEelements The carbon emissions generated by moving only pre-

fabricated elements to the construction site (kg CO2e)
CEGA The CE of GA-based algorithm (kg CO2e)
CEvehicles The carbon emissions generated by moving vehicles

without freight to the construction site (kg CO2e)
CE Fð Þ The CE of fleet F (kg CO2e)
Coei The CE coefficient of the transport method [kg CO2e/

(ton � km)]
Disi The transport distance (km)
F The set of vehicles
f 0 The emission rate of the vehicle operating with the

STP value of 0 (kg CO2e/h)
f j The CE rate of operating mode j (ton/h)
f scale The fixed mass of the vehicle (ton)
Faci The CE factor of the transport method i (kg CO2e/km)
G A set of discrete variables that determines the selec-

tion between two space generation method in each
placing

g The acceleration due to gravity (9.8 m/s2)
Gi The selection of place generation method in the i-th

time box placing
Hi The height of Si (m)
Hi�j The height of Ci�j (m)
hi The height of bi (m)
hi�1 The extension length of the rebar on one of the height

sides (m)
hi�2 The height of precast concrete (m)
hi�3 The extension length of the rebar on the other height

side (m)
hi�4 The interval between adjacent elements in the height

dimension (m)
kf The coefficient factor of STP and emission rate

(1000� kg2 CO2e/kWh)
Li The length of Si (m)
Li�j The length of Ci�j (m)
li The length of bi (m)
li�1 The extension length of the rebar on one of the length

sides (m)
li�2 The length of precast concrete (m)
li�3 The extension length of the rebar on the other length

side (m)
li�4 The interval between adjacent elements in the length

dimension (m)
Layeri The layer number of Si
length B0� �

The number of items in set B0

length S0ð Þ The number of items in set S0
Loadaverage The average load capacity (ton)
Loadi The load capacity of Si (ton)
Loadi�j The load capacity of Ci�j (ton)
Load ratei The average loading rate
m Number of boxes in set F
m3D�RSO The number of vehicles of 3D-RSO algorithm
mGA The number of vehicles of GA-based algorithm
Mi A discrete variable that represents the box placing

method when Si is used to place a box

Mali The material quantity that transported by method i
(ton)

mass The total mass of individual vehicle (ton)
N A set of float-type variables that determines the order

of boxes O
n Number of boxes in set B
O The order of boxes to be packed
OMFi�j The fraction of time that Vi spent in the operating

mode j
P A set of float-type variables that determines the selec-

tion of a specific space in set S0 in each placing
p The number of containers in Vi

Pi A float-type variable that determine the selection of a
specific space in set S0

ri�H The binary variable that determines whether bi can ro-
tate around the height (Z) axis. The value equals to 1 if
the box can and 0 otherwise.

ri�L The binary variable that determines whether bi can ro-
tate around the length (X) axis. The value equals to 1 if
the box can and 0 otherwise.

ri�W The binary variable that determines whether bi can ro-
tate around the width (Y) axis. The value equals to 1 if
the box can and 0 otherwise.

resaero The aerodynamic drag coefficient (kW � sec3/m3)
resroll The rolling resistance coefficient (kW � sec/m)
resrotate The rotational resistance coefficient (kW � sec2/m2)
S A sequence of parameter sets that defines each space

in set of containers C
S0 The set of available space to place box bi
Si The i-th space in the space set S
space numi the selected sequence number of space in set S0
STPelements The STP to move only prefabricated elements to the

construction site (kW/ton)
STP j The STP of operating mode j (kW/ton)
STPt The STP at time t (kW/ton)
STPvehicles The STP to move vehicles without freight to the con-

struction site (kW/ton)
T A set of discrete variables that determines the selec-

tion among different vehicle types once a new vehicle
is added

Ti The type of i-th vehicle in the fleet F
Timei The operating hours of the i-th vehicle (Vi) in the fleet

F (h)
type num The total number of available vehicle types
Vi The i-th vehicle in set F
v t The instantaneous vehicle velocity at time t (m/s)
v numi The number of vehicles in which bi is placed
Wi The width of Si (m)
wi The width of bi (m)
wi�1 The extension length of the rebar on one of the width

sides (m)
wi�2 The width of precast concrete (m)
wi�3 The extension length of the rebar on the other width

side (m)
wi�4 The interval between adjacent elements in the width

dimension (m)
Wi�j The width of Ci�j (m)
weighti The weight of bi (ton)
xi The X coordinate of the box bi’s bottom-left corner
yi The Y coordinate of the box bi’s bottom-left corner
zi The Z coordinate of the box bi’s bottom-left corner
at The instantaneous vehicle acceleration (m/s2)
ht The road grade at time t
laero The aero drag coefficient of the vehicle
lrolling The rolling resistance coefficient of the vehicle (N/kN)
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qaero The density of the air (1.29 kg/m3)
qmaterial The density of element material (ton/m3)

Abbreviation
3D-RSO Three-dimensional residual-space optimised algo-

rithm

BP Bin packing
CE Carbon emissions
GA Generic algorithm
STP Scaled tractive power
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tion that prefabrication can necessarily lead to reduced CE, partic-
ularly when the reusability of steel or wood structures is not
considered.

This contradictory situation could be attributed to the neglec-
tions of some additional emissions in the conventional analysis
of prefabrication construction, such as those caused by more sev-
ere transportation tasks and more complicated manufacturing pro-
cesses. For instance, Sebaibi and Boutouil [14] reported that the
construction elements produced in the prefabrication industry
have a much higher environmental impact during manufacturing
than elements produced by ready-mixed concrete due to specific
thermal treatment processes during factory production. As a result,
the disparity among different CE analysis models could achieve
50 % [10], suggesting that neglected CE are associated with some
calculation methods.

The transportation CE of prefabrication is the worst-hit area of
this problem with limited concerns [15]. Researchers commonly
calculate transportation CE of prefabricated projects with averages
or estimates based on assumptions without practical analysis [16],
reporting a negligible and same-as-cast-in-situ transportation con-
tribution [6,17] (1 %-8% of the total life-cycle CE [18]). However, a
significant side effect of prefabrication is the decrease in trans-
portation and hanging efficiency [19,20], which leads to more CE
than conventional construction methods in these stages. Specifi-
cally, prefabricated elements occupy more space than the original
materials, thus requiring more vehicles for handling and transport
[15]. Meanwhile, the transportation through material supplier, off-
site factory, and construction site increases the transportation dis-
tance, causing a 50 %-70 % increment in the transportation
emissions and a 4 % CE increment during the construction process
[21,22]. Considering prefabrication waste reduction reduces
approximately 3 % of the total CE [9,22], the extra emissions caused
by inefficient element transportation will, without effective man-
agement, offset or conceal environmental advantages during the
manufacturing process.

CE calculation works as the precondition of sustainability anal-
ysis and optimisation. A reliable CE calculation method provides
scholars with influence factors and their quantitative relationship
to transportation CE, which can help identify effective optimisation
solutions. By considering real-world transportation scenarios, the
macro-level CE estimation can be detailed to a micro level, allow-
ing for project-specific analysis and an objective comparison
among design, construction, and transportation alternatives. The
analysis of prefabrication construction will be distinguished from
cast-in-situ construction, thus providing information on actual
performance in real-world practices.

This article aims to calculate the transportation CE in the pre-
fabricated construction process at the micro level. Specifically,
the study employs the bin packing (BP) algorithm to simulate the
transportation status of elements. By considering the prefabrica-
tion design codes and transportation limitations, the algorithm
provides practical packing conditions according to different ele-
ment sets (e.g., prefabricated columns, beams, etc.). A modal anal-
ysis model is then employed to calculate the transportation CE
generated by each vehicle.
3

2. Literature review

2.1. Transportation carbon emissions

Transportation is essential in building delivery and generates
non-negligible effects on the environmental impact of buildings.
Excluding or ignoring transportation energy may cause a variation
equal to 5 %-7% of the total life-cycle embodied energy [23]. This
ratio may increase to more than 10 % when the prefabrication is
adopted [11,22]. Mao et al. [9] identified the transportation phases
in prefabrication construction as 1) transporting building materials
from a distribution centre to the off-site prefabrication factory and
from a distribution centre to the project site, 2) transporting pre-
fabricated elements from off-site prefabrication factory to the pro-
ject site, 3) transporting construction waste and soil from off-site
prefabrication factory to landfill, or from project site to landfill,
and 4) transporting construction equipment and workers. Among
these four phases, phases 3 and 4 contribute to a limited percent-
age of the total life-cycle energy (both less than 1 %) [24]. Most
research attention is thus drawn to the other two phases [18],
especially the transportation of prefabricated elements that cru-
cially affects the environmental benefits of prefabrication [9].

From the literature reviewed, there are two assumptions that
impact the calculation and analysis on transportation CE: freight
status and vehicle operation mode.

2.1.1. Freight status
In construction transportation analysis, freights have tradition-

ally been considered as non-solid substances without fixed shapes.
All vehicles are also assumed to reach an identical loading status
and generate an average emissions value. Therefore, it is the mate-
rial weight rather than size that dominates the transportation
quantity in traditional transportation estimation. This assumption
is widely used in the transportation CE calculation of cast-in-situ
construction. For instance, Li et al. [25] calculated the transporta-
tion CE of a cast-in-situ residential building. The researchers con-
sidered the material weight, transport distance, and vehicle type
(i.e., diesel-powered truck, electric locomotive) as variables and
reported a 2 % total CE contribution of transportation. Similar cal-
culation formulas were seen in the research of Jafary Nasab et al.
[26], who analysed the carbon footprint in the construction phase
of high rise construction in Tehran.

Abey and Anand [27] adopted the above assumption in their
prefabrication transportation CE calculations and reported a simi-
lar transportation CE contribution between prefabrication and
cast-in-situ construction (3 %-5%). Hao et al. [6] employed the same
assumption and claimed that only 1 % CE is generated in the trans-
portation stage of either prefabrication or cast-in-situ construction.

However, Wang et al. [15] claimed that the assumption (i.e., all
vehicles achieve an identical loading rate) could not be directly
applied to theCEcalculationofprefabrication transportationbecause
the actual loading rates of prefabricated elements vary based on the
size limit, stacking layer limit, and installation sequence. For
instance, prefabrication design codes set different maximum stack-
ing layers for different prefabricated element types [28]. Real-world
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constraints conflict with calculation assumptions and challenge the
results of previous studies, especially at the project level.

Liu, Chen, et al. [29] andLiu, Yang, et al. [30]managed toovercome
this defect using micro-level CE calculations. Both sets of research-
ers divided prefabricated elements into several branches according
to the actual transportation plan. CE was calculated based on vehi-
cles concerning specific load, distance, and transport approach.
However, their system realises CE monitoring rather than predic-
tion. Detailed results are also provided during or after the construc-
tion process. Meanwhile, the emission factors the researchers used
were cited from Chen and Zhu [31], which is out-of-date and does
not vary for different vehicle types and loading statuses.

2.1.2. Vehicle operation mode
In the studies mentioned in Section 2.1.1, vehicles were

assumed to operate in controlled environments with idealised
loading rate, stable speed, and temperate conditions. Therefore,
average emission factors frommacro-level statistics and laboratory
measurements were adopted [15]. Yet these statistical data have
significant variances from real-world emissions [32] due to the dif-
ference in driving cycles, vehicle technology, and emission regula-
tions in different regions [33].

The modal model (e.g., EMFAC, MOVES3, and HBEFA) allows for
calculations considering real-world driving status by providing
specific emission factors for different ‘operation modes’, which
are defined by internal observed (e.g., engine parameters) or exter-
nally observed (e.g., speed, acceleration, weight) variables [33]. For
instance, MOVES3 provides specific emission rates according to
pollutant, emission process, fuel type, regulatory class, operating
mode, and vehicle age [34]. Comparative studies between the
modal model and statistical model (i.e., calculation using statistical
data) show that the modal provides a more accurate emission esti-
mation [35–37]. The modal model is, therefore, preferable in
micro-level transportation CE analysis [33,38].

The development and application of the portable emission mea-
surement system (PEMS) provide the emission characteristics of
vehicles on actual roads, thus bringing the assumption of vehicle
operation closer to reality [39]. Scholars have used actual mea-
sured data to identify the real-world emission characteristics of
light-duty vehicles [40], heavy-duty vehicles [39,41], and non-
road mobile machines [32,42,43]. These characteristics allow
scholars to verify and adjust the general modal model, as shown
in studies conducted by Wang, Tu et al. [33] and Seo et al. [44].
However, the sample size of studies using PEMS generally remains
limited (1–2), which could be unrepresentative. Such studies also
focused on the general situation in the logistic industry rather than
practices in the prefabricated construction context.

2.2. Bin packing problem

The BP problem refers to packing a set of items into a minimum
number of bins so that the sum of the item sizes in each bin is no
greater than the bin capacity [45]. The problem can be categorised
into one-, two-, and three-dimensional conditions for different
practical applications [46]. Specifically, one-dimensional BP prob-
lems have many applications to problems of data management,
scheduling, and resource allocation [47]; two-dimensional BP
problems are used to solve problems in the cutting of corrugated
or decorated material (wood, glass, cloth industries), and the news-
papers paging [48]; and three-dimensional BP problems are
applied in cutting and loading contexts (e.g., cutting of foam rubber
in arm-chair production, container and pallet loading, and packag-
ing design) and scheduling problems [49,50].

The BP problem is known to be NP-hard, which means that the
existence of an efficient (polynomial-time) algorithm is unlikely.
Consequently, computation times are expected to grow exponen-
4

tially as the problem size increases. This characteristic motivates
the search for heuristic, or approximate, solutions to instances of
the problem [47]. Generally, most algorithms are employed to find
reasonable, feasible solutions in an acceptable timescale rather
than to search for every possible solution or combination [51].

The solution for BP problems can technically be divided into
two steps: 1) exploring the suitable method to place the item,
and 2) searching for the optimum placing result. In the same
way, the development of solution algorithms can be summarised
as 1) developing more accurate placing algorithms and 2) introduc-
ing more efficient searching algorithms [52]. Considering the exist-
ing advance in computer science, which could provide
approximate or even exact optimal solutions, a promising research
direction is to apply the solutions in practical scenarios [52].

Regarding applying BP solutions in transportation, scholars
focus on modelling and solving actual problems in the logistics
industry. The BP solution was originally applied to optimise the
transportation plan of variable-sized items. Specifically, the proto-
type problem is defined as packing a subset of given rectangular
three-dimensional boxes into a given rectangular container for
the smallest container number and thus the lowest transportation
cost [53]. Subsequent studies added more constraints on the pack-
ing method to solve specific issues, such as the freight priority [54],
weight balance [55], product order and destination [56], trans-
portation route [57], and time window [58], pushing the BP solu-
tions closer to reality.

2.3. Research gaps

The transportation of prefabricated elements crucially impacts
the CE of projects. However, limited attention has focused on the
CE calculation in the transportation stage. Existing studies roughly
simulated the transportation process as transferring homogeneous
non-solid material by a fleet of identical vehicles in a stable envi-
ronment, which deviates from the real-world transportation situa-
tion. As a result, the CE calculation method using actual
transportation conditions demands further exploration and, more
so, for the prefabricated construction context. This pursuit can be
divided into two requirements: 1) the simulation of transportation
status and 2) the CE calculation based on specific situations. Stud-
ies on the BP problems and the modal CE analysis model separately
fills these two requirements, but an integrated solution to the
transportation CE calculation has not yet emerged.

Therefore, this study seeks to determine a pathway for calculat-
ing the transportation CE of prefabricated elements considering
real-world constraints by integrating the BP algorithm and modal
analysis model. The research provides a practical and reliable
transportation CE calculation method for the sustainability analy-
sis of prefabrication construction.
3. Methodology

The methodology employed in this study involves four steps: 1)
model the transportation status of prefabricated elements as a
classic three-dimensional BP problem, 2) calculate the transporta-
tion CE using the modal analysis model, 3) explore the solution to
the BP problem, and 4) compare the results to other methods for
validation. The research content related to each step is explained
in detail below.

3.1. Bin packing problem design

3.1.1. Problem description
The transportation of prefabricated elements is considered a

three-dimensional BP problem with guillotine constraints. Specifi-
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cally, this problem involves packing a set of three-dimensional
rectangular boxes orthogonally into rectangular containers while
satisfying the requirement that the packing is guillotine cuttable
(i.e., there exists a series of face parallel straight cuts that can
recursively cut the container into pieces so that each piece contains
a box and that no box has been intersected by a cut [59]). Com-
pared with simple orthogonal three-dimensional BP problems
(which are usually adopted onsite [15]), the guillotine constraints
allow for moving the prefabricated elements from the top of vehi-
cles, thus reducing the time and difficulty of loading or unloading
[52].

In this problem, prefabricated elements are considered a set of
rectangular boxes, each of which has seven parameters, as shown
in Eqs. (1)–(6). These equations are represented based on precast
concrete elements and can be applied to other volumetric or pan-
elised prefabricated element types (e.g., timber elements and steel
elements) by adjusting the corresponding values.

B ¼ b1; � � � ; bi; � � � ; bnf g ð1Þ

bi ¼ li;wi;hi; ri�L; ri�W ; ri�H;weightif g ð2Þ

li ¼ li�1 þ li�2 þ li�3 þ li�4 ð3Þ
Fig. 1. Variables of the prototy

5

wi ¼ wi�1 þwi�2 þwi�3 þwi�4 ð4Þ

hi ¼ hi�1 þ hi�2 þ hi�3 þ hi�4 ð5Þ

weighti ¼ li�2 �wi�2 � hi�2 � qmaterial ð6Þ
where n is the number of boxes; B is the set of n boxes; bi is the i-th
box in the set; li, wi, and hi are the length, width, and height (m) of
bi, respectively; ri�L, ri�W , and ri�H are binary variables that deter-
mine whether the box can be rotated around the length (X), width
(Y), and height (Z) axes, respectively. The value equals 1 if the box
can be rotated and 0 otherwise; weighti is the weight of bi (ton);
li�1, li�3,wi�1,wi�3, hi�1, and hi�3 are the extension length of the rebar
on each side (m), respectively; li�2, wi�2, and hi�2 are the length,
width, and height of precast concrete (m), respectively; li�4, wi�4,
and hi�4 are the interval between adjacent elements in each dimen-
sion (m); and qmaterial is the density of element material (ton/m3),
which is set to 2.5 ton/m3 in precast concrete elements. The weight
of extended rebar is excluded in the calculation because their
weight only contributes to a minor part of the prefabricated ele-
ments’ weight, thus leading to the negligible variance of the result.
Fig. 1 describes the variables mentioned above.

The transportation space of vehicles is considered a set of rect-
angular containers with four parameters, as shown in Eqs. (7)–(10).
pe prefabricated element.
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F ¼ V1; � � � ;Vi; � � � ;Vmf g ð7Þ

Vi ¼ Ci�1; � � � ;Ci�j; � � � ;Cp
� � ð8Þ

C ¼ C1�1; � � � ;Ci�j; � � � ;Cm�p
� � ð9Þ

Ci�j ¼ Li�j;Wi�j;Hi�j; Loadi�j
� � ð10Þ

where m is the number of vehicles, F is the set of m vehicles in the
transportation fleet; Vi is the i-th vehicle in F; Ci�j is the j-th con-
tainer of the i-the vehicle; p is the number of containers in Vi; C
is the set of containers; Li�j, Hi�j, and Wi�j are length, width, and
height of Ci�j (m), respectively; and Loadi�j is the load capacity of
Ci�j (ton).

The objective of the BP problem is to pack all the boxes in set B
into a suitable container set C, thus minimising the total carbon
emissions of fleet F. This aim is represented by Eq. (11) below:

min CE Fð Þ½ � ð11Þ
where CE Fð Þ is the CE of fleet F (kg CO2e). The calculation method of
CE is given in Section 3.2.

This packing problem has the following constraints:

C-1: All the boxes are packed orthogonally, i.e., every face of
boxes is parallel to the faces of the containers.
C-2: The rotation of each box is strictly limited by the parame-
ter of ri�X , ri�Y , and ri�Z .
C-3: All the boxes are fully supported by either other boxes or
the container, i.e., the bottom of each box is not allowed to hang
in the air.
C-4: The packing is guillotine cuttable.
C-5: All the boxes must be packed.
C-6: Boxes are placed into containers without exceeding the
length, width, height, and weight of each container.
C-7: The layer of packed boxes cannot exceed the limitation of
corresponding codes (specific codes are cited in Section 4.2).

3.1.2. Variable determination
The packing of boxes is considered a recursion of a four-step

process: 1) select a specific box, 2) select an available space to
Fig. 2. Placing altern

6

place the box, 3) place the box, and 4) update the available space.
Correspondingly, the key to solve this problem is to determine 1)
the order of boxes, 2) the available space, 3) the method to place
the box, and 4) the update method of residual spaces.

The order of boxes O is determined by a set of float-type variables
N, according to equations (12)-(16). These equations allow for deter-
mining the order of boxes without the limitation of box number, and
the equations can therefore be used in a recursion process.

N ¼ N1; � � � ;Ni; � � � ;Nnf g ð12Þ

Ni 2 0;1½ � ð13Þ

box numi ¼ Ni � length B0� � ð14Þ

B0 2 B ð15Þ

O ¼ box num1; � � � ; box numi; � � � ; box numnf g ð16Þ
where B’ is the set of residual boxes (boxes that are not placed);
length B’is the number of items in B’and box numi represents the
selected sequence number of box in B’ (e.g., 5 means the fifth box
in b’

The selection of available spaces is combined with the determi-
nation of the box placing method. Given a box bi, the set of avail-
able space to place box bi is S0, and the selection of a specific space
is determined by a float-type variable Pi. It works as shown in
equations (17)-(19)

Pi 2 0;1½ � ð17Þ

space numi ¼ Pi � length S0ð Þ ð18Þ

P ¼ P1; � � � ; Pi; � � � ; Pnf g ð19Þ
where space numi represents the selected sequence number of
space in S0 (e.g., 5 means the fifth space in S0); length S0ð Þ is the num-
ber of items in S0; and P is the set of Pi. Regarding the placing
method, the bottom-up left-justified method is employed (i.e.,
always placing the box at the lowest and the leftmost corner of a
space) [60]. In this method, six placing alternatives exist, as shown
in Fig. 2. Each alternative generates a corresponding available space
atives of boxes.
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in the set of available space S. Thus, the selection among these six
alternatives can also be represented by Pi.

A discrete variable set T determines the selection among differ-
ent vehicle types once a new vehicle is added. It is calculated in
Eqs. (20)–(22).

T ¼ T1; � � � ; Ti; � � � ; Tmf g ð20Þ

Ti 2 1;2; � � � ; type numf g ð21Þ
where Ti represents the type of i-th vehicle in the fleet F; and
type num is the total number of available vehicle types.

Concerning the update of residual space, once a box is placed,
the selected space will be divided into several smaller and discrete
sub-spaces in two ways due to the constraints of C-3 and C-4
(Fig. 3). The selection of these two methods is represented by a
set of binary variables G, as shown in Eqs. (22)–(23).

G ¼ G1; � � � ;Gi; � � � ;Gnf g ð22Þ

Gi 2 0;1f g ð23Þ
where Gi represents the selection of the place generation method in
the i-th time box placing.

Therefore, the objective of this algorithm is to search for the
variable sets N, P, and G that have the lowest CE. Correspondingly,
Eq. (11) can be transformed into the following equation to repre-
sent the objective of this bin packing problem:

min CE N; P; T;Gð Þ½ � ð24Þ
3.1.3. Algorithm development
The algorithm defined each box bi in the box set B by a param-

eter set bi0 as below:

bi0 ¼ li;wi;hi;v numi; xi; yi; zi; ri�X ; ri�Y ; ri�Z ;weightif g ð25Þ
where v numi is the number of vehicles in which bi is placed; and xi,
yi, and zi represent the coordinates of bi’s bottom-left corner.

The set of containers C is transformed to the set of spaces S, as
defined in the equations (26)-(28), as below:

S ¼ S1; � � � ; Si; � � � ; Sq
� � ð26Þ

Si ¼ v numi; Li;Wi;Hi;Xi; Yi; Zi; Loadi;Mi; Layerif g ð27Þ
Fig. 3. Space generation method
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Mi 2 0;1;2;3;4;5f g ð28Þ
where q is the number of spaces; Si is the i-th space in the space set
S; Li, W , and Hi are the length, width, and height (m) of Si, respec-
tively; Loadi is the load capacity (ton) of Si; Mi is a variable that rep-
resents the box placing method when Si is used to place a box, as
shown in Fig. 2; and Layeri is the layer number of Si.

The pseudo-code of the BP algorithm is given as below:

For each box bi in the box set B:
define bi by parameters as bi0
add b0i to the residual box set B0

End
For number in the range [1, length Bð Þ]:
select a box b0number in B0 according to Nnumber

While b0number is not placed:
For each space Si in the space set S:
If b0number can be placed in Si by the method of M:
let Si Mið Þ ¼ M
add Si to S0

End
End
If S0 is not an empty set:
select a space Snumber in S0 according to Pnumber

place b0number in Snumber according to Snumber(Mnumber)
If the Snumber(Layernumber) does not exceed the

limitation:
generate the new space Snew according to Gnumber

add Snew to S
End
remove b0number from B0

identify b0number as a placed box
Else:
vehicle_num += 1
add a new vehicle and its corresponding space to S
according to Tvehicle num

End
End

End
whenGi = 0 (a) andGi = 1 (b).
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3.2. Carbon emissions calculation

3.2.1. Calculation boundary
The research boundary of this article is the process of transport-

ing the prefabricated elements from the factory to the construction
site by vehicle. The emission process in this stage includes running
exhaust, start exhaust, brake wear, tire wear, etc. [61]. Considering
that running exhaust emissions (i.e., the archetypal mobile source
emissions that generate during the operation of internal-
combustion engines after the engine and emission control systems
have stabilized at the specific operating temperature [61]) con-
tribute to 98.85 % of CE [62], this study focuses only on emissions
in this stage.

3.2.2. Data source
MOVES3 (The United States Environmental Protection Agency’s

Motor Vehicle Emission Simulator) is selected as the data source
for the CE calculations in the case study of five Chinese projects
(Section 4). It is a set of modelling tools for estimating air pollution
emissions produced by on-road and nonroad mobile sources [62].
Although MOVES3 is developed based on the emission data in Cal-
ifornia, USA, previous studies have reported the tool remains accu-
rate in calculations outside California, especially in China [38,63].
Considering that the national modal emission model in China is
rare [64], employing MOVES3 for CE calculations is reasonable in
this country.

3.2.3. Quantitative calculation
This study employs the calculation method for heavy-duty vehi-

cles (with a gross vehicle weight rating of more than 8500 lbs) in
the Overview of EPA’s Motor Vehicle Emission Simulator [61]. The
total running carbon emissions CE (kg CO2e) of the fleet F is calcu-
lated by Eq. (29), as shown below:

CE ¼
X

Timei �
X

OMFi�j � f j
� �h i

ð29Þ

where Timei is the operating hours of the i-th vehicle (Vi) in the fleet
F (h); OMFi�j is the fraction of time that Vi spent in the operating
mode j; and f j is the CE rate of operating mode j (ton/h).

MOVES3 classifies the CE rates of operating mode f using scaled
tractive power (STP), as shown in Eqs. (30)–(34).

STPt ¼ resrollv t þ resrotatev2
t þ resaerov3

t þmass� v tðat þ g � sin htÞ
f scale

ð30Þ

resroll ¼ mass� g � lrolling � cos ht ð31Þ

resaero ¼ 1
2
� laero � qaero � area ð32Þ

massi ¼ f scalei þ loadi ð33Þ

loadj ¼
X

bi 0ðv i¼jÞ
bi0 weightið Þ ð34Þ

where STPt is the STP at time t (kW/ton); resroll is the rolling resis-
tance coefficient (kW � sec/m); resrotate is the rotational resistance
coefficient (kW � sec2/m2); resaero is the aerodynamic drag coefficient
(kW � sec3/m3); mass is the total mass of the individual vehicle
(ton); v t is the instantaneous vehicle velocity at time t (m/s); at is
the instantaneous vehicle acceleration (m/s2); g is the acceleration
due to gravity (9.8 m/s2); ht is the road grade at time t; f scale is the
fixed mass of the vehicle (ton); lrolling is the rolling resistance coef-
ficient of the vehicle (N/kN); laero is the aero drag coefficient of the
8

vehicle; qaero is the density of the air (1.29 kg/m3); and area is the
windward area of the vehicle (m2).

The carbon emission rate of operating mode j (f jÞ is linearly
related to the STP of the operating mode [62], and f j can be calcu-
lated using Eq. (31).

f j ¼ kf � STPj þ f 0 ð31Þ
where STP j is the STP of operating mode j (kW/ton); f 0 is the emis-
sion rate of the vehicle operating with the STP value of 0 (kg CO2e/
h); and kf is the coefficient factor of STP and emission rate
(1000� kg2 CO2e/kWh), which can be obtained through regression
analysis on the emission data of MOVES3.

3.3. Exploration of solutions

This study employs a genetic algorithm (GA) to search for solu-
tions to the bin packing problem defined in Section 3.1. The bin
packing problem is first modelled in standard Python 3.8. Then,
Geatpy 2.6.0—a genetic and evolutionary algorithm toolbox for
Python [65]—is used to explore the result of Eq. (24).

3.4. Results validation

3.4.1. Validation of bin packing solutions
In the assumption that prefabricated elements are transported

by identical vehicles on a straight road with stable features at a
stable speed, and the freight does not change the windward area,
Eq. (30) can be transformed as shown below:

STPt ¼
mass� g � lrolling � cos ht þ Cv2

t þmass� g � sin ht
� �

� v t

f scale
ð32Þ

¼
lrolling � cos ht þ sin ht

� �
� v tg

f scale
load

þ
lrolling � cos ht þ sin ht

� �
� v tg

f scale
f scale þ

Cv3
t

f scale
ð33Þ

¼ D� loadþ E ð34Þ
where

D ¼
lrolling � cos ht þ sin ht

� �
� v tg

f scale
ð35Þ

E ¼ lrolling � cos ht þ sin ht
� �

� v tg þ Cv3
t

f scale
ð36Þ

Accordingly, Eq. (29) can be rewritten as follows:

CE ¼
X

Timei � f i½ � ð37Þ

¼ Timei �
X

kf � STPj � STPmin
� �þ f min

� 	 ð38Þ

¼ Timei �
X

kf � D� loadþ E� STPminð Þ þ f min
� 	 ð39Þ

¼ Timei
X

kf � D� load
� �þ Ti

X
f minþ kf E� STPminð Þ� 	 ð40Þ

¼ Timei � kf � D�
X

loadþ kf E� STPminð Þ þ f min
� 	

� Timei �m ð41Þ
Equations (34) and (41) can be re-interpreted as equations (42)

and (43), respectively:
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STP ¼ STPelements þ STPvehicles ð42Þ

CE ¼ CEelements þ CEvehicles ð43Þ
where STPelements is the STP tomoveonlyprefabricated elements to the
constructionsite (kW/ton);STPvehicles is theSTP tomovevehicleswith-
out freight to the construction site (kW/ton);CEelements is the CE gener-
ated by moving only prefabricated elements to the construction site
(kg CO2e); and CEvehicles is the carbon emissions generated by moving
vehicles without freight to the construction site (kg CO2e).

As the total weight of prefabricated elements is a fixed value,
the objective defined by Eq. (22) can then be transformed as

minðmÞ ð44Þ
The objective defined by Eq. (44) is the same as the aim of clas-

sical bin packing problems, and thus it can be solved using classical
bin packing algorithms. This study adopts the results of the three-
dimensional residual-space optimised algorithm (3D-RSO) [52] as the
benchmark. The pseudo-code of this algorithm is given below:

The 3D-RSO algorithm employs predefined formulas to determine
the box order, box placing method, and generation method of
new spaces after box placing, thus producing an acceptable result
very quickly (less than 1 s). However, a global optimum of solutions
can hardly be achieved without heuristic algorithms. Therefore, the
criterion in bin packing solutions validation is that the results from
the algorithm with GA (GA-based algorithm) should be equal to or
better than the results of the 3D-RSO algorithm. This requirement is
represented by the following equations:

mGA � m3D�RSO ð45Þ

CEGA � CE3D�RSO ð46Þ
where mB and m3D�RSO are the number of vehicles of GA-based algo-
rithm and 3D-RSO algorithm, respectively; and CEGA and CE3D�RSO

are the CE of GA-based algorithm and 3D-RSO algorithm (kg
CO2e), respectively.
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3.4.2. Validation of CE calculation
The CE calculation is validated through conducting quantitative

comparisons between the results of different calculation methods.
The benchmarked calculation method and emission rate are
selected from the China Products Carbon Footprint Factors Database
[66,67] and the Calculation Standard of Building Carbon Emissions
GB/T51366-2019 [68]. The CE is calculated based on these two
sources using the following equations:

CEbenchmark ¼
X

Mali�Disi � Coei ð47Þ
Coei ¼ Faci
Loadaverage � Load ratei

ð48Þ

where CEbenchmark is the benchmarked CE value (kg CO2e); Mali is the
material quantity transported by method i (ton); Disi is the trans-
port distance (km); Coei is the CE coefficient of the transport
method [kg CO2e/(ton � km)]; Faci is the CE factor of the transport
method i (kg CO2e/km); Loadaverage is the average load capacity
(ton); and Load ratei is the average loading rate.
4. Case study

4.1. Sample buildings

This article employs five real-built cases using the precast con-
crete structure to show the transportation carbon emissions calcu-
lation of prefabricated elements. The five buildings are all located
in China: two residential buildings (Project A and B), one apart-
ment building (Project C), one office building (Project D), and one
education building (Project E), as shown in Fig. 4 and Table 1. Con-
sidered element types include prefabricated floor slab (floor), shear
wall slab (wall), column, and beam.

Fig. 5 provides information on the geometric features of prefab-
ricated elements in these five projects. In the figure, the x-axis rep-
resents the dimension of length (m) and the y-axis represents the
dimension of width and height (m). Specifically, the li and wi of
each prefabricated element are shown by the x- and y-
coordinates of a dot, respectively. The value of hi is given by the
height of a vertical bar (corresponding to the dot) at the bottom
of each figure. Fig. 5 also shows the distribution of elements’ size
by colour transparency. A darker colour means a greater gathering
of points and bars (i.e., more prefabricated elements are in such a
specific size).
4.2. Data collection

The data collected in this study include 1) prefabricated ele-
ment data, including the type, size, weight of elements used in
the project; 2) CE data, including emission factor and application
conditions adopted in either method; 3) vehicle data, including
the type, size, load capacity, and resistance factor of vehicles;
and 4) transportation data, including transportation constraints
and road features.

The data of prefabricated elements are extracted from the
design files (i.e., the design drawings and schedules). Content anal-
ysis is then conducted on those drawings to obtain the value of
variables concerning li, wi, hi, and weighti. The drawings of projects
are examined and verified by all participants to ensure data
quality.

This study employs CE data from MOVES3. Specific value set are
selected according to the parameters of alternatives vehicles listed
in Table 2. The table also includes the sources of vehicle and trans-
portation data.



Fig. 4. Plan layout of Project A (a), B (b), C (c), D (d), and E (e).
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Table 1
Summary of sample buildings.

Description Project A Project B Project C Project D Project E

Types Residence Residence Apartment Office School
Floor area (m2) 454.79 751.54 2083.54 3298.96 1371.43
Layer number 20 18 17 6 6
Floor to floor height (m) 2.90 2.90 3.50 3.82 3.25
Element types, pieces, and weight (ton) per floor Floor slab � 59

42.71
Shear wall slab � 10
17.26

Floor slab � 110
74.68
Shear wall slab � 20
32.36

Floor slab � 168
194.93
Shear wall slab x69
236.01
Column � 10
34.04
Beamx41
13.67

Floor slab � 155
219.08
Column � 20
65.42
Beam � 119
429.15

Floor slab � 90
89.59
Column � 44
104.79

Total weight of prefabricated elements per floor (ton) 59.97 107.04 478.65 713.65 194.38
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4.3. Parameter settings

The transportation CE calculation is conducted based on the fol-
lowing conditions:

1) All the prefabricated elements are transported in Jiangsu
Province, China, on a sector of the G40 road without the con-
sideration of vehicle rotation.

2) All the vehicles are moving at a stable speed at 0 �C with
standard atmospheric pressure.

3) All the prefabricated elements of a project are first divided
by floors and then divided by their types into different
batches (e.g., the floor batch of the first floor).

4) Elements in the same batch are packed by the off-line mode,
i.e., all the elements are known before packing.

Considering the transportation code and current situation in
China, this study set two vehicle alternatives. Vehicle 1 has a size
of 13.75 m X 3 m X 4 m (Length X Width X Height) and a 15.3-
ton self-weight. Vehicle 2 has a size of 17.5 m X 3 m X 4 m and
a 16.8-ton self-weight. The upper limitation of the gross mass of
these two vehicles are both 49 ton; thus, the load capacity of vehi-
cles 1 and 2 are 33.7 ton and 33.2 ton, respectively. The transporta-
tion space of each vehicle is represented by two rectangular
containers, as shown in Fig. 6.

Fig. 7 gives information on the packing status of different ele-
ment types. All types of elements are packed horizontally and
allow for rotation around one dimension. A detailed description
of calculation parameters is provided in Table 2.
5. Results

5.1. Bin packing solutions

The GA-based BP algorithm generally shows better performance
than the 3D-RSO algorithm in packing prefabricated elements of
five sample buildings, as shown in Fig. 8. The number of vehicles
employed by the GA-based algorithm is equal to or less than 3D-
RSO algorithms using either vehicle 1 or 2, filling the demand of
Eq. (45). Generally, the larger the total number of vehicles used,
the larger the difference between those two algorithms.

Meanwhile, the 3D-RSO algorithm employs more vehicles, in
most cases, when using vehicle 1 than vehicle 2. As shown in
Table 2, vehicle 1 has a larger load capacity and a smaller space size
than vehicle 2. Therefore, element size rather than element weight
has a dominant effect on vehicle numbers in the transportation CE
analysis on the sample buildings. Notably, the 3D-RSO algorithm
using vehicle 1 in the transportation of prefabricated beams of Pro-
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ject D does not produce any data because the elements’ size
exceeds the dimensions of the available spaces in vehicle 1.
5.2. CE calculation

Fig. 9 compares the variation of transportation CE with loading
rate among the BP method and two validation methods. Results
show that the CE of these three methods are linearly related to
the loading rate. In the analysis of vehicle 1, the slopes of the BP
method, validation method 1 with Coei _1 (0.047), and validation
method 2 with Coei _2 (0.059) are 20.02, 79.20, and 99.42, respec-
tively. The interceptions of the three methods are 34.51, 0, and 0,
respectively. The line of BP method is interpreted as following:
when transporting prefabricated elements on a 50 km section on
the G40 road by vehicle 1, the CE of driving an empty vehicle is
34.51 (kg CO2e); for every 1 % increase in the loading rate (i.e.,
every 0.337-ton increase in the loading weight), the CE increases
by 0.2002 (kg CO2e). Similarly, lines of validation methods 1 and
2 mean the CE of driving an empty vehicle is 0 (kg CO2e), and every
1 % increase in the loading rate will increase the CE by 0.7920 and
0.9942 (kg CO2e), respectively. The same analysis can be applied in
the case of vehicle 2, where the slopes of the BP method, validation
method 1, and validation method 2 are 11.42, 75.67, and 94.99,
respectively, and the interceptions are 33.26, 0, and 0, respectively.

The line of the BP method intersects with the lines of validation
methods 1 and 2 at points around 57 % and 47 %, respectively. Con-
sidering a � 10 % interval, the intersection range will be around
50 %-65 % (0.047) and 37 %-50 % (0.059), respectively. These ranges
mean that the CE calculation result of the BP method is consistent
with the result of the China Products Carbon Footprint Factors Data-
base [66,67] and the Calculation Standard of Building Carbon Emis-
sions GB/T51366-2019 [68] when the average loading rate is at
50 %-65 % and 37 %-50 %, respectively. School of Transportation
and Logistics of Southwest Jiaotong University [69] reported that
the average loading rate of heavy-duty vehicles in Jiangsu province
is between 40 % and 65 %, which indicates that the average carbon
emissions factor Coei _1 (0.047) is very likely measured with a
0.40–0.65 loading rate (Load ratei), which covers the intersection
range of 50–65 %. Therefore, the calculation result of the BP
method could very likely be close to the average real-world emis-
sions. However, the average loading rate of building materials is
between 69 % and 99 %, which is outside the intersection range
of the BP method and Coei _2 (0.059). As a higher loading rate
should lead to a lower carbon emission factor Coei, a greater load-
ing rate (69 %-99 % vs 40 %-65 %) with a higher factor value (0.059
vs 0.047) suggests that the emission factor of 0.059 may not be
consistent with the real-world emissions.



Fig. 5. Features of prefabricated elements in Project A (a), B (b), C (c), D (d), and E (e).
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Table 2
Variable settings of the CE calculation.

Settings Value Data source

Vehicle
Vehicle 1 Size Length (m) 13.75 [69–71]

Width (m) 3
Height (m) 4

Load Load1(ton) 33.7
Weight f scale(ton) 15.3
Resistance lrolling(N/kN) 6.8

laero 0.75
Fuel Diesel
Space
Space 1 Length (m) 4

Width (m) 3
Height (m) 2.4
Load1�1(ton) 33.7

Space 2 Length (m) 9.75
Width (m) 3
Height (m) 3
Load1�2(ton) 33.7

Vehicle 2 Size Length (m) 17.5 [69–71]
Width (m) 3
Height (m) 4

Load Load2(ton) 32.2
Weight f scale(ton) 16.8
Resistance lrolling(N/kN) 6.8

laero 0.75
Fuel Diesel
Space
Space 1 Length (m) 4

Width (m) 3
Height (m) 2.4
Load2�1(ton) 32.2

Space 2 Length (m) 13.5
Width (m) 3
Height (m) 2.7
Load2�2(ton) 32.2

Transportation
Constraints Floor Stack mode Horizontal [28,72]

Layeri � 6
ri�L 0
ri�W 0
ri�H 1

Wall Stack mode Horizontal
Layeri � 6
ri�L 0
ri�W 0
ri�H 1

Column Stack mode Horizontal
Layeri � 3
ri�L 1
ri�W 0
ri�H 0

Beam Stack mode Horizontal
Layeri � 2
ri�L 0
ri�W 0
ri�H 1

Road tan ht and slope in percentage �0.005 3.88 % [73,74]
�0.004 30.62 %
0.000 45.54 %
0.006 13.57 %
0.007 6.39 %

Distance Distance (km) 50
Speed Speed v t(km/h) 59.08 [67]
Loading status Loading rate Load ratei 0.40–0.65 [69]

CE calculation
BP method kf (1000 kg2 CO2e/kWh) 9.82 � 10-3 [62]

f 0(kg CO2e/h) 13.57
Validation method 1 Coei _1 [kg CO2e/(ton � km)] 0.047 [66,67]
Validation method 2 Coei _2 [kg CO2e/(ton � km)] 0.059 [68]
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Fig. 6. Space division of the vehicle.

Fig. 7. Packing status of prefabricated floors (a), walls (b), columns (c), and beams (d).

Fig. 8. Number of vehicles in GA-based BP algorithm and 3D-RSO algorithm.
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Fig. 9. CE variation with loading rate of vehicle 1 (a) and vehicle 2 (b).
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5.3. Transportation CE of prefabricated elements

This study calculates the transportation CE of prefabricated ele-
ments in five projects (13 transportation tasks) using the GA-based
BP algorithm, 3D-RSO algorithm using vehicle 1, 3D-RSO algorithm
using vehicle 2, validation method 1 using the emission factor of
0.047 [kg CO2e/(ton � km)], and validation method using the emis-
sion factor of 0.059 [kg CO2e/(ton � km)], as shown in Table 3 and
Fig. 10. The appendix files provide the detailed solutions for the
GA-based BP algorithm and 3D-RSO algorithms.

Generally, the GA-based BP algorithm has the lowest CE com-
pared to other methods. This result fulfils Eq. (46) so that the
GA-based algorithm has a lower or equal CE to the 3D-RSO algo-
rithm. The result also remains consistent with Section 5.1, under-
scoring that the GA-based method employs the least number of
vehicles in the same situation comparing to other methods. How-
ever, no stable relationship exists between the results of 3D-RSO
algorithms and validation methods 1 and 2.
15
As the total CE is mainly affected by the quantity of transported
elements, it is more objective to compare the CE per unit of prefab-
ricated elements. Therefore, Fig. 11 compares the average CE per
unit weight of elements; the dotted lines of 2.35 and 2.95 are
two benchmark values calculated using Coei _1 (0.047) and Coei
_2 (0.059) (i.e., the CE of transporting one ton of prefabricated ele-
ments for 50 km), respectively. The CE values are categorised into
four groups according to the element types: prefabricated floors,
walls, columns, and beams. The GA-based algorithm provides the
lowest CE in most tasks, except in the transportation of prefabri-
cated walls in Project-A and prefabricated columns in Project-D,
where the result (2.45 and 2.49) is minorly higher than the bench-
mark result of 2.35.

Regarding the result of 3D-RSO algorithms, when vehicle 1 is
adopted, the CE is higher than 2.35 in all five transportation tasks
of prefabricated floors and two of three wall transportation tasks.
In contrast, results of this method are lower than 2.35 in two of
three column transportation tasks and in both beam transportation



Table 3
Transportation CE of prefabricated elements in Projects A-E (kg CO2e).

Project Elements GA-based
algorithm

3D-RSO algorithm (vehicle
1)

3D-RSO algorithm (vehicle
2)

Validation method 1
(0.047)

Validation method 2
(0.059)

A Floor 89.63 197.91 156.16 100.38 126.01
Wall 42.67 44.83 42.67 40.85 51.29

B Floor 173.45 320.42 239.98 175.50 220.31
Wall 53.72 88.23 84.03 76.03 95.45

C Floor 338.29 529.87 404.82 458.09 575.05
Wall 393.77 409.83 393.77 554.62 696.23
Column 84.94 88.01 84.94 79.97 100.39
Beam 94.98 100.26 94.98 123.61 155.16

D Floor 384.61 613.23 517.67 514.83 646.28
Column 104.93 106.17 135.18 153.74 193.00
Beam 697.82 – 697.82 1008.50 1265.99

E Floor 181.51 290.93 248.04 210.53 264.28
Column 189.73 197.26 189.73 246.25 309.12

Fig. 10. Transportation CE of prefabricated elements in Projects A-E.
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tasks. When vehicle 2 is adopted, the CE results are higher than
2.35 in three of five floor transportation tasks, two of three wall
transportation tasks, and one of three column transportation tasks.
The results are lower than 2.35 in other cases. Generally, the
benchmark of 2.95 is higher than the results of all the other meth-
ods in most cases, as explained in Section 5.2 when the emission
factor of 0.059 is higher than real-world emissions.

Looking into the average CE values, the trend is generally con-
sistent with the task-specific data i.e., the result of the GA-based
algorithm is the lowest among all results. The results of the 3D-
RSO algorithm using vehicle 1 are higher than 2.35 and 2.95 in
the transportation of prefabricated floors and are lower than those
two benchmarks in the transportation of prefabricated walls, col-
umns, and beams.

Regarding the difference across element types, the transporta-
tion CE of prefabricated floors is the highest, followed by that of
prefabricated columns. The average CE of prefabricated walls is
slightly higher than that of prefabricated beams. Meanwhile, the
variance among the three BP algorithms is the largest in the trans-
portation of prefabricated floor. This variance becomes smaller and
16
remains similar in the transportation of the other three types of
elements.

The difference in CE per unit prefabricated element can be
explained by the difference in loading rate, as shown in
Fig. 12, where the transportation CE per unit element decreases
with the growth of the loading rate. Fig. 13 illustrates the load-
ing rate of each transportation task. The GA-based algorithm
obtains the highest average loading rate among all four element
categories. The loading rate of the 3D-RSO algorithm using
vehicle 2 ranks the second in prefabricated floors, walls, and
beams and ranks the third in columns. This sequence is consis-
tent with the sequence of the CE per unit element (i.e., a higher
loading rate appears accompanied by a lower CE per unit
element).

Besides, the average loading rate of elements varies with the
element type, where the prefabricated floor has the lowest loading
rate with the largest difference among the three algorithms. Pre-
fabricated columns, however, have a smaller algorithm difference,
while prefabricated walls and beams have the highest average
loading rate.



Fig. 11. Transportation CE per ton of different element types.

Fig. 12. The variation of CE of per ton elements with loading rate of vehicle.
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5.4. Algorithm performance

This study employs a personal laptop to run all the algorithms;
the laptop device specification includes an Intel Core i7-8665U CPU
and 16 GB installed RAM. For an objective comparison among algo-
rithms and projects, this study uses the identical parameter set-
17
tings in the computing of each transportation task, as shown in
Table 4.

Fig. 14 shows the solving process of the GA-based BP algorithm
packing algorithm, in which the y-axis represents the value of the
objective function (i.e., the CE per hour (kg CO2e/h)), and the x-axis
represents the generation in computing. The algorithm achieves



Fig. 13. Loading rate of different element types.

Table 4
Parameter setting of GA-based bin packing algorithm.

Parameter Value

Population size 3, 200
Probability of performing crossover 0.7
Mutation operator F 0.5
Termination criteria Generation = 1200
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the lowest CE value within the first 600 generations in all 13 trans-
portation tasks. Specifically, the optimum solutions are obtained
within the first 50 generations in the transportation of prefabri-
cated walls, columns, and beams, while the computing of prefabri-
cated floors’ transportation takes approximately 250 to 550
generations.

The average value in each generation is not a smooth curve in b-
1 and d-3. Meanwhile, in a-1 and e-1, the average does not tend to
the optimum value. This situation is because the objective function
is not fully continuous. As shown in Eq. (41), the transportation CE
is dominated by the number of vehicles, a discrete variable. There-
fore, the average value may be stuck at a local-optimum value. This
reason also explains the existence of fluctuations of optimal values
in the figures a-1, b-1, b-2, d-1, and e-1.

Fig. 15 illustrates the computing time of the GA-based and 3D-
RSO algorithms. The GA-based algorithm takes much more time
than the 3D-RSO algorithms. Additionally, the total computing
time and the computing time per piece element of the GA-based
algorithm is growing with the total piece number increasing from
1880.13 s (10 pieces in C-column) to 85542.05 (168 pieces in C-
floor) and from 188.01 s per piece (C-column) to 509.18 s per piece
(C-floor), respectively. In contrast, the variation in total computing
time of the 3D-RSO algorithm is not significant across all 13 trans-
portation tasks, between 0.26 s and 0.35 s, leading to a negative
relationship between the computing time per element piece and
the number of prefabricated elements.
18
Fig. 16 illustrates the trade-off of computing time and CE when
replacing the 3D-RSO algorithm with the GA-based algorithm, in
which a closer distribution to the right bottom corner means a
more efficient replacement and the opposite when a dot is
approaching the left top corner. Generally, the replacement of
3D-RSO algorithm using vehicle 1 shows a more significant advan-
tage than the 3D-RSO algorithm using vehicle 2 because of a larger
CE reduction with a similar increase in computing time. Regarding
the difference across element types, the CE reduction is more sig-
nificant in the transportation of floors while less significant in
the other three, especially in the transportation of columns and
beams. This finding indicates that it is more efficient to employ
the GA-based algorithm than the 3D-RSO algorithm in the trans-
portation planning of prefabricated floors.

6. Discussion

In general, the BP-algorithm-based method provides a convinc-
ing output in the transportation CE calculation of prefabricated ele-
ments. As shown in Fig. 9, the calculation result of the BP-
algorithm-based method is consistent with that of the Chinese offi-
cial emission factor (Coei _1) [66] (validation method 1) at a 50 %-
65 % loading rate. The variance between these two methods
becomes significant with the loading rate shifting this range.
According to Eq. (47), the CE result from the validation method 1
is linearly related to the weight of elements but without an original
emission value (i.e., the interception is 0 in Fig. 9). This pattern
indicates that the validation method 1 evenly distributes the CE
generated by the vehicles themselves to each unit of prefabricated
elements. The validation method 1 is suitable for estimating CE at a
macro level (e.g., calculating the transportation CE of a city by mul-
tiplying the emission factor and cargo throughout) [67]. It is not,
however, reasonable (accurate) in the micro-level application,
especially when the loading rate is extremely low or high. In con-
trast, by considering the CE of vehicles, the BP-algorithm-based



Fig. 14. Objective function value variation with the generation (x-axis is the value of objective function and y-axis is the number of generations).
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method provides a more stable performance across different load-
ing rates, making it more suitable for micro-level CE calculations.

The difference in basic calculation equations is reflected in the
transportation CE results of five sample buildings. Fig. 10 and 11
illustrate the significant variance among the results of different
calculation methods. The analysis of the loading rate provides a
possible explanation for this difference. As shown in Fig. 12, the
carbon emission per unit of elements decreases with the growth
19
in loading rate. The validation methods 1 and 2 have a fixed load-
ing rate, and thus the results for those methods are similar to the
results of BP algorithms only when the loading rate is similar (be-
tween 50 % and 60 %), supporting the point above that the identical
emission factor may not remain accurate in all situations. There-
fore, results from the calculations based on the identical emission
factors [6,27] need further validation on the actual loading rate,
even those considering the actual transportation plan [29,30]



Fig. 15. Variation of the total computing time with the number of prefabricated elements (a) and Variation of the computing time per element piece with the number of
prefabricated elements (b).
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(because they employed an identical emission factor in the CE cal-
culation of each vehicle).

Considering the relationship illustrated in Fig. 12, a possible
solution towards more accurate CE results using the emission fac-
tor method is to provide different emission factors according to dif-
ferent loading rates and then select the corresponding factor in
different transportation scenarios. Another potential method to
refine the emission factor is providing different emission factors
for different element types. Fig. 11 and 13 illustrate that there
are significant differences in the average loading rate and CE per
unit elements across different element types. Specifically, prefabri-
cated floors have the lowest loading rate and thus the highest CE
per unit elements. Prefabricated beams then have the second high-
est CE per unit elements. The loading rates of prefabricated walls
and columns are similar and highest among all four categories.
Although only precast concrete elements are studied in the current
research, this relationship indicates the feasibility of providing
element-type-specific emission factors. Such factors would be
more convenient to implement in a general CE estimation because
calculations based on emission factors saves time for bin packing
problem modelling and solving.

This study employs two algorithms to search for the solutions
to BP problems. In the case study on all five projects (13 trans-
portation tasks in total), the GA-based algorithm employs the low-
est number of vehicles, thus achieving the highest loading rate
20
(Fig. 8 and 13). Considering the negative relationship between
the carbon emission per unit of elements and the loading rate
(Fig. 12), the GA-based algorithm has the lowest CE per unit of ele-
ments (Fig. 11), implying that the GA-based algorithm could pro-
vide more sustainable transportation plans than the 3D-RSO
algorithm. Although the GA-based algorithm takes the longest time
to obtain the result (as shown in Fig. 15), it is reasonable to apply
this algorithm for a better solution, given that the average time
spent on project sustainability analysis lasts 24 to 34 h [75].

Fig. 16 illustrates that the CE reduction caused by replacing the
3D-RSO algorithm with the GA-based algorithm is most obvious in
the transportation of prefabricated floors and less significant in the
other three categories. This variance suggests that the advantages
of the GA-based algorithm (increasing the loading rate, thus reduc-
ing the CE) are less significant in some element types, and thus the
disadvantage of a long computing period becomes more signifi-
cant. Therefore, it is more reasonable to employ the 3D-RSO algo-
rithm rather than the GA-based algorithm in these tasks for rapid
computing without sacrificing significant performance.

Fig. 8 and 13 also illustrate that the differences in the vehicle
number and the loading rate between the GA-based algorithm
and the 3D-RSO algorithm increase with the growth in the number
of prefabricated elements because this study employs an off-line
packing mode. In this mode, a greater number of prefabricated ele-
ments provide algorithms with a larger solution space to explore



Fig. 16. Variation of the increase in computing time with the reduction in total carbon emissions.
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the suitable element that fits the residual space, thus reducing the
space waste and reducing the total number of vehicles. This effect
therefore magnifies the performance difference between algo-
rithms. Meanwhile, the accumulation of performance differences
also grows with the element quantity and could lead to significant
variance in the end—for example, the GA-based algorithm requires
33 %-50 % fewer vehicles than the 3D-RSO algorithm in the trans-
portation of prefabricated floors in Project D (119 pieces) but the
same number of vehicles in the transportation of prefabricated
walls in Project A (10 pieces).

Considering that a higher loading rate leads to a lower trans-
portation CE per unit of prefabricated elements (Fig. 12), the trend
mentioned in the previous paragraph provides a potential method
to reduce the transportation CE of prefabricated elements by con-
sidering a larger number of elements in one transportation batch.
However, notably, the element quantity in one transportation
batch is mainly affected by the storage capacity of the construction
site and manufacturing factory, the manufacturing ability of the
factory, and the construction plan [20,76]. Therefore, this potential
method requires comprehensively optimising the whole construc-
tion process.

The findings signify the importance of considering real-world
constraints in the transportation CE calculation of prefabricated ele-
ments. Compared with the calculation based on identical emission
factors, the integration of the bin packing algorithm and modal
model provides a more reliable result at the micro level, so the
method is more suitable for CE prediction of single projects. This
studyultimatelyprovidesageneralmodel ofprefabricatedelements’
transportation status using the classical bin packing problem, which
caters to most prefabrication types. Meanwhile, the method allows
for customised element sets, transportation constraints, transporta-
tion routine, and vehicle type. Architects and civil engineers can
therefore employ the method to obtain project-specific transporta-
tion CE values according to specific local conditions, which could
advance reliable project life-cycle sustainability analysis.
21
Additionally, the BP algorithm provides contractors with a
detailed packing solution via the variable set of each element bi.
Contractors can use these variables to guide transportation plan-
ning, thus achieving the smallest vehicle number. Since the trans-
portation cost is positively related to the vehicle number, the BP
algorithm could also cause a reduction in transportation costs
and construction fees.

This research adopts element size, element quantity, and vehi-
cle type as variables in transportation CE calculation, by which
CE analysis is quantitatively linked to architecture design and con-
struction organisation. These relationships quantify the impacts of
decisions at these two stages on CE, thus highlighting the opportu-
nities to reduce CE by optimising prefabricated element division
and construction planning. Scholars could adopt these variables
in sustainability studies to obtain other practical CE optimisation
methods apart from material replacement, factory selection, and
fuel change—for example, for selecting prefabricated element
types, limiting maximum element dimensions, and choosing the
suitable vehicle size.

Despite the above contributions, this study also yields some
limitations. The first is that the transportation modelling is not
entirely accurate. The rotation resistance and vehicle acceleration
are not considered in STP calculation. Regarding road conditions,
the road slope is estimated from macro-level maps, which may
not be fully consistent with the real-world condition. A field exper-
iment could provide more reliable information. Secondly, the
results of the GA-based algorithm are not necessarily the global
optimum due to the inherent characteristic. The computing effi-
ciency is not optimised because this study focuses on CE calcula-
tion and algorithm application rather than algorithm
optimisation. However, the algorithm proposed provides suitable
solutions to transportation CE calculation. Future works are
encouraged to explore more efficient algorithms, achieve more
accurate CE calculations, and integrate design optimisation via
building information modelling (BIM) in the analysis.
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7. Conclusions

Transportation of prefabricated elements generates significant
CE during the whole lifecycle of prefabricated projects. However,
existing calculation methods for transportation CE are not reliable
at the micro level. This study therefore provides a transportation
CE calculation method for prefabricated construction by integrat-
ing the bin packing problem and modal CE analysis model. Through
the application in five study cases, the method has been shown to
be reliable at either loading rate. Thus, it can be suitably applied in
micro-level transportation CE calculation and prediction.

This research contributes to the environmental analysis of pre-
fabricated construction. Although only five sample buildings are
investigated, the result shows a non-negligible variance between
the results from the BP-algorithm-based method and the conven-
tional emission-factor method, suggesting the necessity to re-
examine previous conclusions that transportation contributes to
a small part of embodied carbon emissions in prefabricated con-
struction. Architects and engineers could employ the BP-
algorithm-based method to obtain project-specific transportation
CE in the analysis of their projects for more reliable results. The
detailed transportation plan provided by the BP algorithm ensures
the feasibility of employing such a method in real-world practice.
Additionally, this research contributes to the CE optimisation dur-
ing the construction process. The variables used in the calculation
relate element parameters to their environmental performances,
providing opportunities to reduce CE through optimising the
design of prefabricated elements and the construction plan. This
optimisation method may be particularly useful in the technical
design stage, providing more sustainable design alternatives that
cause minor impacts on the architecture design. The government
could implement this method as well during the drawing review
to advance sustainable project design. Future works are expected
to provide a more accurate and efficient CE calculation and inte-
grate design optimisation in the analysis.
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