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A B S T R A C T   

Rapid and on-time baggage transportation plays a crucial role in ensuring customer satisfaction and is an 
important source of greenhouse gas (GHG) emissions in the aviation sector. Modular Vehicle (MV) is an emerging 
transportation technology that allows vehicles to adjust their capacity flexibly by assembling or disassembling 
identical detachable units. This innovative technology offers a new perspective to decarbonize the aviation 
sector, as it holds promise for reducing GHG emissions in flight baggage transportation. To investigate this 
possibility, this study proposes an MV operation paradigm and a corresponding “greenest” MV scheduling 
problem that aims to minimize MV-relevant GHG emissions while transporting baggage from the terminal to the 
aircraft without delay. To solve the problem efficiently, a fast construction-merging heuristic is proposed based 
on the theoretical properties of the problem. A series of case studies at the Tampa International Airport were 
conducted to evaluate the performance of the proposed MV operation and the construction-merging heuristic. 
The results indicate that the proposed MV operation effectively reduces GHG emissions, and the heuristic solves 
near-optimal solutions to the investigated problem much faster than Gurobi, a state-of-the-art commercial solver 
for integer programs, without much loss of the optimality of the solutions. Results from this study provide 
important managerial and operational insights into decarbonizing baggage transportation for airport operators.   

1. Introduction 

Aviation plays a key role in global climate change, accounting for 
approximately 3.5% of global warming effects induced by greenhouse 
gas (GHG) emissions (Lee et al., 2021). This number is expected to in
crease given the continuous growth of the aviation market worldwide 
(Peeters et al., 2016). In response, major aviation stakeholders across 
the world have set goals to reduce carbon dioxide (CO2, a type of GHG) 
emissions by 50% by 2050, compared to 2005 levels. The Aviation 
Emissions and Air Quality Handbook (Federal Aviation Administration, 
2022) has identified the primary sources of GHG emissions within the 
aviation sector as follows: aircraft operations (73%), ground support 
equipment and access vehicle operations (20%), auxiliary power units 
(3%), and stationary sources (4%). Efforts have thus been made to 
decarbonize the aviation sector in various areas such as technology, 

operations, infrastructure, and alternative fuels (ATAG, 2011). These 
efforts, however, have not paid the same attention to flight baggage 
transportation, an important component of ground support equipment 
and access vehicle operations and an important source of aviation GHG 
emissions. 

Flight baggage transportation generally involves two steps. Take 
baggage for departure flights shown in Fig. 1 as an example. Baggage is 
transported, first, from check-in areas or connecting flights to unloading 
areas within the terminal and, second, from the terminal to the aircraft. 
To streamline flight baggage transportation, many airports have intro
duced Baggage Handling Systems (BHS) (Huang et al., 2016). In this 
streamlined process, baggage checked in or transferred from a con
necting flight first undergoes X-ray security screening. Following secu
rity clearance, it proceeds to the main sorter, where its destination is 
identified and assigned. The baggage is then directed to the assigned 
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destination, which could be either an unloading or buffer area. Baggage 
in the buffer area must wait for reassignment to an unloading area. 
Baggage in the unloading area is collected, loaded onto human-driven 
carts, and transported to the aircraft by ground crews. 

While the BHS enhances many aspects of flight baggage trans
portation, it is still a significant source of GHG emissions. Extensive 
efforts in BHS design, such as baggage tracking (Zhang et al., 2008), 
system control (Zeinaly and Wang H, 2019), system simulation (Lin 
et al., 2015), baggage routing (Johnstone et al., 2010), and baggage 
assignment (e.g., Huang et al., 2016, 2018) have allowed BHS to alle
viate the burdens on the airport ground crews and to increase customer 
satisfaction. Despite recent efforts to develop low-carbon solutions to 
flight baggage transportation (Fontela et al., 2007; Helber et al., 2018; 
Lodewijks et al., 2021), the BHS remains a major energy consumer at 
airports, with belt conveyors using over 55% of the energy consumed by 
a BHS (Vogel, 2010; van Enter, 2018). In addition, human-driven 
transportation carts powered by combustion engines also use large 
quantities of fuel during their frequent travel between unloading areas 
and aircraft (Howards, 2001; Forbes, 2019). Consequently, the GHG 
emissions from flight baggage transportation (proportional to fuel con
sumption (Lodewijks et al., 2021), including the movement of baggage 
from check-in areas or connecting flights to unloading areas via the BHS, 
and from the terminal to the aircraft via human-driven transportation 
carts, remain substantial. This also results in high operating costs. 
Baggage transportation at the Tampa International Airport (TPA), for 
example, produced a cost of $1,127,153 in 2019 (Tampa International 
Airport, 2019). 

The emerging modular vehicle (MV) technologies potentially offer a 
unique solution to further reducing GHG emissions in flight baggage 
transportation, which has not yet been investigated in the literature. 
Currently, baggage transportation between terminals and aircraft is 
undertaken mainly by human-driven carts with little or no optimization. 
As a result, the transportation capacity provided by the dispatched carts 
is not well aligned with the baggage transportation demand, resulting in 
an increase in the energy to transport the same amount of baggage and 
the associated GHG emissions. MVs are a new vehicle technology that 
allows small pods to flexibly assemble and disassemble into vehicles of 
different lengths (and thus capacity) during operations. This new tech
nology is being developed and tested in several countries. For example, 
the Connected and Autonomous Transportation System Lab at the Uni
versity of South Florida used robot cars to demonstrate the concatena
tion and detachment processes of MVs in 2017, as shown in Fig. 2 (Li, 
2022). NEXT, a for-profit corporation, demonstrated full-scale MVs in 
Dubai in 2018, as shown in Fig. 3 (NEXT, 2018). These pilot programs 
have inspired a few proof-of-concept studies that proposed innovative 
operational solutions for multiple transportation systems using MV 

technologies (Dai et al., 2020; Guo et al., 2018; Hassold and Ceder, 
2014; Mo et al., 2019; Scherr et al., 2018, 2019; Zhang et al., 2020). 
Systems that have been investigated include transit shuttles (Chen et al., 
2019, 2020), shared-use transit corridors (Shi et al., 2020), and transit 
corridors (Shi and Li, 2021; Chen and Li., 2021). These studies have 
demonstrated that MVs have the potential to decrease the system 
operating costs (mainly energy costs). Given that GHG emissions are 
related to energy consumption (all else being equal, the higher the en
ergy consumption, the higher the GHG emissions if traditional energy 
sources such as fuel are used), MVs have great potential to reduce GHG 
emissions for flight baggage transportation as well. However, existing 
studies on MVs have only investigated transit systems with one-to-one (i. 
e., shuttle) and unidirectional many-to-many (i.e., corridor) demand 
structures. A flight baggage transportation system is essentially a 
one-to-many distribution system where vehicles travel between termi
nals and aircraft repeatedly to transport baggage, and the baggage 
arrival of each aircraft is independent [Please refer to Sections 5 and 6 in 
Daganzo (1996) for more details regarding the differences between 
system structures.]. It is not known whether the findings from 
one-to-one and unidirectional many-to-many transit systems are trans
ferable to one-to-many flight baggage transportation systems or not. 

To answer the above question, models and algorithms are needed to 
schedule MVs that transport baggage from unloading areas to aircraft 
(named MV scheduling for the convenience of the illustration). The one- 
to-many demand structure of flight baggage transportation systems 
makes models and algorithms in existing MV studies not applicable. 
Although not specifically focused on GHG emissions, several studies 
have investigated the way to optimally schedule ground support vehi
cles at airports (Liu et al., 2022; Zhu et al., 2022). However, none of 
these studies have considered the flexible capacity operations enabled 
by MVs. Additionally, one may wonder whether models and algorithms 
for the vehicle routing problem with time windows (VRPTM) – a highly 
relevant problem that investigates the dispatch of vehicles to serve 
passengers/goods with predefined travel origins, destinations, and time 
windows using a limited vehicle fleet – are applicable to MV scheduling 
for flight baggage transportation or not. Studies on VRPTM have 
considered a fleet of heterogeneous vehicles categorized based on their 
size (capacity), with a fixed or unlimited number of vehicles available of 
each size. These studies viewed vehicles of different sizes as separate 
groups of vehicles operating independently. With MV technologies, 
however, vehicles of different sizes are transferable by adding or 
removing modular carts (MC). The number of vehicles of each size, 
unlike that in the VRPTM, is a variable depending on decisions to add or 
remove MCs during operations. For example, assume there are three 
MCs in stock, and the maximum number of MCs in one vehicle is three. 
There will be three possible fleet compositions: three 1-MC vehicles (i.e., 

Fig. 1. Streamlined baggage transportation process at airports (created by the authors).  
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{1,1,1}), one 1-MC vehicle and one 2-MC vehicle (i.e., {1,2}), and one 
3-MC vehicle (i.e., {3}), illustrated in Fig. 4. During operations, the fleet 
can morph into any of these three compositions with different numbers 
of vehicles of each size to fit the demand and reduce operating costs and 
GHG emissions. Consequently, the modular operation concept alters the 
problem structure and makes MV scheduling fundamentally different 
from the VRPTM. Particularly, without knowing the number of each 
type of vehicle, the original linear constraints that bound the number of 
each type of vehicle in the heterogenous VRPTW are invalid. Method
ological efforts are needed to address this challenge. 

This study aims to formulate, analyze, and evaluate the possibility of 
using MVs to reduce GHG emissions for airport baggage transportation, 
using departure flights as an example. We first propose a MV operation 
paradigm for departure flight baggage transportation. With MV tech
nologies, a baggage transportation vehicle can be composed of a varying 
number of identical MCs, such that vehicle capacity is flexibly varied by 
concatenating or detaching MCs as demand changes. Specifically, ve
hicles are dispatched using a higher number of MCs and a higher fre
quency during periods with intensive demand (peak hours). Grouping 
individual MCs into long vehicles reduces energy consumption and thus 
GHG emissions by splitting fixed energy costs among MCs, which is the 
well-known concept of the economy of scales in transportation and lo
gistics. This can also be treated as an extreme case of vehicle platooning 
where the physical gap between MCs reaches zero. Thus, energy saving 
due to platooning, such as a decrease in the aerodynamic drag, would 
also be achieved. In contrast, vehicles consisting of a smaller number of 
MCs can be dispatched during periods with relatively sparse demand 
using a relatively low frequency. This will also contribute to reducing 

GHG emissions as the energy that would have been wasted on moving 
empty or low-occupancy MCs will be saved. Because existing models and 
algorithms do not apply to the investigated problem, we propose an 
optimization model to generate the “greenest” dispatch schedule for the 
MV-based baggage transportation system, which aims to minimize the 
GHG emissions for airports while transporting baggage without delay. 
Due to the scale of this real-world problem, state-of-the-art commercial 
solvers, e.g., Gurobi, cannot solve the problem within several hours. 
Thus, a fast construction-merging heuristic is proposed, leveraging the 
theoretical properties of the feasible solution region. To evaluate the 
performance of the proposed MV operation (in reducing GHG emissions) 
and the heuristic algorithm (in solving the problem), numerical exper
iments were conducted with data from the TPA. Sensitivity analysis was 
conducted to provide managerial insights into the proposed design. 
Overall, the contributions of this paper to the literature are twofold.  

(1) This study proposes an innovative MV operation paradigm for 
airport baggage transportation to assess the potential of using 
emerging MV technologies to reduce GHG emissions at airports. 
This is a new problem that has not been studied previously. A set 
of case studies at the TPA was conducted to evaluate the perfor
mance of the MV-based solutions. Results confirm that MVs can 
effectively reduce GHG emissions from departure flight baggage 
transportation under various demand and parameter settings.  

(2) The airport MV scheduling problem is rigorously formulated into 
a mixed integer programming model. The fundamental difference 
between the proposed and existing models makes existing algo
rithms not applicable to the investigated problem. A parsimo
nious and efficient construction-merging heuristic algorithm is 
thus proposed. Compared with a state-of-the-art commercial 
solver, Gurobi, the construction-merging heuristic algorithm 
solves near-optimal solutions to the investigated problem much 
faster without much loss of the optimality of the solutions, which 
is promising to facilitate real-world implementations with limited 
computation resources and real-time response requirements. 

This proof-of-concept study shows the potential of the emerging MV 
technologies as an effective solution to decarbonize flight baggage 
transportation. It also provides models and algorithms that airport de
signers and operators can adopt to derive green baggage transportation 
solutions based on the MV technologies in practice. Although this study 
focuses on the emerging MV technologies that are still being developed, 
the modular operation concept also applies to existing human-driven 
carts. The difference is that the ground crews must assemble and 
dissemble MCs manually to fit the baggage volume, possibly incurring 
additional operating costs and GHG emissions. Still, the findings from 

Fig. 2. Scaled MV experiments conducted in the U.S. (Li, 2022).  

Fig. 3. Full-scale MVs demonstrated by NEXT in Dubai (NEXT, 2018).  

Fig. 4. A toy example of transferrable fleet compositions.  
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this study offer a theoretical upper bound to the potential of modular 
operations in reducing GHG emissions for flight baggage transportation. 

The rest of this paper is organized as follows. Section 2 presents the 
MV-based departure flight baggage transportation system design and the 
MV scheduling problem in this system. Section 3 proposes a 
construction-merging heuristic algorithm to efficiently solve the pro
posed problem. To evaluate the proposed design, Section 4 discusses a 
series of case studies with baggage demand data from the TPA. Section 5 
concludes the paper and identifies directions for future research. 

2. Problem statement and model formulation 

This section presents the proposed MV-based departure flight 
baggage transportation operation, the associated green MV scheduling 
problem, and the optimization model. We first offer a formal description 
of the system and the notation that is necessary for the model formu
lation. Next, the optimization model proposed to find the greenest MV 
dispatch plan is presented, followed by a formal analysis of the 
complexity of the model. Key notation used throughout the paper is 
summarized in Table 1. 

2.1. Problem statement 

Consider an airport with a set of aircraft denoted by I := {1,2,⋯, I}. 
The aircraft is stopped at the aprons for loading passenger baggage and 
planned to leave the aprons sequentially during a studied time horizon 
[0,T]. For the convenience of the modeling, the time horizon [0,T] is 
divided into discrete time intervals denoted by T := {1,2,⋯,T} with 
an equal length of θ := T/T. In practice, the modeler needs to choose a 
proper value of T to determine the length of each time duration. In the 
following analysis, index t ∈ T denotes the beginning of time interval t. 
The scheduled departure time for each aircraft is denoted by di,∀i ∈ I , 
which means that all baggage must be loaded into aircraft i before time 
di. We index the aircraft in a way that their scheduled departure time 
increases as the index increases; that is, ∀i < j ∈ I , we have di < dj. 
During the studied time horizon, baggage is checked in and transported 
to the unloading area. The number of check-in baggage pieces for 
aircraft i at time t, denoted as pit , ∀i ∈ I , t ∈ T (also known as baggage 
arrival rates), is predicted based on the historical data. 

Baggage pieces at the unloading area are picked up and transported 
to the aircraft by a set of vehicles. The travel time between the terminal 

and aircraft i is denoted by ei, ∀i ∈ I . The handling time for baggage 
destined for aircraft i is denoted by hi,∀i ∈ I . As handling time is not the 
focus of this paper, to simplify the problem structure, we assume that the 
handling time for each aircraft is fixed. Also, it is assumed that ei and hi 
are the integral multiple of θ. Different from existing fixed-capacity 
vehicles, this paper proposes an operation paradigm using MVs. Each 
MV is composed of several identical MCs. The capacity for one MC is c, 
and the initial number of MCs available at the terminal is V. The number 
of MCs in each MV can be changed flexibly based on the number of 
baggage pieces to be transported from the terminal. Without loss of 
generality, the maximum number of MCs in one MV is set to L, and, thus, 
the set of possible MC numbers in one MV is denoted as L := {1, 2,
⋯, L}, indexed by l ∈ L . A MV consisting of l MCs is called an l-MC MV. 
To estimate the GHG emissions of MVs, we adopt a simple model where 
the GHG emissions linearly increase with the energy consumption 
(Fontaras et al., 2017). Note that although there are sophisticated 
models for GHG emission modeling in the literature (e.g., Ben Cheikh 
et al., 2021; Chunyu et al., 2021), which may provide a more accurate 
estimation of GHG emissions, these models are nonlinear and affect the 
tractability of the problem. The focus of this study is to obtain first-order 
information in terms of how MVs will affect GHG emissions. A linear 
model, despite its simplicity, suffices to capture the fundamental rela
tionship between emissions and vehicle length (capacity). We thus leave 
the investigation of more sophisticated models for emission modeling 
for future work. Then, according to previous studies on MVs, the fuel 
cost of MVs exhibits an economics of scales, i.e., the average fuel 
consumed by each MC decreases as the number of MCs in a MV increases 
(Chen et al., 2019; Sun and Yin, 2019). With this, the energy con
sumption and thus the associated GHG emissions can be represented as a 
concave function with respect to the number of MCs in a MV. Let f il be 
the GHG emission of a l-MC MV destined for aircraft i. Then, it can be 
formulated as f il := CF

i + CV(lc)α
, ∀i ∈ I , l ∈ L , where CF

i is the fixed 
GHG emissions determined by the travel time, CV is the variable GHG 
emissions dependent on the MV size, and α ≤ 1 is a power index 
quantifying the extent of the economies of scale. 

The objective of this study is to find the “greenest” dispatch schedule 
for the MVs. Specifically, we aim to determine an optimal plan that 
dispatches the MVs to transport the baggage from the unloading area to 
each aircraft before the aircraft leaves such that the overall GHG emis
sions is minimized. This is called the green MV scheduling problem in 
this paper. Decisions to make in this problem include MV dispatch time, 
MV size (i.e., number of MCs in dispatched MVs), destined aircraft, and 
number of baggage pieces transported by each MV. These decisions can 
be mathematically expressed as the following decision variables: 

yilt: represents whether an l-MC MV is dispatched to transport the 
baggage to aircraft i at time t, which equals 1 if yes and 0 otherwise. 

vt: number of MCs remaining at the unloading area at time t. 
bit: number of baggage assigned at time t destined for aircraft i. 
Fig. 5 provides a toy example to facilitate the understanding of the 

investigated MV scheduling problem. It involves two aircraft in a time 
horizon divided into nine time intervals (i.e., I = 2, T = 9). The latest 
check-in time for aircraft 1 and 2 are, respectively, times 5 and 8 (i.e., 
g1 = 5, g2 = 8), and the aircraft is scheduled to depart at times 6 and 9 
(i.e., d1 = 6, d2 = 9), respectively. For aircraft 1, the check-in baggage 
arrives in time intervals 1–4, and the number of check-in baggage pieces 
for these intervals is {1,2,1,1}, respectively. For aircraft 2, the check-in 
baggage arrives in time intervals 4–7, and the number of check-in 
baggage pieces for these intervals is {1, 2, 3, 4}, respectively. The 
initial number of MCs available at the terminal is 5 (i.e., V = 5). The 
maximum MCs allowed in one MV is set to 3, and the capacity of one MC 
is 5 pieces of baggage (i.e., L = 3, c = 5). We assume that there is no 
handling time for baggage, and the travel time is set to a large number so 
no vehicle circulation occurs in this toy example. Note that these as
sumptions only apply to this toy example and not the general model 
formulation in Section 2.3. The GHG emissions for operating a MV with l 

Table 1 
Notation.  

Parameters 

[0,T] Studied time horizon. 
I Set of aircraft, I := {1,2,⋯, I}. 
T Set of studied time interval, T := {1,2,⋯,T}. 
L Set of MCs in one MV, L := {1,2,⋯,L}. 
θ Length of a time interval. θ = T/T. 
di Scheduled departure time for aircraft i,∀i ∈ I . 
gi Latest check-in time for aircraft i,∀i ∈ I . 
pit Number of check-in baggage for aircraft i at time interval t, ∀i ∈ I , t ∈ T . 
c Capacity for one MC. 
L Maximum number of MCs in one MV. 
ei Travel time between the terminal and aircraft i, ∀i ∈ I . 
hi Handling time for baggage destined for aircraft i, ∀i ∈ I . 
fil GHG emissions operating a MV with l MCs to aircraft i, ∀i ∈ I , l ∈ L . 
V The initial number of MCs available at the terminal. 
ai Arrival time of the first baggage piece for aircraft i,∀i ∈ I . 
Ei Effective dispatch period for aircraft i,∀i ∈ I . 
sit Number of baggage pieces waiting to be transported to aircraft i till time 

interval t, ∀i ∈ I , t ∈ T . 
Decision variables 
yilt = 1, if a MV with l MCs destined for aircraft i is dispatched at time t. = 0, 

otherwise. ∀i ∈ I , l ∈ L , t ∈ T 

vt Number of MCs available at terminal at time t,∀t ∈ T .

bit Number of baggage assigned at time t destined for aircraft i ,∀i ∈ I , t ∈ T .

X. Shi et al.                                                                                                                                                                                                                                      



Journal of Air Transport Management 119 (2024) 102633

5

MCs is simply set to l regardless of the travel distance. With these set
tings, the green MV scheduling problem aims to minimize the GHG 
emissions of the two MVs while transporting all baggage to the corre
sponding aircraft before the aircraft leaves. An optimal solution is shown 
in Fig. 5. Specifically, one MV with one MC is dispatched to aircraft 1 at 
time 5, accommodating 5 pieces of baggage (i.e., y115 = 1; b15 = 5). A 
second MV with two MCs is dispatched to aircraft 2 at time 8, accom
modating 10 pieces of baggage (i.e., y228 = 1,b28 = 10). The number of 
MCs remaining at the unloading area is vt := {5,5,5,5,5,4,4,4,2}. At the 
end of the time horizon, all baggage is transported to the corresponding 
aircraft without delay. This optimal plan produces total GHG emissions 
of 3 (i.e., number of dispatched MCs). The number of MCs available at 
the terminal over the studied time horizon is shown in Fig. 5. 

2.2. Model formulation 

We formulate the problem of finding the greenest MV dispatch plan 
into an optimization model. The model introduces two sets of con
straints that describe the general operational requirements of airport 
departure baggage transportation, and an objective function to reflect 
the goal of our design. As discussed in Section 2.1, the following three 
assumptions are made to formulate the problem without loss of 
generality. 

Assumption 1. The number of check-in baggage pieces (i.e., pit), 
which is a parameter of the model, are known (e.g., predicted based on 
historical data, generated by simulation software). Thus, this study is 
solving a planning problem. 

Assumption 2. In real-world applications, handling time (i.e., hi) 
would vary depending on how many baggage pieces are loaded or 
unloaded. However, as handling time is not the focus of our study, we 
have treated it as a constant for simplicity. 

Assumption 3. An emission model where the GHG emissions are lin
early increased with the energy consumption is adopted to capture the 
fundamental relationship between emissions and vehicle length (MV 
types). 

2.2.1. Constraints on MV dispatch 
The set of constraints related to MV dispatch is formulated as Con

straints (1)–(5). Constraint (1) shows that the number of MCs dispatched 
must be less than or equal to the number of MCs available in the 
unloading area at the terminal. Constraint (2) indicates that, at most, 
one MV (across all types) can be dispatched for each aircraft in each time 
interval. Constraints (3) and (4) describe the MC circulation in the sys
tem. Specifically, Constraint (3) sets the number of MCs available in the 
unloading area at the beginning of the studied time horizon. Constraints 

(4) show that the number of MCs available at time t + 1 equals the 
number of MCs available minus the number of MCs dispatched plus the 
number of MCs that return to the terminal at time t. Note that the cir
culation time for one MV between the terminal and aircraft i equals the 
round-trip travel time (2ei) plus twice the handling time (2hi), as the 
baggage pieces need to be loaded at the terminal and unloaded at the 
aircraft. Thus, the number of MCs that return to the terminal at time t 
equals the number of MCs dispatched at t − 2ei − 2hi to all aircraft 
i ∈ I . For the convenience of notation, we define yilt = 0 if t ≤ 0. 
Constraint (5) defines variables yilt, indicating that the values of yilt can 
be only 1 or 0. 
∑

i∈I ,l∈L

l ⋅ yilt ≤ vt ,∀t ∈ T , (1)  

∑

l∈L

yilt ≤1, ∀i ∈ I , t ∈ T , (2)  

v1 =V, (3)  

vt+1 = vt −
∑

i∈I ,l∈L

l ⋅ yilt +
∑

i∈I ,l∈L

l ⋅ yil(t−2ei−2hi)
, ∀t ∈ {1,2,⋯,T − 1}, (4)  

yilt ∈{0,1},∀i ∈ I , l ∈ L , t ∈ T , (5)  

2.2.2. Constraints on baggage movement 
These constraints are imposed to describe the baggage movement 

between the unloading area and aircraft. Constraints (6) and (7) indicate 
that the number of baggage pieces transported to an aircraft during any 
time interval cannot exceed the number of baggage checked in. 
Constraint (8) is the capacity restriction, meaning that the number of 
baggage transported cannot be greater than the capacity of the MV 
dispatched. Constraint (9) is necessary to ensure that all the check-in 
baggage pieces are transported to the corresponding aircraft. That is, 
for each aircraft, the sum of the number of baggage transported to an 
aircraft over all time intervals should equal the total number of check-in 
baggage for that aircraft. 

bi1 ≤ pi1, ∀i ∈ I , (6)  

bit ≤pit +
∑t−1

tʹ=1

(pitʹ − bitʹ),∀i∈I , t ∈ T \{1}, (7)  

bit ≤ c
∑

l∈L

l⋅yilt, ∀i ∈ I , t ∈ T , (8)  

Fig. 5. Toy example for MV scheduling problem.  
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∑di−ei−2hi

tʹ=1

bitʹ =
∑gi

tʹ́ =1

pitʹ́ ,∀i ∈ I , (9)  

2.2.3. Objective 
The objective of the design is to minimize the overall GHG emissions 

of MVs across all aircraft, MV types, and time within the studied period 
while transporting baggage to the corresponding aircraft. This is math
ematically formulated as Equation (10), 

min
yilt ,vt ,bit

∑

i∈I ,l∈L ,t∈T

f il⋅yilt. (10)  

2.3. Model complexity 

Despite its rigorous formulation, model (1)–(10) is in fact a very 
complex problem. In this subsection, we formally analyze the 
complexity of the model. Specifically, we proved the NP-hardness of the 
investigated problem by showing that the classroom scheduling prob
lem, known as NP-hard (Pinedo, 2008; Elffers, 2018), can be reduced to 
the investigated problem in a polynomial time. 

Proposition 1. Problem (1) – (10) is NP-hard. 

Proof. A generic classroom scheduling problem is stated as follows. 
Given a set of classes I , indexed as i ∈ I , with the start time si and 
finish time ri, the problem is to determine whether these classes can be 
scheduled in R classrooms within a given time horizon [0,T]. We can 
transfer this problem instance into an equivalent instance of the inves
tigated problem. In this equivalent instance, we set the capacity of one 
MC unit vehicle unit to a sufficiently large number such that the baggage 
demand for each aircraft can be transported with a 1-MC MV. Further, 
we set di = ri, gi = si, f i = 1, ei = 0, hi = 0, V = R. Then, a solution to 
the investigated problem instance also solves the classroom scheduling 
problem instance. That is, if there is a solution to problem (1) – (10), the 
answer to the generic classroom scheduling problem is yes; otherwise, 
the answer is no. Obviously, this transformation between the investi
gated problem and the classroom scheduling problem only takes a 
polynomial number of operations (or a polynomial time). This proves 
the NP-hardness of the model (1)–(10).                                           □ 

3. Solution algorithm 

The investigated green MV scheduling problem is formulated into a 
linear integer programming model. By using a state-of-the-art com
mercial solver, Gurobi, on a personal computer, it took as long as 2 h to 
solve model (1)–(10) to optimality for real-world large-scale problem 
instances (see Section 4 for numerical results). This long computational 
time may greatly restrict real-world applications of the proposed model. 
To circumvent this computational issue, we developed a fast 
construction-merging heuristic algorithm that can efficiently solve the 
green MV scheduling problem in a much shorter time. This section first 
presents the theoretical properties we adopt for the algorithm devel
opment, and then the proposed construction-merging heuristic is 
discussed. 

3.1. Solution properties 

This section analyzes the theoretical properties of the investigated 
problem. These properties will be used to develop the construction- 
merging heuristic in the following section. We first investigate the 
properties of a feasible solution. In a feasible dispatching solution, a MV 
must be dispatched between the latest check-in time (i.e., gi) and the 
latest dispatch time (i.e., di − ei − 2hi) for each aircraft to guarantee that 
all baggage pieces are transported to the corresponding aircraft before 
the aircraft departs, as required by Constraint (9). This leads to Property 
1. 

Property 1. A feasible solution 
{
yilt , vt, bit

}
, ∀i ∈ I , l ∈ L , t ∈ T to 

problem (1)-(10) must satisfy 

∑

l∈L

∑di−ei−2hi

tʹ=gi

yiltʹ ≥ 1  

Further, all MVs heading to aircraft i must be dispatched within its 
effective dispatch period, i.e., the period between the first baggage 
piece’s arrival time, denoted as ai, and latest dispatch time (i.e., di − ei −

2hi) of aircraft i. We denote this period by Ei. Thus, we have the 
following Property 2. 

Property 2. Denote the check-in time for the first baggage piece heading to 
aircraft i by ai. A feasible solution 

{
yilt , vt , bit

}
,∀i ∈ I , l ∈ L , t ∈ T to 

problem (1)-(10) must satisfy 

∑

i∈I ,l∈L

∑ai

tʹ=1

yiltʹ =0,

and 

∑

i∈I ,l∈L

∑T

tʹ=di−ei−2hi+1

yiltʹ =0  

Next, we briefly review the theoretical properties of the GHG emis
sion function fil, which were originally proved in (Chen et al., 2019) for 
general operational cost with a concave function form. Because of the 
economics of scale of the GHG emission function in this study, the 
following two properties thus hold. 

Property 3. For fil as a concave function of l, we obtain fil1 + fil2 + ⋯+

filn ≥ fi(l1+l2+⋯+ln),∀i ∈ I , l1, l2,⋯, ln ∈ L , l1 + l2 + ⋯+ ln ∈ L ,n ∈ Z+

Property 4. For fil as a concave function of l, we obtain fil1 + fil4 ≤ fil2 +
fil3 ,∀i ∈ I , l1 ≤ l2 ≤ l3 ≤ l4 ∈ L and l1 + l4 = l2 + l3 (Chen et al., 2019). 

These properties provide insights into the relationships among the 
GHG emissions of MVs composed of different numbers of MCs. Specif
ically, Property 3 reveals that combining short MVs into longer ones 
reduces GHG emissions. Property 4 reveals that for given a short MV and 
a long MV, regrouping the MCs in these MVs into two MVs, both no 
shorter than the originally short MV and no longer than the originally 
long MV, will not increase the total GHG emissions. 

3.2. Construction-merging heuristic 

Fig. 6 provides an overview of the proposed construction-merging 
heuristic. It consists of two algorithms. First, a feasible MV dispatch
ing schedule construction algorithm (Algorithm 1, see Section 3.2.1) is 
proposed to generate a feasible solution to the studied problem. Next, a 
MV dispatching schedule merging algorithm (Algorithm 2, see Section 
3.2.2) is proposed to further improve the solution by modifying the 
feasible solution generated by Algorithm 1. By following the steps shown 
in Fig. 6, a feasible solution to the MV scheduling problem is obtained. 
This feasible solution takes advantage of the properties of the problem 
and, thus, often yields a near-optimal objective value, even if not 
guaranteeing the exact optimality of the constructed solution. Note that 
to ensure the feasibility of the solution, the MV dispatch time is fixed in 
Algorithm 2, which may restrict the optimality of the final solution. 
However, numerical experiments indicate that the proposed 
construction-merging heuristic has fairly good performance in obtaining 
satisfactory green MV scheduling solutions (see Section 4 for the re
sults). The remaining of this section presents the two algorithms in the 
construction-merging heuristic. 
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3.2.1. Feasible MV dispatching schedule construction 
Based on Properties 1–2, a feasible solution to the green MV sched

uling problem can be constructed by dispatching a series of 1-MC MVs (i. 
e., MVs with only one MC) within the effective dispatch period for each 
aircraft (i.e., Ei ∀i ∈ I ). This solution construction process is motivated 
by the well-known savings algorithm for the VRP problem (Clarke and 
Wright, 1964), with modifications (Steps 6 and 7) made to ensure a 
feasible solution can be found for the investigated problem. The basic 
idea is to dispatch a 1-MC MV as long as the number of baggage pieces 
waiting to be transported at the terminal is greater than the capacity of a 
single MC unit. 

To develop this algorithm, we define the waiting baggage queue as 
the number of baggage pieces waiting to be transported to aircraft i until 
time interval t. This queue can be formulated as sit :=

∑t
tʹ=1(pitʹ − bitʹ),

∀t ∈ T , where sit denotes the waiting baggage queue heading to aircraft 
i at time interval t. For example, assume that the numbers of check-in 
baggage are {1,2,3} for the first three time intervals, respectively. If 
no baggage is transported in these three time intervals, the waiting 
baggage queues are {1,3,6} for the three time intervals, respectively. If 
a MV with 5 spaces is dispatched at time interval 2, the numbers of the 
waiting baggage queue then become {1,0,3} for these three time in
tervals, respectively. With this definition, a feasible MV dispatching 
schedule is constructed as follows (the pseudo-code of this algorithm is 
given in Algorithm 1 in Appendix B). 

Step 1: Initialize i = 1. Input the number of check-in baggage pieces 
for aircraft i at time interval t (i.e., pit , ∀i ∈ I , t ∈ T ) and the ca

pacity for one MC (i.e., c), and set the initial number of MCs available 
(i.e., V) to a sufficiently large value. For baggage heading to aircraft 
i, input the effective dispatch period (i.e., Ei,∀i ∈ I ) and the latest 
check-in time (i.e., gi,∀i ∈ I ). 
Step 2: Update sit with the up-to-date {bit}. Find the earliest time 
interval t1 in the effective dispatch period of aircraft i (Property 2) 
whose cumulative waiting baggage is greater than or equal to the 
capacity of one MC (i.e., c), i.e., t1 := argmin

t∈Ei
{t | sit − c≥ 0},∀i ∈ I 

and then dispatch a 1-MC MV at the next time interval, i.e., 
yi1(t1+1) = 1,bi(t1+1) = c. 
Step 3: Repeat Step 2 until the largest waiting baggage queue is less 
than the capacity of one MC, i.e., max

t∈Ei
{sit} < c. Then, dispatch a 1- 

MC MV at the latest baggage check-in time if there is baggage left 
(Property 1), i.e., if sigi

> 0, yi1gi
= 1, which ensures that all baggage 

pieces heading to aircraft i are transported. 
Step 4: Check the number of MCs available (i.e., vt) within T . If vt ≥

0,∀t ∈ T , go to Step 5; otherwise, go to Step 6. 
Step 5: If i ∕= I, i = i+ 1, go to Step 2; otherwise, a feasible MV 
dispatching schedule yilt is found. 
Step 6: If vt ≥ 0,∀t ∈ T , go to Step 5; otherwise, identify the earliest 
time t2 when the number of MCs available is less than 0, i.e., 
t2 := argmin

t∈T
{t|vt < 0}. Check whether the MV dispatched at time 

t2 − 1 can be dispatched later at t3 ∈ {Ei \{ai,ai +1,⋯, t2 − 1}}
satisfying vt ≥ v̂t ≥ 0, ∀t ∈ {t3 + 1, t3 + 2, ⋯, t3 + 2ei + 2hi}, i.e., 
t3 = min

t∈Ei \{ai ,ai+1,⋯,t2−1}
{arg{t|vt ≥ 0,t∈ {t3 + 1,t3 + 2,⋯,t3 + 2ei +

Fig. 6. Overall flowchart of the proposed construction-merging heuristic algorithm.  
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2hi}}}. If yes, go to Step 7; otherwise, output no feasible solution 
was found. 
Step 7: Assume ĺ  MCs are dispatched at time t2 − 1, (i.e., ĺ =
∑

l∈L

l⋅yil(t2−1)), and ĺʹ MCs are dispatched at time t3 (i.e., ĺʹ =
∑

l∈L

l⋅ 

yilt3
). Then if ĺ + ĺʹ ≤ L, cancel both the MVs dispatched at t2 − 1 and 

t3 (i.e., set yilʹ́ t3
= 0 and yiĺ (t2−1) = 0), and dispatch a new MV at 

time t3 with ĺʹ + ĺ  MCs (i.e., set yi(lʹ́ +ĺ )t3
= 1). Go to Step 6. 

To facilitate the understanding, a toy example for constructing the 
MV schedule of two aircraft is given as follows. Assume that the effective 
dispatch period for the first aircraft is time intervals 1–10, and the 
numbers of check-in baggage for these intervals are {1,3,5,3,1,1,3,5,3,
1}, respectively. The effective dispatch period for the second aircraft is 
time intervals 6–15, and the numbers of check-in baggage for these in
tervals are {1,2,3,4,5,5,4,3,2,1}, respectively. The capacity for one MC 
is 10, and the number of MCs in stock is 2. For illustration purposes, we 
assume that the sum of handling and traveling time are two time in
tervals, such that the dispatched MCs can be reused after two time in
tervals. As shown in Fig. 7, the numbers in the squares are the number of 
check-in baggage at each time interval, and the numbers below them are 
the cumulative waiting baggage defined above. Based on the proposed 
solution construction process, 1-MC MVs are dispatched at the earliest 
time interval in the effective dispatch period of each aircraft whose 
cumulative waiting baggage is greater than or equal to the capacity of 
one MC (i.e., 10) (marked in red). In addition, 1-MC MVs are dispatched 
at the latest baggage check-in time for the two aircraft, respectively. The 
numbers of available MCs in stock at each time interval are shown at the 
bottom in Fig. 7. It can be seen that the number of available MCs is 
nonnegative in the studied horizon, indicating the feasibility of the 
constructed MV scheduling solution. 

3.2.2. MV dispatching schedule merging 
Based on Properties 3 and 4, the objective value of a schedule con

structed in the previous section can be further decreased by merging 
short MVs into longer MVs. To minimize the impact of the merging 
operation on the previous aircraft, we propose a backward merging al
gorithm that starts the merging process from the last aircraft I until the 
schedules of all aircraft are revised. For notation convenience, we 
denote K i = {ki1,ki2,⋯, kiJi} as the set of dispatch times for all MVs 
heading to aircraft i, where kij is the dispatch time of the j-th MV 
heading to aircraft i and Ji is the number of MVs dispatched to aircraft i. 
The MV dispatch schedule mering algorithm is as follows (the pseudo- 
code of this algorithm is given in Algorithm 2 in Appendix B.) 

Step 1: Initialize i = I. Input the constructed MV dispatching 
schedule yilt , ∀l ∈ L , t ∈ Ei and the number of MCs available at time t 
(i.e., vt, ∀t ∈ T ), which can be calculated by plugging yilt into 
Equations (3) and (4). 
Step 2: Check the number of MVs dispatched to aircraft i (i.e., Ji). If 
Ji = 1, go to Step 5; otherwise, initialize j = 1, and go to Step 3. 

Step 3: Update vt ,∀t ∈ T (i.e., number of MCs available at t). Check 
whether the j-th dispatched MV can be merged with the j́ -th, 
j́ ∈ {Ji,⋯, j+1} dispatched MV without influencing the feasibility of 
vt and yilt (i.e., Properties 3 and 4). Assume ĺ  MCs are dispatched at 
time kij́  (i.e., ĺ =

∑

l∈L

l⋅yilkij́
), and ĺʹ MCs are dispatched at time kij (i. 

e., ĺʹ =
∑

l∈L

l⋅yilkij
). Check if vtʹ ≥ ĺʹ,∀tʹ ∈

{
kij́ ,⋯, kij́ +2ei +2hi

}
and 

ĺ + ĺʹ ≤ L. If yes, cancel both the j th and j́  th MVs (i.e., set yilʹ́ kij = 0 
and yiĺ kij́

= 0), and dispatch a new MV at time kij́  with ĺʹ + ĺ  MCs (i. 
e., set yi(lʹ́ +ĺ )kij́

= 1); otherwise, go to Step 5. 
Step 4: If j ∕= Ji − 1, j = j+ 1, go to Step 3; otherwise, go to Step 5. 
Step 5: If i ∕= 1, i = i− 1, go to Step 2; otherwise, a revised MV dis
patching schedule ŷilt is found. 

The example in the previous subsection is used here again to facili
tate the understanding of the algorithm. Based on the results obtained 
from the previous example specified in Fig. 7, three 1-MC MVs are dis
patched for aircraft 1 at times 5, 9, 11, and three 1-MC MVs are dis
patched for aircraft 2 at times 10, 12, 16. With the above revision 
algorithm, the schedule of aircraft 2 is revised first. By looping between 
Step 3 and Step 5, it can be found that the first dispatched MV can be 
merged to the third dispatched MV without influencing the feasibility of 
vt and yilt. Thus, in the revised schedule of aircraft 2, the second dis
patched MV remains the same, and the first dispatched MV is canceled 
and merged with the third dispatched MV. As a result, a 1-MC MV is 
dispatched at time 12, and a 2-MC MV is dispatched at time 16 for 
aircraft 2. In a similar way, the schedule of aircraft 1 is revised. How
ever, for aircraft 1, the first dispatched MV cannot be merged with the 
third dispatched MV because vt at time 13 would be otherwise negative. 
Then, we can try to merge the first dispatched MV to the second MV and 
find it is feasible without incurring negative vt values. Therefore, for 
aircraft 1, the first dispatched MV is canceled, a 2-MC MV is dispatched 
at time 11, and the third dispatched MV is kept the same. Finally, the 
revised dispatching schedule ŷilt is found. Other decision variables, such 
as the number of available MCs at time t (i.e., v̂t), and the number of 
transported baggage destined for aircraft i at time t (i.e., b̂it) can be 
obtained accordingly by plugging ŷilt into Equations (1)–(10). 

4. Numerical experiments 

The proposed green MV scheduling optimization model is a linear 
integer programming model. Thus, Gurobi was used as a benchmark 
solver against the proposed construction-merging heuristic. Gurobi was 
chosen because it is one of the most advanced commercial solvers for 
integer programming and has been widely utilized in many studies 
(Bertsimas et al., 2021; Chen et al., 2019, 2020; Li, 2014). Both the 
proposed construction-merging heuristic and Gurobi were coded in Vi
sual Studio 2019 with C++ as the programming language. The computer 
platform is a Windows 10 PC with Intel Xeon E3-1275 CPU and 32.0 GB 
RAM. 

Fig. 7. Illustration of feasible solution construction process.  
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4.1. Experiment settings 

To test the feasibility and validity of the optimization model and to 
assess the performance of the proposed algorithm, numerical experi
ments were conducted with data collected from TPA. The case study 
background, data collection method, and evaluation approach are 
described below. 

TPA is an international airport in Tampa, Florida. It is the 28th 
busiest airport by passenger movement in North America, with an 
average of 58,3127 passengers daily and an average of 17,728 checked 
baggage (TPA, 2019). There are six active terminals, but only four 
(Terminals A, C, E, F) were in operation when the study was being 
conducted. Among them, Terminal C is the largest and only had one 
airline operating on the study date. This provided an excellent testbed 
for studying the proposed design. Fig. 8 is a map of Terminal C, showing 
16 gates scattered around the terminal. 

Three types of data were collected for the experiments, including 
baggage arrival, GHG emission-related data, and time-relevant data, as 
follows.  

• As the actual baggage arrival information was unavailable at the 
planning stage, flight schedule information (Table 2) was used to 
populate the baggage arrival process via simulation. Please refer to 
Appendix A for details regarding passenger arrival simulation. The 
simulation generated the baggage arrival rate, with three values of w, 
which represents the probability of a passenger carrying a baggage 
that needs to be checked in, as shown in Fig. 9. It was found that our 
simulation results are consistent with peak airport hours, as detailed 
by Travel Codex (2018) . This consistency supports the reliability of 
our simulation methodology in replicating actual passenger flow and 
baggage demand.  

• GHG emission-related data were collected as follows. By referring to 
the parameters of standard four-wheel baggage carts, the capacity for 
one MC (i.e., c) was set as 20 baggage pieces. The fuel consumption 
parameters (i.e., CF, CV, and α) and the coefficient to convert fuel 
consumption to GHG emissions (i.e., w) were obtained from Power 
(2020), with CF = 20.2 kg/h, CV = 0.6, α = 0.5. In addition, the 
initial number of available MCs at the terminal (i.e., V) was set to 8.  

• Time-related data were collected as follows. From TPA’s official 
website, the latest check-in time is 30 min before the scheduled 

departure time (www.tampaairport.com). Travel time between the 
terminal and aircraft (i.e., ei) was obtained by measuring the travel 
distance from the terminal to each gate. Assuming that the travel 
speed of the MC is 15 mph, travel times were estimated as shown in 
Table 3. The handling time was assumed to be 1 min. 

4.2. Experiment results 

This section presents results from the experiments to evaluate our 
proposed MV operation model and heuristic algorithm from various 
aspects and to provide managerial and operational insights. Specifically, 
Section 4.2.1 compares the computational performance of our 
construction-merging heuristic against a benchmark solver. In Section 
4.2.2, we discuss the adaptability of the proposed MV operation across 
different operational scenarios including idle, normal, busy, and mixed, 
highlighting its flexibility and efficiency in varying contexts. Section 
4.2.3 focuses on the reduction of GHG emissions achieved by the pro
posed MV operation compared to traditional operations that utilize 
fixed-capacity vehicles. Lastly, Section 4.2.4 examines the application of 
the proposed MV operation across different airports, considering vari
ations in fleet size, vehicle numbers, and baggage arrival demands. This 
section demonstrates the scalability and adaptability of our approach, 
emphasizing its potential applicability in diverse airport settings. 

4.2.1. Comparison between the Gurobi solver and the proposed heuristic 
This section compares the solutions obtained by the Gurobi solver 

and the heuristic with instances generated from the TPA data introduced 
above. The purpose is to evaluate the computational performance of the 
proposed heuristic. To better illustrate the parameter settings of each 
instance, an instance index, I-L, is used, in which I, L, respectively, 
represent the number of aircraft scheduled and the maximum number of 
MCs allowed in one MV. Twenty instances were generated for the ex
periments, each solved by both the Gurobi solver and the proposed 
heuristic. To compare the qualities of the solutions, the objective value 
(i.e., GHG emissions), solution time, and optimality gap were recorded. 
In addition, the maximum CPU time is limited to 7200 s, and after that 
time, we stopped the Gurobi solver or heuristic to output the best results. 
Table 4 exhibits the results obtained by the two methods. Instances that 
could not be solved by the Gurobi solver within the maximum CPU time 
are marked with “/” in Table 4. As we mentioned in Section 3, the so
lution optimality cannot be theoretically guaranteed by the proposed 

Fig. 8. Map of terminal c, TPA (source: www.tampaairport.com).  
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heuristic. However, for the instances solved by the Gurobi solver (those 
with an optimality gap of 0), the objective values (i.e., GHG emissions) 
generated by the heuristic are identical. Meanwhile, for each instance, 
the solution time for the proposed heuristic is much shorter than that of 
the Gurobi solver, which indicates much better solution efficiancy of the 
proposed heuristic. With such a short solution time, the proposed heu
ristic provides more robustness and flexibility to airport schedule 
managers and planners. Also, the solution time for the Gurobi solver is 
highly related to the instance scale (i.e., the number of variables), which 
indicates that the Gurobi solver lacks scalability in solving the investi
gated problem. In contrast, the heuristic solves all instances within 
relatively short time (less than 200ms), and the increase in its solution 
time over the problem instance size is rather moderate. 

4.2.2. Effectiveness of the proposed MV operation 
This section assesses the effectiveness of the proposed MV operation 

in decreasing the GHG emissions for airport departure baggage trans
portation. We generated four scenarios with different baggage arrival 

patterns (i.e., idle, normal, busy, and mixed). The first three scenarios 
assume that the probability of a passenger carrying a piece of baggage (a 
parameter used in the baggage arrival simulation process; see Appendix 
A) is the same across all aircraft. This setting can benefit the demon
stration of the proposed model with different scenarios but may not be 
the case for real-world operations, in which the baggage arrival rate for 
each aircraft is heterogeneous. Thus, a mixed scenario was generated 
with heterogeneous baggage arrival rates to test the performance of the 
proposed model further. The “greenest” MV dispatching plans obtained 

Table 2 
Departure time and assigned gate for each aircraft.  

Departure time Gate Departure time Gate Departure time Gate Departure time Gate 

6:55 C34 10:25 C36 14:00 C38 17:40 C35 
7:50 C33 10:40 C33 14:10 C36 17:55 C31 
8:15 C39 11:00 C44 14:20 C39 18:30 C37 
8:45 C34 11:05 C37 14:25 C35 18:40 C35 
9:00 C33 11:40 C35 14:25 C33 18:50 C33 
9:05 C39 12:10 C44 15:00 C37 19:00 C31 
9:10 C31 12:10 C32 15:35 C40 21:00 C31 
9:15 C35 12:25 C33 15:35 C35 21:05 C35 
9:25 C32 12:35 C36 15:45 C33 21:25 C33 
10:00 C38 12:40 C43 16:00 C31 21:40 C37 
10:15 C39 13:30 C37 16:40 C37 22:00 C31 
10:20 C30 13:50 C31 17:05 C39 22:10 C43 
10:25 C34 14:00 C34 17:40 C33    

Fig. 9. Simulated baggage arrival rate for all flights over one day with different 
values of w. 

Table 3 
Travel time between the terminal and each gate.  

Gate C30 C31 C32 C33 C34 C35 C36 C37 

Travel time/min 1 1 1 1 1 1 2 2 
Gate C38 C39 C40 C41 C42 C43 C44 C45 
Travel time/min 2 2 2 2 3 3 3 3  

Table 4 
Comparisons of the solution results between Gurobi and the proposed heuristic.  

Instance 
Index 

# of 
variables 

Method GHG 
emissions (kg/ 
day) 

Solution time 
(second) 

Gap 

51–1 112270 Gurobi 829.3 7200 0.30% 
heuristic 829.3 0.18 / 

41–1 69305 Gurobi 666.7 3542 0.00% 
heuristic 666.7 0.12 0.00% 

31–1 36375 Gurobi 504.1 2577 0.00% 
heuristic 504.1 0.08 0.00% 

21–1 21715 Gurobi 341.5 682 0.00% 
heuristic 341.5 0.05 0.00% 

11–1 8625 Gurobi 178.9 191 0.00% 
heuristic 178.9 0.02 0.00% 

51–2 167860 Gurobi 586.4 7200 0.21% 
heuristic 586.4 0.1 / 

41–2 103540 Gurobi 471.4 4361 0.00% 
heuristic 471.4 0.07 0.00% 

31–2 58750 Gurobi 356.4 3264 0.00% 
heuristic 356.4 0.05 0.00% 

21–2 32320 Gurobi 241.5 869 0.00% 
heuristic 241.5 0.02 0.00% 

11–2 12750 Gurobi 126.5 257 0.00% 
heuristic 126.5 0.01 0.00% 

51–3 223450 Gurobi / 7200 / 
heuristic 489.9 0.07 / 

41–3 137775 Gurobi 396.0 7200 0.25% 
heuristic 396.0 0.05 / 

31–3 78125 Gurobi 300.3 3551 0.00% 
heuristic 300.3 0.03 0.00% 

21–3 42925 Gurobi 202.7 960 0.00% 
heuristic 202.7 0.03 0.00% 

11–3 16875 Gurobi 103.2 261 0.00% 
heuristic 103.2 0.01 0.00% 

51–4 279040 Gurobi / 7200 / 
heuristic 471.9 0.1 / 

41–4 172010 Gurobi / 7200 / 
heuristic 379.4 0.05 / 

31–4 97500 Gurobi 286.8 7200 0.10% 
heuristic 286.8 0.04 / 

21–4 53530 Gurobi 194.3 4666 0.00% 
heuristic 194.3 0.02 0.00% 

11–4 21000 Gurobi 101.8 392 0.00% 
heuristic 101.8 0.01 0.00%  
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from the proposed design for the first three scenarios (i.e., idle, normal, 
busy) are plotted in Fig. 10, each dot representing a MV dispatched to 
transport the baggage from the unloading area to the aircraft. Table 5 
summarizes several key indicators of the system for all scenarios. 

As shown in Fig. 10, the sizes of the dispatched MVs vary for different 
dispatches, demonstrating the effectiveness of introducing modular 
operations in airport baggage transportation. Further, as seen in Table 5, 
the greenest MV dispatch plans are consistent with the baggage arrival 
pattern. That is, it is desirable to dispatch more vehicles (and the total 
number of MCs) when the system is busy, and fewer MCs are needed 
when the system is relatively idle. In addition, the maximum numbers of 
operating MCs for the busy, normal, and idle scenarios are all 8, meaning 
that no MCs are available at the terminal in some time intervals for all 
the scenarios (which can be observed in Fig. 10). However, due to the 
relatively sparse baggage arrival rates in the idle and normal scenarios, 
the numbers of such time intervals in these two scenarios are fewer than 
in the busy scenario, as seen in Fig. 10. As the GHG emissions are 
correlated with the number of dispatched MVs of each type, the busy 
scenario has the highest GHG emissions, and the next is the normal 
scenario, followed by the idle scenario. The type of MVs dispatched for 
the busy, normal, idle scenarios is {3,4}, {2,4}, {4}, respectively, 

showing that two types of MVs (i.e., a MV with 3 or 4 MCs) are dis
patched for the busy scenario, two types for the normal scenario, and 
only one for the idle scenario. This is, again, due to the different baggage 
demand rates. For example, for the idle scenario, one MV with 4 MCs is 
sufficient to transport all baggage from the terminal to the corre
sponding aircraft. However, for the busy scenario, one MV with 4 MCs is 
not enough; thus, an MV with 3 MCs is employed to transport the rest of 
the baggage. Finally, in the mixed scenario, the proposed paradigm can 
transport all baggage to the corresponding aircraft by dispatching three 
types of MAVs. The maximum number of operating MCs for the mixed 
scenario is 8. 

Fig. 10. MV dispatch plans with different simulated baggage arrival rates.  

Table 5 
Summary of key statistics from the proposed design.  

Scenario # of 
dispatched 
MVs 

# of 
dispatched 
MCs 

Dispatched 
MV types 

Max. # of 
MCs 
available 

GHG 
emissions 
(kg/day) 

Busy 102 357 {3,4} 8 519.5 
Normal 102 306 {2,4} 8 471.9 
Idle 51 204 {4} 8 276.4 
Mixed 113 377 {2,3,4} 8 550.7  
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4.2.3. Comparison with the fixed-capacity operation 
To understand the performance of the proposed MV operation on 

reducing GHG emissions, several key system outputs were compared 
between the proposed MV operation and the existing fixed-capacity 
operation. In the existing fixed-capacity operation, the dispatched MV 
types were fixed, and four vehicle types consisting of 1–4 MCs were 
considered. The results are summarized in Table 6, which shows that the 
proposed MV operation always yields lower daily GHG emissions than 
the existing operation with fixed vehicle types. In particular, in the idle 
scenario where the vehicle type is set as 1, the daily GHG emissions of 
the existing operation are almost three times that of the proposed MV 
operation, which reveals the huge potential of MV technology to reduce 
GHG emissions for airport departure baggage transportation. Addition
ally, the number of MVs and MCs dispatched in the proposed MV 
operation is not greater than that of the existing operation, meaning that 
there is no need to purchase extra MCs to implement the proposed 
operation. Indeed, in many of the studied cases, the number of MCs 
dispatched was lower than needed in the existing operation, meaning 
that the proposed operation can reduce fleet size and save the costs 
relevant to the vehicle fleet, e.g., management and maintenance costs. In 
addition, in Table 6, we assumed the assembly and disassembly time for 
MVs is relatively short, which reflects the ultimate performance of 
emerging MV technologies. However, the MV operation concept can 
immediately benefit the existing fixed-capacity operational paradigm by 
asking the ground crew to manually assemble and disassemble the MVs. 
The comparison of emissions reduction performance as MV technologies 
develop can be found in Appendix C. 

The economy of scale (quantified by α) is a critical factor that affects 
the extent to which MVs can reduce GHG emissions. For example, the 
higher the travel speed, the more aerodynamic drag will be reduced, 
thus the higher the extent of the economy of scale. Because the travel 
speed of ground vehicles in airports is relatively low (e.g., 15 mph) 
compared with typical vehicle platooning scenarios, it is thus necessary 
to investigate the sensitivity of MV’s capability in reducing GHG emis
sions to the economy of scales. To this end, in the normal scenario, we 
compared the proposed MV operation with the existing fixed-capacity 
operational paradigm (1-MC and 4-MCs) under various degrees of the 
economy of scale (i.e., α). The results are summarized in Fig. 11, using 
the percent reduction in GHG emissions as the evaluation metric (a 
negative value indicates a reduction). We observe that the proposed 
modular operation persistently decreases the GHG emissions across all α 
values (as indicated by the negative value on the vertical axis), sug
gesting that the proposed MV-based operation persistently decreases 
GHG emissions for departure flight baggage transportation even though 
the value of α varies. However, as the value of α increases, the percent 
reduction in GHG emissions exhibits decreasing trends (as indicated by 
the decreasing absolute value of the percent reduction), meaning that if 
the degree of the economy of scales decreases, the effectiveness of the 
proposed MV operation in reducing GHG emissions also reduces. This 

finding implies that airport operators should carefully evaluate the de
gree of the economy of scale in their baggage transportation activities 
before investing in these MV technologies. However, there are no 
empirical studies on the economy of scale of MVs and thus we leave such 
an evaluation for future studies. 

4.2.4. Sensitivity analysis 
A sensitivity analysis was conducted on several input parameters to 

explore further whether the proposed MV operation can still reduce 
GHG emissions in other airports when the input parameters may not be 
the same as those of this study. In each experiment, only one parameter 
was varied, and the other parameters remained the same at their default 
values. The number of dispatched MVs, MCs, and the overall GHG 
emissions were used as the evaluation criteria. Sensitivity analysis re
sults over parameters including the maximum number of MCs in one MV 
(i.e., L), the initial number of MCs available at the terminal (i.e., V), the 
capacity for one MC (i.e., c), and the probability of a passenger carrying 
a piece of baggage (i.e., w) that determines the number of check-in 
baggage pieces (i.e., pit) are plotted in Fig. 12. 

Fig. 12 (a)–(b) shows that as the maximum number of MCs allowed 
in one MV increases, the number of MVs dispatched decreases, but the 
number of MCs dispatched remains the same. This is because the number 
of arrival baggage is constant; thus the number of MC units needed to 
serve the demand remains the same. However, each MV can accom
modate more MCs, so the number of MVs naturally decreases. Because of 
the economics of scale of the GHG emissions with respect to the number 
of MCs in a MV, the GHG emissions reduce as the MV becomes longer, as 
shown in Fig. 12 (c). 

As shown in Fig. 12 (d)–(e), the number of MCs dispatched does not 
vary as the number of MCs available changes. This is, again, because the 

Table 6 
Comparison between the existing fixed-capacity operational paradigm and proposed modular solution over a typical operational day.  

Scenario MV type Existing fixed-capacity operational paradigm Proposed modular solution 

# of dispatched MVs # of dispatched MCs GHG emissions (kg/day) # of dispatched MVs # of dispatched MCs GHG emissions (kg/day) 

Busy 1 357 357 1325.7 102 357 519.5 
2 204 408 986.6 
3 153 459 871.7 
4 102 408 655.2 

Normal 1 306 306 1136.3 102 306 471.9 
2 153 306 739.9 
3 102 306 581.1 
4 102 408 655.2 

Idle 1 204 204 757.6 51 204 276.4 
2 102 204 493.5 
3 102 306 581.1 
4 51 204 327.6  

Fig. 11. Comparison between the existing fixed-capacity operational paradigm 
and proposed modular solution with varying economies of scale (quantified by 
parameter α). Number in parenthesis represents the average percentage of 
empty space across all dispatches in a solution. 
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baggage arrival rate does not change, and the MCs are already sufficient 
to serve all demand in the base case. However, the number of MVs de
creases as the number of available MCs changes from 4 to 8, because a 
larger number of long MVs can be formed with more MCs. Dispatching a 
larger number of longer MVs reduces GHG emissions, as shown in 
Fig. 12(f). However, the changes only happen when the number of MCs 
available is less than 8. As can be seen in Table 5, the maximum number 
of operating MCs is 8, which indicates that 8 MCs are needed to achieve 

the optimal operation schedule of the proposed MV-operation. Because 
the changes will not influence the number of arrival baggage in the 
number of available MCs, the number of dispatched MCs remains the 
same over different numbers of available MCs. Thus, a further increase 
in the number of MCs available does not improve the performance. 

As shown in Fig. 12 (h), the number of MCs dispatched decreases as 
the MC capacity increases. The reason is intuitive - if the number of 
arrival baggage is constant, the larger the capacity of one MC is, the 

Fig. 12. Sensitivity analysis to L,V, c, and w.  
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fewer MCs are needed to transport the baggage as more baggage can be 
accommodated by one MC. This also decreases the number of MVs 
dispatched, as shown in Fig. 12 (g). However, Fig. 12 (i) reveals that the 
GHG emissions decrease as the MC capacity increases at the beginning. 
Later on, the GHG emissions increase as the MC capacity keeps 
increasing. This is because once a single MV dispatch can transport all 
baggage pieces to the corresponding aircraft, further increasing the MC 
capacity increases the overall vehicle weight, but the number of baggage 
pieces being transported is the same. Thus, more energy is consumed to 
power the MV to move, and more GHG emissions are generated. Here, an 
extreme situation can be imagined in which the capacity of a MC is 
infinite. To satisfy the baggage transportation requirement, a 1-MC MV 
needs to be dispatched at the latest check-in time for each aircraft. The 
number of dispatched MVs and MCs are equal to the number of aircraft 
(i.e., I) in this situation, respectively. 

Finally, Fig. 12 (j)–(k) shows that as the probability of a passenger 
carrying baggage increases, so does the number of MCs, the number of 
MVs, and the GHG emission. These results can be easily understood 
because the larger the probability of a passenger carrying baggage, the 
greater the amount of baggage required to be transported, and thus, the 
greater the number of MVs and MCs that will be dispatched. 

5. Conclusions 

This study proposed a new solution for airport departure baggage 
transportation with the emerging MV technologies. The problem was 
rigorously formulated into a linear integer programming model that 
aimed to minimize the GHG emissions of baggage transportation vehi
cles. Due to the excessive solution time and poor scalability of existing 
linear programming solvers on this problem, a construction-merging 
heuristic was proposed based on the theoretical properties of the 
investigated problem. A series of case studies using data from TPA were 
conducted to evaluate the necessity and validity of the proposed MV 
operation and the effectiveness of the proposed algorithm. The results 
indicate that the proposed MV operation effectively reduces the GHG 
emissions for airport departure baggage transportation compared with 
existing operations across a range of parameter settings. Moreover, the 
proposed heuristic can obtain near-optimal solutions much faster than 
that of the Gurobi solver without much loss of the optimality of the 
solutions. 

Although only baggage for departure flights is investigated in this 
study, the modular operation applies to incoming flights and other 
ground transportation vehicles (e.g., those transporting food). Thus, the 
results in this study demonstrate the potential of the emerging MV 
technologies in decarbonizing airport baggage transportation and, more 
broadly, ground vehicle operations at airports. This study also provides 
models and algorithms that airport designers and operators can adopt to 
derive green baggage transportation solutions in practice. Future 
research can be conducted in several directions. In this study, only one 
baggage transportation provider was considered. However, in practice, 
multiple airline companies usually undertake baggage transportation, 
and their cooperation can be integrated into future studies. In addition, 
in the current problem settings, it was assumed that each dispatch serves 
only one aircraft; it would be interesting to consider that each dispatch 
can serve more than one aircraft before it returns to the terminal. Also, 
this study only investigates MV scheduling with predicted baggage 
arrival rates. A natural next step is to incorporate demand stochastics in 
the model. Finally, the construction-merging heuristic is proposed based 
on the special structure of the investigated problem. It would be a good 
theoretical effort to explore the structure of the problem further to 
enhance the algorithm or investigate some exact algorithms for the 
problem. 
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Appendix A. Baggage arrival demand simulation 

Step 1. Information was collected on flight schedules for a typical weekday (April 13th, 2020) from TPA’s official website, as summarized in 
Table 2. A total of 51 aircraft was scheduled to depart from the terminal from 06:55 a.m. to 10:10 p.m. 
Step 2. The airline company at Terminal C mainly offers domestic services. Thus, Boeing 737 and 757 are the most often used aircraft models. The 
capacity of these models (i.e., around 200 passengers/aircraft) was used to estimate the number of customers. 
Step 3. As all passengers do not necessarily travel with check-in baggage, parameter w is introduced to represent the probability of a passenger 
carrying a baggage that needs to be checked in. Multiplying the number of passengers in each aircraft and w yields an estimation of the number of 
baggage pieces for each aircraft. 
Step 4. In the literature, the passenger arrival process at airports follows specific distributions (e.g., normal, Weibull, Poisson, etc.). After searching 
the major literature, it was found that a commonly-used passenger arrival rate distribution is the Poisson distribution (Ashford et al., 1976). Thus, 
the baggage arrival process was simulated as a Poisson process. 

Note that certain assumptions had to be made in the simulation process due to data limitations. For example, we assumed that the aircraft would be 
fully occupied, using the seating capacities of Boeing 737 and 757 as estimates for the number of passengers. In reality, the number of passengers could 
be less than the capacity. Furthermore, we used a parameter w to estimate the proportion of passengers with baggage, though it’s possible for one 
passenger to have multiple pieces of baggage. While these simplifications introduce biases in estimating the baggage arrival count, they are sufficient 
for generating insights in a proof-of-concept study. With access to more detailed data in the future, more sophisticated models could be developed to 
more accurately reflect airport dynamics and better estimate passenger and baggage counts. 

Appendix B. Pseudo codes for the construction-merging heuristic 

Algorithm 1. Feasible MV dispatching schedule construction. 
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Algorithm 2. MV dispatching schedule merging.

Appendix C. Emissions reduction performance comparison as MV technologies develop 

In our previous analysis, we assumed the assembly and disassembly time for MVs is relatively short, which reflects the ultimate performance of 
emerging MVs. To understand the performance when the carts are assembled and disassembled manually, we can adjust the model to include specific 
idle times for internal combustion engines during each dispatch, accommodating the additional time required for manual assembly and disassembly 
processes. For reference, the GHG emissions from a typical internal combustion engine during idle time are approximately 10,180 g of GHG emissions 
per gallon of diesel (Lafayette College’s Emissions Overview, 2024). With this, we provide the following GHG emissions for human-driven carts with 
different engine idle times, such as 5 min, 2 min, and 1 min, using the instances in Subsection 4.2.3. Our results illustrate that as MV technology 
advances, reducing the time required for assembly and disassembly processes, the environmental performance of the MV solution can be further 
improved in terms of GHG emissions reduction.   

Scenario MV 
type 

Fixed-capacity 
Solution 

Proposed MV with human-driven 
carts (5 min) 

Proposed MV with human-driven 
carts (2 min) 

Proposed MV with human-driven 
carts (1 min) 

Proposed MV 
solution 

GHG emissions 
(kg/day) 

GHG emissions (kg/day) GHG emissions (kg/day) GHG emissions (kg/day) GHG emissions 
(kg/day) 

Busy 1 1325.70 527.0 522.5 521.0 519.5 
2 986.6 
3 871.7 
4 655.2 

Normal 1 1136.30 479.4 474.9 473.4 471.9 
2 739.9 
3 581.1 
4 655.2 

Idle 1 757.6 280.2 277.9 277.2 276.4 
2 493.5 
3 581.1 
4 327.6  
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