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ABSTRACT

Natural disasters result in the generation of massive volumes of waste, leading
to severe environmental, economic, and social problems. Inefficient waste management can delay the
recovery efforts and incur additional costs. This study aims to develop a multi-objective optimization
(MOO) model for post-disaster waste cleanup, employing a multimodal transportation approach (truck/
train) and risk prioritization of affected areas.

VTR In this study, the affected areas were first ranked using the analytic hierarchy process (AHP) based
on five risk criteria (life risk, environmental pollution, psychological impacts, economic disruption, and
risks from disaster waste). Then, the MOO model was implemented using the epsilon-constraint method
across seven defined problems with varying scales. The scenarios were applied to the flooded rural areas
of Gorgan city and Agqgala county in Golestan province, Iran. The model considered the minimization
of the time for the completion of debris removal and waste transportation operations, as well as the
reduction of transportation and equipment costs (for train stations and temporary waste management
sites), as two objective functions.

IS As the problem scale increased, computation time also increased, with the model exhibiting NP-
Hard characteristics at larger scales. The obtained Pareto points confirmed the trade-off between time
minimization and cost reduction objectives, highlighting the need for selections aligned with operational
policies. Furthermore, multimodal transportation, compared with road-only mode, resulted in a 30.1%
reduction in operating time and an 11.3% reduction in total costs. Further analysis revealed that road
transport performed better over short distances between the affected areas and final disposal sites,
whereas multimodal transport was superior over longer distances. Risk prioritization results demonstrated
a targeted resource allocation to high-risk areas.

The presented model can serve as a practical tool for crisis managers in planning post-disaster
waste clean-up. Employing multimodal transport alongside a multi-criteria decision-making approach
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Introduction

ccording to the International Natural Di-

saster Database, the world has witnessed

an increasing growth in the number of nat-

ural disasters in recent decades, and given

climate change and weather patterns, this
trend is likely to continue (EM-DAT Database, 2020).
Natural disasters such as earthquakes, floods, and storms
have several consequences for societies beyond loss of
life and property. One of the important consequences is
the production of a huge volume of waste in a short time,
the improper management of which can have long-term
environmental, health, economic, and social effects. This
huge volume of waste disrupts other areas of natural di-
saster management and reduces the effectiveness of di-
saster response and recovery efforts (Brown et al., 2011).
For example, the 2008 Sichuan earthquake and 2005 Hur-
ricane Katrina generated approximately 381 and 100 mil-
lion tons of solid waste, respectively, and managing these
huge amounts put significant strain on existing systems
and slowed down the recovery process (Xiao et al., 2012;
Lorca et al., 2017). The capacity of countries to respond to
problems after major natural disasters is usually limited;
the production of a large volume of waste can be 5-15
times the annual waste production rate of affected coun-
tries (Zhang et al., 2019). In some cases, waste disposal
may take up to 5 years (Brown et al., 2011).

The measures taken to clean up post-disaster waste dur-
ing the response phase are time-consuming, costly, and
difficult, accounting for about a quarter of the costs of the
disaster response phase (FEMA, 2007). Given the signifi-
cant impact of disaster waste management on other re-
sponse and recovery operations, it is essential to develop
strategies, operational tools, and decision support for
post-disaster waste cleanup. The disaster waste manage-
ment operations typically include collection, sorting, and
preliminary processing, transportation, recycling, and fi-
nally final disposal; each of these stages has its own limi-
tations and challenges (Caldera et al., 2025a). To facilitate
the cleanup process, reference organizations, including
the Federal Emergency Management Agency (FEMA),
have recommended the creation and operation of tempo-
rary disaster waste management sites (TDWMSs) as an
operational solution. These sites provide facilities such as
temporary storage, sorting and processing, reduce waste
volume and time, improve the efficiency of the cleanup
system, increase the rate and ease of recycling, and reduce
environmental risks and the time it takes to transport waste
to recycling centers or final landfills, thereby accelerating
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the cleanup process (FEMA, 2007; Cheng et al., 2022a).
Inefficiency in disaster waste management can have nu-
merous consequences, including health and psychologi-
cal problems, delayed reconstruction, and increased costs
(Brown et al., 2011; Zhang et al., 2019; United States
Environmental Protection Agency, 2019; Babbitt, 2019;
Nikdoost et al., 2022; Zawawi et al., 2018; Ghorbanza-
deh et al., 2020). However, selecting the location of these
sites, providing capacity, and allocating resources to them
is a complex multi-criteria issue that must simultaneously
consider environmental considerations, land ownership,
road access, social considerations, and operational con-
straints (Nikdoost et al. 2022; Habib et al., 2022).

One of the key constraints in implementing post-disas-
ter waste cleanup operations is the weakness or damage
of transportation networks, especially when roads and
bridges are collapsed or there is insufficient transportation
capacity for long distances. In such circumstances, rely-
ing solely on road transport can lead to increased waste
transport time and cost. Recent studies have shown that
combining transportation modes and designing integrated
routes can significantly reduce transportation times and
costs during disasters and increase the overall resilience
of the post-disaster logistics network (Ma et al., 2024;
uddin et al., 2019). Multimodal or combined transport
(truck-train), in which trucks are used for local collection
and trains for long-distance transport, has been proposed
as a practical solution to increase waste carrying capacity,
reduce costs, and improve logistical resilience (Archetti
et al., 2022). Recent studies have emphasized the impor-
tance of considering interdependencies between infra-
structure (e.g. roads) and potential disruptions to them, as
ignoring these dependencies can reduce the efficiency of
planning models and make decisions operationally vul-
nerable (Cheng et al., 2018; Akiyama et al., 2025).

In recent years, research has focused on developing
mathematical models and optimization approaches for di-
saster waste management. Among them, methods such as
mixed-integer programming (MIP), multi-stage scenario
models, and multi-objective approaches have been pro-
posed to balance economic, environmental, and temporal
objectives (Cheng et al., 2021; Xiao et al., 2022). Some
studies have also developed decision-making models
in the field of human logistics and distribution of relief
items, which can be inspiring in the development of di-
saster waste management models (Narimani et al., 2024;
Poornaser et al., 2022). A study developed a mathemati-
cal model to determine the optimal location of central and
secondary warehouses in a multi-level supply chain for
perishable products, with a focus on cost minimization,
which can provide an effective approach to designing ef-
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ficient logistics networks (Mousavi et al., 2024). Also,
combining multi-objective optimization (MOO) models
with scenario-based risk management approaches, espe-
cially in situations where multiple and incompatible cri-
teria (such as costs, risks, and effectiveness) are involved,
was recognized in a study as a successful strategy for
managing the blood supply chain during the COVID-19
pandemic (Babazadeh et al., 2023). In addition, the use
of modern technologies, including artificial intelligence
(AI), for waste sorting and improving processing efficien-
cy, has also been investigated in a recent study (Boonmee
etal., 2024).

Despite these advancements, several important challeng-
es and gaps in the literature indicate the need for further
research. A significant number of studies have focused
on road transport, whereas the full benefits of combined
transport in post-disaster waste cleanup have been less
explored. The integration of risk prioritization approaches
for affected arcas with a comprehensive multi-objective
model that simultaneously considers TDWMS location,
operational team allocation, and combined transport plan-
ning has also been less investigated in previous studies.
Moreover, many existing models assume continuous and
healthy access to the transport network and have not stud-
ied the simulation of partial or complete disruptions in the
road-rail network, while real-world experiences show that
such disruptions can have a profound impact on the time
and cost of operations and network resilience (Torabi et al.,
2016; Ma et al., 2024). Given the increasing occurrence of
disasters and the multidimensional impacts of their waste
production, the need for comprehensive, operational mod-
els that simultaneously encompass location, risk prioriti-
zation, and combined transportation planning is evident.
Therefore, this study aims to develop an MOO model for
post-disaster waste cleanup with a combined transportation
approach (truck/train) and the analytic hierarchy process
(AHP) method to identify and focus on high-risk areas.
The proposed model attempts to balance time and cost
objectives, optimize the allocation of multi-purpose debris
removal teams, and examine the effects of infrastructure
dependencies in numerical scenarios to demonstrate its ap-
plicability and sustainability in different disasters.

Literature review

Disaster waste management, as one of the main pillars
of crisis management, has received widespread attention
from researchers in recent decades. In this area, a major
part of the studies has focused on the use of TDWMSs.
These sites play a key role in facilitating waste cleanup,
reducing operational time and costs, and improving the
efficiency of the recycling system. Early research in this
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field has identified the need for and initial design of such
waste management sites (Alziari et al., 1981; Rafee et al.,
2008; Karunasena et al., 2012; Oh and Kang, 2013; Brown
and Milke, 2016; Amato et al., 2019; Amato et al., 2020;
Xiao et al., 2022). Selecting the appropriate location for
these sites is a complex, multi-criteria process that requires
consideration of geographical, social, environmental, and
economic factors. Cheng et al. (2016) and Lee et al. (2022)
investigated this issue using a combined MOO and multi-
criteria analysis (MCA) approach. Onan et al. (2015) pre-
sented a decision-making model in which the location of
TDWMSs was selected by simultaneously considering
environmental and economic factors. Their framework
showed that combining different objectives can lead to in-
creased efficiency of the waste management system. Habib
etal. (2017) proposed a two-stage framework; the first step
identifies optimal locations using the AHP and fuzzy TOP-
SIS techniques, and the second step uses mathematical
models to allocate waste to these locations.

One emerging method for locating TDWMSs is the use
of geographic information systems (GIS). Nikdoost et
al. (2022) presented a GIS-based framework for locating
TDWMSs. This framework follows the optimization of
cleanup operations based on geographical parameters set
by the governing bodies, taking into account geographi-
cal requirements and spatial and operational constraints.
At the same time, it considers health risks, recyclabil-
ity and social impacts of waste disposal, and focuses on
minimizing the impact of uncollected waste on the com-
munity and economy of the affected areas. Cheng et al.
(2022b), in a study on small disasters, seek to improve
the efficiency of waste cleanup in the response phase of
disaster management. They aimed to minimize the total
cost and time of waste cleanup by optimizing the relevant
operations. A multi-period two-echelon location routing
model was used. This model helps in deciding on the lo-
cation of TDWMSs and vehicle routing, which includes
optimizing three key processes: routing waste collection
from affected areas to TDWMSs, cycles of collection ve-
hicles between TDWMSs without the need to return to
the depot, and routing waste transport from TDWMSs to
recycling and final disposal sites. To model and solve this
complex model, they used MIP and genetic algorithms.

Recent research has highlighted the importance of con-
sidering the risk of disruption to access to TDWMSs.
Habib et al. (2022) showed that, unlike many previous
studies where TDWMSs were assumed to be always
available, these locations may become inaccessible due to
road blockages or infrastructure damage. They developed
a two-stage model, first selecting sites and then allocating
waste, and presented a solution to deal with these prob-
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lems. This risk-based perspective is in line with recent
studies that emphasize the resilience of transportation sys-
tems during disasters (Ma et al., 2024; Uddin et al., 2019;
Akiyama et al., 2025). Cheng et al. (2021) introduced a
MIP-based model that optimizes four main waste man-
agement operations (demolition, collection, processing,
and transportation) in an integrated manner. Their model
showed that optimal selection of TDWMSs and appropri-
ate sequencing of operations can lead to significant reduc-
tions in total time and cost. Xiao et al. (2022) presented a
two-level model that includes decisions about the loca-
tion of processing facilities, the deployment of demolition
resources, and the allocation of vehicles. The main goal
of their model was to simultaneously reduce cost, time,
and environmental impacts, and the results showed that
two-level approaches can provide greater flexibility in re-
sponding to critical situations.

Some research has addressed the issue of combined
transport management in the waste chain under non-
hazardous conditions. Tonneau et al. (2015) developed a
linear programming model for the supply chain of non-
hazardous waste that incorporated processing operations
such as compaction. This model, based on a case study of
the Brangeon company in France, reduced logistics costs
by 14.7% through the combination of road and rail trans-
port. The importance of their study lies in demonstrating
that multimodal transport approaches, even in non-disas-
ter situations, can be effective for optimal waste manage-
ment and can be applied in natural disasters.

In more recent studies, the focus has become more pro-
nounced on improving the resilience of multimodal trans-
port networks for post-disaster waste management. For
example, studies by Ma et al. (2024), Uddin et al. (2019),
and Pan et al. (2025) emphasized the benefits of combin-
ing transportation modes and designing hybrid networks
in disaster situations. Caldera et al. (2025b) emphasized
the role of industry managers and decision-makers in
promoting community resilience by presenting a com-
prehensive framework for disaster waste management.
There are also studies that have designed similar models
in the field of human supply chains, which can be meth-
odologically extended to disaster waste management. For
example, Narimani & Motamedi, 2023; Narimani et al.,
2024 and Poornaser et al. (2022) developed models for the
distribution of relief items using scenario-based MOO ap-
proaches. Babazadeh et al. (2023) and Babazadeh Rafiee
et al. (2024) presented a model for risk management in
the blood supply chain during the COVID-19 pandemic,
which is conceptually applicable to disaster waste man-
agement. These studies represent a shift in research toward
more comprehensive and realistic models that simultane-
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ously consider risk, cost, and time. Another important
point is the use of new technologies in disaster waste
management. Boonmee et al. (2024) used an Al-based
system for waste classification and to improve process-
ing efficiency. Also, recent studies in the field of resilience
have shown that considering interdependencies between
transportation and waste disposal processes can influence
the estimation of cleanup time and the quality of decision-
making (Akiyama et al., 2025; Caldera et al., 2025a).

Overall, the literature review shows that disaster waste
management, as an interdisciplinary field, has been stud-
ied in various aspects such as locating TDWMSs, design-
ing optimization models, applying GIS-based systems,
integrating new technologies, and risk-based approaches.
Many studies have focused on the location and design
of TDWMSs, but in many of these studies, only road
transportation has been considered, and the benefits of
combined transportation (such as truck/train) have re-
ceived less attention. Also, although recent research has
addressed the importance of transportation network resil-
ience and infrastructure disruptions, a comprehensive ex-
amination of how these disruptions affect the efficiency of
waste management models remains limited. On the other
hand, few studies have developed comprehensive multi-
objective models that simultaneously address conflicting
criteria such as time, risk, and cost within an integrated
framework. In the studies by Cheng et al. (2021) and Xiao
et al. (2022), the focus was on employing independent
teams to demolish damaged buildings. In our study, debris
removal teams are considered multi-purpose teams that
simultaneously handle responsibilities such as hazardous
waste management, demolition of damaged buildings,
and waste and debris sorting. This approach is more con-
sistent with the field realities of post-disaster operations,
as relief and rescue units often have combined tasks. In
addition, the use of risk prioritization approaches for af-
fected areas, along with waste logistics optimization, has
still not been studied in systematic and integrative man-
ners. On the other hand, the use of a multimodal transpor-
tation system in this research reduces waste transportation
time and costs and can play an effective role in optimiz-
ing the process of locating TDWMSs, recycling sites, and
landfills. The present study aims to address research gaps
by presenting an MOO model that incorporates TDWMS
locating, risk prioritization, and multimodal truck/train
transportation. This framework, in addition to consider-
ing time, risk, and cost, allows for more realistic decision-
making. The proposed model is a strategic planning tool
with real-world applicability that helps crisis managers
allocate resources and improve the resilience of the post-
disaster logistics network.
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Materials and Methods
Problem definition

The problem in this study was the allocation of debris re-
moval teams/scheduling of debris removal and waste collec-
tion/transportation after a disaster. This problem is defined
in two main stages, including debris removal operations and
waste collection/transportation. In formulating this problem,
attention was paid to the existing risks classified into five
categories: Life risk, environmental pollution, psychological
impacts, disruption of economic activity, and waste-related
accidents. In each operational stage, the allocation of debris
removal teams and the scheduling of debris removal are
based on the results of the risk assessment and prioritization
for the affected areas, with higher-risk areas being prioritized.

The sites involved in this problem included the crisis man-
agement center (Depot), areas requiring debris removal,
areas requiring waste collection/transportation, areas requir-
ing both debris removal and waste collection/transportation,
train stations, and TDWMSs. After a disaster, relief teams
are dispatched from the depot. In some situations, due to
the entanglement of debris and waste, direct loading and
transportation are not possible. In such cases, debris removal
teams are responsible for separating the waste and debris,
securing the environment, and eliminating potential hazards.
To improve the efficiency of waste cleanup, a multimodal
transportation system (truck/train) was used. Waste col-
lection/transportation teams use this method to collect and
transport post-disaster waste. For waste transportation, two
options were set: (a) initial transport to the train station by
truck, followed by transport to the TDWMS by train, (b)
direct transport to the TDWMS by truck without rail trans-
port. It should be noted that equipping with machinery and
facilities required for loading waste, using train stations, and
constructing each of the TDWMSs requires specific costs.

The problem will continue until all debris removal and
waste transportation operations in the affected areas are
completed and the teams return to the depot. The objec-
tive functions in this problem include minimizing the
time to complete the debris removal operation and trans-
portation of waste to TDWMSs (considering the risk of
the areas), minimizing the costs of waste transportation,
minimizing the costs of dispatching rescue teams, and
minimizing the costs of equipping and using train stations
and constructing TDWMSs. Figure 1 shows a diagram
of debris removal and waste transportation stages, and
Figure 2 presents a graphical representation of the post-
disaster waste cleanup model using a multimodal trans-
portation approach.

Winter 2025. Vol 15. Issue 4

Assumptions

1) Multiple relief teams cannot serve in the same affect-
ed area at the same time. 2) The time for debris removal
and waste transportation depends on the capability of the
relief teams. 3) Waste transportation is multimodal (road
and rail transportation). 4) The location of TDWMSs is
determined in advance.

Waste transportation from each area is possible after the
relief teams have completed their debris removal.

1) Waste from areas that do not require separation can
be transported directly. 2) The waste transportation capac-
ity of vehicles is limited and specified. 3) The volume of
waste in each area can be estimated. 4) The time required
for debris removal in each area can be predicted. 5) The
relief priority is determined for each area based on the lev-
els of damage and the importance of the affected areas. 6)
The loading and unloading time for each waste transport
team in each area is determined. 7) The travel time for
each route between areas can be estimated for each team.
8) Train stations are part of the multimodal transport sys-
tem that remains usable after disasters and not intended to
be demolished.

Mathematical model

In this section, the indices, inputs, and decision variables
are presented, and the objective function and constraints
are explained separately.

Indices

1) Areas requiring debris removal (i, j=1,...,Nr); 2)
Areas requiring waste collection/transportation (o, p=
1,...,Nc); 3) Train stations (r=1,...,R); 4) TDWMSs (s=
1,...,S). 5) Debris removal team (k=1,...,K); 6) Waste
collection/transportation team (I=1,...,L).

Inputs

1) M=Large number; 2) er=Risk level of the affected
area j in the debris removal phase; 3) ch=Risk level of
the affected area p in the waste collection/transportation
phase; 4) Pr“j= Estimated time (min) of debris removal for
the area j by team k

1) Pcr‘p;Estimated time (min) to transfer waste from the
area p to the train station r by team 1; 2) Pcr‘ps=Estimated
time (min) to transfer waste from the area p to the TD-
WMS s by team ; 3) Dr* = Estimated time (min) to travel
the distance from the area i to the area j by team k; 4)

Darvishi, et al. (2026). A Multi-Objective Optimization Model for Post-Natural Disaster Waste Clean-Up with Multimodal Transport. DMKP. 15(4), 462-509.
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Dc‘op= Estimated time (min) to travel the distance from
the area o to the area p by team 1; 5) Der' = Estimated time
(min) to travel the distance from the area o to the train sta-
tion r by team ; 6) Dcs' = Estimated time (min) to travel
the distance from the area o to the TDWMS s by team I;
7) WVp= Estimated waste volume (tons) in the area p; 8)
CCAP! = Waste carrying capacity (in tons) per transport
for team 1; 9) LT'= Estimated waste loading time (min) per
transport for team 1; 10) UT'= Estimated waste unloading
time (min) per transport for team 1; 11) costr= Cost of
traveling per kilometer by team k during the debris re-
moval phase; 12) costce'= Cost of traveling (unloaded)

per kilometer by team | during the waste collection/trans-
portation phase; 13) costcf'= Cost of traveling (loaded)
per kilometer by team | during the waste collection/trans-
portation phase. 14) costt =Cost of transporting waste
per ton of waste by train from station r to TDWMSs; 15)
coste =Cost of equipping the train station r if it is used; 16)
costs =Cost of constructing a TDWMS

Decision variables

1) F Tf‘j=Time (min) to complete the debris removal in
the area j by team k; 2) FTcp1=Time (min) to complete
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Figure 2. Graphical representation of the post-disaster waste cleanup model using a multimodal transportation approach.
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waste transport from the area p by team [; 3) NTSlp:
Number of waste transportation services from the area p
by team 1; 4) Zl“j=1, if the team k is assigned to the area
J; otherwise, consider it 0; 5) Zc‘p= 1, if the team 1 is as-
signed to the area p; otherwise, consider it 0; 6) erij: 1,
If the team k goes to the area j after completing the debris
removal of the area j; otherwise, consider it 0; 7) Xc'0p=l,
If the team | goes to the area p after completing the waste
transportation from the area o; otherwise, consider it 0;
8) Xcr' =1, If the team I transports the waste of the area
o to the train station r; otherwise, consider it 0; 9) Xcs'
=1, If the team 1 transports the waste of the area o to the
TDWMS s; otherwise, consider it 0; 10) UR‘rpzl, If the
team 1 goes to the area p after transporting waste to the
train station r; otherwise, consider it 0; 11) US‘sp=1, If the
team 1 goes to the area p after transporting waste to the
TDWMS s; otherwise, consider it 0; 12) Qk‘j: 1, if the
teams k and 1 is assigned to the area i; otherwise, consider
it 0; 13) ALR =1, if the train station r is used; otherwise,
consider it 0; 14) ALS =1, if the TDWMS s is built; other-
wise, consider it 0; 15) Y =1, if the waste from the area o
is transported by train to the TDWMS s after being trans-
ported to the train station r; otherwise, consider it 0

Objective functions

We defined two objective functions for the problem as
Equation 1:

1.Min Z1=5,

jeAr

ek qu.. F Trj.‘“erE ae Dot ch F Tcpl

Min 72 =}, v, 2 0UArj# 3, Drk costr.Xr/+
ZOEO ZpsAc Zl=L Dcop]' COStcel'Xcop]+zoeAc Z—(reAt Zl=L
LT + Der '+ UT!).NTS 'costef. Xer ! +

or o or oeAc re At

Y, (LT+Der '+UT"). NTS . costce!. Xer ' + 3,
Yns 2y (LTHDes '+ UT.NTS . costef Xes '+,

o> (LT'+ Dcs '+ UT. NTS M. costce!. Xcs ! +

seAs =L 0s o 0s
ZUEAC zpeOUAc,p:#o zreAt Z‘41:L Dcrprl' COStjcel'URopr1 + ZUEAC
ZpeOUAc,p:;ﬁo Z:seAs Z:l:L DCSprl' COStCCl. Usops1 + Z:oeAc Z:reAt
Yeens WV costt Y+ coste. ALR+} . costs.
ALS

oeAc

The first objective function minimizes the sum of the
time taken to complete the debris removal and waste
transportation operations multiplied by the risk level of
each area. This approach aims to prioritize high-risk areas
and reduce the risks caused by delays in waste collection.
The second objective function focuses on minimizing
the costs associated with transporting debris removal and
waste collection teams, transporting waste by rail, as well
as the costs associated with equipping train stations and
building TDWMSs.

Winter 2025. Vol 15. Issue 4

Contraints

2. ZieOuAr,i#j Yk Xrijk =1 Vje Ar
According to Equation 2, each area can be served only
by one debris removal team.

k— k 2
3' zjeOuAr,j;ﬁi Xrij ZjeOuArJ;ﬁi eri v IGAI', v kEK
According to Equation 3, after completing the operation
in each area, the team k moves to the next area for debris
removal.
. .
4. ZjeArﬁi Xrf<1Vie0,V keK
According to Equation 4, the debris removal team k can
leave the depot at most once.
. .
5. ZiEAr#j X<l Vv je0, V keK
According to Equation 5, the debris removal team k can
enter the depot at most once.
6. o X1, =Zr

ij

VjeAr V keK

Equation 6 defines the assignment of the debris removal
team k to the area j.

7. FTrf+ (M.(1-Xr,)) = (FTr/+Dr,*+ Pr*).Zr
V ie0UAT, V jeAr j#i, ¥ keK

Equation 7 defines the time for the completion of debris
removal in the area j, when it is done immediately after
the area i by the team k.

8. FTr/>0 VY ieAr, V keK

According to Equation 8, the time to complete the debris
removal operation in the area i is non-negative.

9' ZosOuAc,o#:p ZIEL )(Copl =1 v pe AC

According to Equation 9, each area only be served can
by one waste collection/transportation team.

1= 1
10. ZPEOUAC»P#O Xcop pe0UAc,pFo XCpo V oe AC:

VvV leL

According to Equation 10, after completing the opera-
tion in each area, the team 1 moves to the next area for
waste collection/transportation.

1LY pepo XC, <1 V 0e0, V leL
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According to Equation 11, the waste collection/trans-
portation team I can leave the depot at most once.

12. ZoeAc,o#p Xcopl Sl A4 pEO, Vv leL

According to Equation 12, the waste collection/trans-
portation team | can enter the depot at most once.

13. zoe()uAc )(cop1 :ZCPI v PEAC, VleL

Equation 13 defines the assignment of the waste collec-
tion/transportation team I to the area p.

14.FTe +(M. (1-Xc, )=(FTc +Dc +Y, , Perr+y,
Pcsps1 . Zcp1

V 0€0, V peAc ,p#o, VleL

15. FTe ! +(M.(1-Xe 1 ))2(FTe +(X, ., (UR 1" Der,r')
Y Perr+y  (US s'.Dess) + 3 seAsPes s')).Zc !

VY oeAc, V peAc p#o, Vel

Equations 14 and 15 define the time for the completion
of waste collection/transportation in the area p, when it is
done immediately after the area o by the team L.

16. FTc ' >0 YV oeAc, VleL
According to Equation 16, the time to complete the

waste collection/transportation operation in the area o is
non-negative.

17. Per i'=(((LT'+ (Der 1'.2) + UT'). (NTS -1)) + (LT'+
Der r'+ UT")). Xer 1!

Y oeAc, VreAt, Vlel

Equation 17 defines the time taken to collect and trans-
port waste from the area o, which is transported by the
team | to the train station r.

18. Pcspslz(((LT1+(Dcsos'.2)+UT‘).
+Dcs r'+ UT')). Xes 1!

(NTS -1))+HLT'

YV oeAc, V seAs, Vel

Equation 18 defines the time taken to collect and trans-
port waste from the area o, which is transported by the
team | to the TDWMS s.

19.% . 2. Xerr+y (s€As)y,  Xess'=1

Y oe Ac
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‘ Management Knowledge

20 z:psOuAc,p;!:Q XCOp]:ZI'EAl XCTOI'I + ZSEAS XCSOS]
Y oeAc, VleL

According to Equations 19 and 20, the waste from the
area o is transported directly to the train station or to a
TDWMS.

21.NTS>(WV /CCAP'). Zc!  VoeAc, Vel

22.NTS '<((WV /CCAP'"). Zc ') + 1
VvV lelL

YV o€Ac,

23.NTS_\NTS "=0
I'eLI#

Y oeAc,Viel, vV

Equations 21, 22, and 23 define the number of transport
services from the area o by the team 1 for the wastes that
should be transported.

k I—N)k
24, er .Zcp fQj 1
V je(ArNAc), V pe(AcNAr), p=j, V keK, V leL

25.FTc (X, Per ' +%

K Ok
seAs PCSPS])—FT[‘j )Q_l 120
V je(ArNAc), ¥V pe(AcNAr), p=j, V keK, V¥ leL

Equations 24 and 25 show that waste collection/trans-
portation in the area j takes place after the completion of
debris removal.

26.UR =Y.

1 1
0eAC,0¢p Xcop 'Xcror

V o€Ac, V pe0UAC ,p£o, V reAt, V leL

According to Equation 26, the team 1, after transporting
the waste to the train station r, goes to the area p.

27.US =Y.

e Ac,04p

Xcopl Xcs, !
V oeAc, V pe0UACc ,p£o, V s€As, V leL

According to Equation 27, the team 1, after transporting
the waste to the TDWMS s, goes to the area p.

28.% Y =2 Xer ! VoeAc, VreAt

According to Equation 28, if a team transports waste
from the area o to the train station r, it should be trans-
ported from the train station to a TDWMS.

29. ALR =min((%. _,. >, Xcr, '),1)V reAt
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Equation 29 determines whether the train station r is
used or not.

30.ALS=min(}, _, >\, Y, )1) VseAs

Equation 30 determines whether the TDWMS s is con-
structed or not.

Risk assessment and prioritization

In this study, the AHP was used to assess and prioritize
the risk level of affected areas after the disaster. The AHP
is one of the well-known and reliable methods in the field
of multi-criteria decision making, developed by Thomas
Saaty in the 1970s. The AHP model designed in this study
(Figure 3) consists of three levels: Goal (as the first level,
it includes the risk assessment and prioritization of the af-
fected areas post-disaster), criteria (as the second level,
it includes five key criteria: life risk, environmental pol-
lution, psychological impacts, economic disruption, and
risks from disaster waste), and alternatives (as the third
level, it includes four affected areas as evaluation options).

Risk criteria

The five risk criteria (life risk, environmental pollution,
psychological impacts, economic disruption, and risks
from disaster waste), were selected after a comprehensive
review of 20 related studies on natural disaster waste man-
agement (Table 1). They were selected to cover human,
environmental, social, economic, and operational dimen-
sions, ensuring that the prioritization of risks is compre-
hensive and based on scientific evidence. The hierarchical
levels using the AHP method were determined through
pairwise comparisons based on Saaty (2008)’s 1-9 scale
(Table 2). The pairwise comparison matrix was prepared
based on the opinions of 20 experts in the fields of crisis
management, environment, safety, local economy from
Golestan province, and professors from Mazandaran Uni-
versity of Science and Technology, who were selected via
snowball sampling. They had at least 10 years of experi-
ence in the related field. To conduct pairwise comparisons
of risk criteria, flooded areas in Golestan province (Gor-
gan city and Aqqala county) were selected as the sample.
To aggregate the data, the geometric mean values given
by the experts was used. The pairwise comparison matrix
is shown in Table 3. Next, the inconsistency rate of each
of the comparison matrices was calculated. The value
should not be greater than 10% (Saaty, 1980). Then, the
matrix was normalized and the final weight of the criteria
was obtained by averaging row entries, which is reported
in Table 4.

Winter 2025. Vol 15. Issue 4

The scenarios for solving the problem

In this study, 7 problems of varying sizes were identi-
fied that represent areas requiring debris removal, waste
transportation, train stations, TDWMSs, and relief teams;
the details are presented in Tables 5 and 6. The scenarios
were applied to the flooded rural areas of Gorgan city and
Aqgala county. Given that the proposed problem is new,
the hypothetical values shown in Table 7 were used to
generate its input parameters.

Epsilon constraint method

In this study, seven MOO problems were solved by the
epsilon-constraint method. This method is one of the clas-
sical and widely used methods in solving MOO problems,
in which, to create the Pareto front, one of the objective
functions is selected as the main objective function and
the other objective functions are included in the model in
the form of inequality constraints with a certain threshold
limit (g). This method was first introduced by Haimes et
al. (1971). The general form of the equation (for two ob-
jectives) is as Equation 31:

31. minf, (x) Subject to: f, (x) <exeX

Where, is the main objective function and is a constraint
with a threshold €. The set X includes the feasible space.
The value of € is changed in different intervals to obtain
different points of the Pareto front.

Results

To solve the problems using the epsilon-constraint
method, seven small-sized MOO problems were first de-
signed, and the model size was then gradually increased
by increasing the problem size. The goal was to examine
the changes in processing time and obtain the Pareto front
at different scales, where seven points are examined in
each problem. The problems were solved using differ-
ent values of the epsilon parameter and a set of Pareto
efficient points was extracted. The results of each step
include the optimal values of the objective functions and
feasible points. The results are presented in Tables 8, 9,
10, 11, 12, 13, 14 and 15. The time taken to solve the
problems is presented in Table 16 and Figure 4. It should
be noted that the problems were solved in Lingo 9.0 soft-
ware run on a laptop (Intel Core 17-7700HQ processor,
16 GB RAM (2133 MHz), Windows 10). As can be seen
in Table 16, the seventh problem had a solution time that
tends towards infinity, due to the increase in problem size
and being NP-hard.
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Risk Assessment and Prioritization of
Post-Disaster Affected Areas

Risk of Hazards

from Disaster
Waste

Economic
Disruption Risk

Psychological
Impact Risk

Environmental

Pollution Risk LULELITIORES

Area 1 Area 2 Area 3 Area 4
Figure 3. The AHP model of risk assessment and prioritization of the affected areas
Table 1. The risk criteria for the prioritization of the affected areas
Criterion Justification for Selection and Literature Support Primary References
Thls crl.terlon foc.uses on public health, hygl‘ene, and lifesaving coq— Brown et al. (2011); National Institute of Environ-
siderations, as disaster waste can lead to disease outbreaks, physi- .
. A . . o mental Research (2012); Nikdoost et al. (2022);
Human Life cal injuries, and obstruction of rescue operations. Studies indicate United States Environmental Protection Agenc
Risk that disaster waste can significantly exacerbate lifethreatening risks, sency

Environmental
Pollution Risk

Psychological
Impact Risk

Economic Dis-
ruption Risk

Risk of Hazards
from Disaster
Waste

for example by blocking emergency access routes and delaying re-
sponse activities.

Disaster waste can lead to soil, water, and air pollution, producing
long-term impacts on ecosystems. This criterion is essential for en-
suring environmental sustainability and has been widely highlighted
in the literature as one of the most significant disaster risks.

Disaster waste can impose stress, anxiety, and psychological bur-
dens on affected communities, particularly during the recovery
phase. The literature emphasizes the adverse psychosocial effects
that stem from inadequate disaster waste management.

Disaster waste can delay reconstruction activities and increase eco-
nomic costs, such as financial losses and disruptions to local eco-
nomic functions. This criterion was selected based on empirical data
on the economic consequences of disasters.

This criterion focuses on operational risks, including exposure to
hazardous materials, the potential for secondary disasters, and ob-
struction of response operations. The literature indicates that disas-
ter waste can create additional hazards that complicate emergency
management efforts.

(2019); Habib et al. (2022); Ghannad et al. (2021);
EM-DAT database (2020)

Brown et al. (2011); National Institute of Environ-
mental Research (2012); Nikdoost et al. (2022);
Babbitt et al. (2019); Boonmee et al. (2018); Xiao
etal. (2012); Lorca et al. (2017); Wang et al. (2019);
Onan et al. (2015); Jalloul et al. (2022); United
States Environmental Protection Agency (2019);
Cheng et al. (2022); Habib et al. (2022)

Hu and Sheu (2013); Ghorbanzadeh et al. (2020);
Zhang et al. (2019); Jalloul et al. (2022); Habib et
al. (2022)

EM-DAT database (2020); Nikdoost et al. (2022);
Ghorbanzadeh et al. (2020); Zhang et al. (2019);
Jalloul et al. (2022); Habib et al. (2022)

Hu and Shiu (2013); Onan et al. (2015); Jha et al.
(2012); Lee et al. (2022); Babbitt et al. (2019); Jal-
loul et al. (2022); Luther (2010); Ghannad et al.
(2021); Habib et al. (2022)
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Table 2. Scale for pairwise comparisons of risk criteria

Intensity of Importance Definition
1 Equal importance
3 Moderate importance
5 Strong importance
7 Very strong importance
9 Extreme importance
2,4,6,8 Intermediate levels

Table 3. The pairwise comparison matrix

Human Environmental Pollution  Psychological Impact  Economic Disrup- Risk of Hazards from

il Life Risk Risk Risk tion Risk Disaster Waste
Human Life Risk 1 3.2 5.1 6.5 43
Enwronmer?tal Pollution 03125 1 36 52 28
Risk
Psychological Impact Risk 0.196 0.278 1 34 2.1
Economic Disruption Risk 0.154 0.192 0.294 1 0.62
Risk of Hazards from 0.232 0.357 0.476 161 1

Disaster Waste

Table 4. The normalized pairwise comparison matrix and the final weight of risk criteria

Criterion Human Life Risk Environmental Psychological Economic Dis-  Risk of Hazards from Final
Pollution Risk Impact Risk ruption Risk Disaster Waste Weight
Human Life Risk 0.5278 0.6366 0.4871 0.367 0.3974 0.4832
30l e 0.165 0.1989 0.3438 0.2936 0.2588 0.252
tion Risk
Psyd“""g;;f' Impact 0.1035 0.0553 0.0955 0.192 0.1941 0.1281
E°°”°m';isD'fr“p“°” 0.0813 0.0382 0.0281 0.0565 0.0573 0.0523
Risk of Hazards from 0.1225 0.071 0.0455 0.0909 0.0924 0.0844

Disaster Waste

Table 5. The multi-objective mathematical model for the research problem

Prob- @i No. of Areas - No. of Areas - Number of Train Number of ST G S Collecr_lon
Removal And . Waste Removal / Transportation
lem Removal Transportaton Stations TDWMSs
Transportaton Teams Teams
1 1 1 1 1 1 2 2
2 2 1 1 1 1 2 2
3 2 2 1 1 1 2 2
4 2 2 2 1 1 2 2
5 2 2 2 2 2 2 2
6 2 2 2 2 2 3 3
7 3 3 3 2 2 3 3
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Table 6. The assumed scenarios for solving the research problem

No. of Areas - Crisis Man- A LTl
. . No. of Areas  No. of Areas - Train Sta- of Waste  Collection /
Scenario Removal And . TDWMSs agement
- Removal Transportaton tion Removal Transporta-
Transportaton Center .
Teams tion Teams
Gorgan Crisis
Problem Amir Abad Karim Abad Qaleh Mah- Gorg'an Sta- Temporary Management 2 2
1 moud tion Site 1
Center
. Gorgan Crisis
Problem Amir Abafj, Karim Abad Qaleh Mah- Gorgan Sta- Temporary e e ) )
2 Mamayi moud tion Site 1
Center
. . Gorgan Crisis
Problem Amir Abad, Karim Abad, Gorgan Sta-  Temporary
3 Mamayi Shir Ali Abad Qad, Mamoud tion Site 1 Management 2 2
Center
Problem Amir Abad, Karim Abad, Mﬁ?’:\ec:]u d Gorgan Sta-  Temporary helzf:neﬂ:r:st ) )
4 Mamayi Shir Ali Abad roud, tion Site 1 8
Zangiyan Center
Temporary -
Problem Amir Abad, Karim Abad, Qaleh Gprgan Sta. Site 1, Gorgan Crisis
. A Mahmoud, tion, Yampi Management 2 2
5 Mamayi Shir Ali Abad . . Temporary
Zangiyan Station . Center
Site 2
~ Temporary -
Problem Amir Abad, Karim Abad, Oeleln Gprgan Sta. Site 1, SCILENIGED
X L Mahmoud, tion, Yampi Management 3 3
6 Mamayi Shir Ali Abad . . Temporary
Zangiyan Station . Center
Site 2
Amir Abad, Karim Abad, Qaleh Gorgan Sta- Temporaw Gorgan Crisis
Problem . S Mahmoud, . . Site 1,
- Mamayi, Ghor- Shir Ali Zangivan. Shah tion, Yampi Tempora Management 3 3
ban Abad Abad, Yampi glyan, Station .p ry Center
Tappeh Site 2
GCMC= Gorgan Crisis Management Center
Table 7. Probability distribution for generating problem input parameters
Input Unit U (a,b)
Prjk Minute U (200,1000)
Drijk Minute U (10,30)
DC', Minute U (5,15)
DCr', Minute U (5,15)
Dsc' Minute U (5,15)
Wy, Ton U (1000,10000)
CCAP' Ton U (10,20)
LT! Minute U (10,15)
uT! Minute U (5,10)
costr* Billion IRR U (0.1,0.2)
costce' Billion IRR U (0.15,0.25)
costcf Billion IRR U (0.25,0.35)
costt Billion IRR U (0.0001,0.0002)
coste, Billion IRR U (10,30)
costs, Billion IRR U (40,100)
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Table 8. Solving the first MOO problem
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Main Objective Value of Value of
Function the First the Second
(First Objective Objective Objective
Function) Function Function
Solution Based on
the First Objective 6091.6 535.86
Function
Solution Based on
the Second Objec- 8818.8 488.48
- tive Function
5 Max 8818.8 535.86
8
& Min 6091.6 488.48

The number of evaluated points is seven (7).

9500

Pareto Points
540

530
520
510
500
° 490

480
9000 8500 8000 7500 7000 6500 6000 5500 5000

€ 488.48 496376667 504273333 51217 520066667  527.963333 535.86
Value of the First 8818.8 7095.6 7095.6 7095.6 7095.6 7095.6 6091.6

Objective Function

Value of the Second 488.48 493.12 493.12 493.12 493.12 493.12 535.86

Objective Function

The sensitivity analysis of the problems was also con-
ducted to compare road and multimodal transportation
systems. The Pareto values of the objective functions in
different scenarios for two modes of road and multimodal
transport are presented in Tables 17, 18, 19, 20, 21 and 22.

To analyze the impact of geographical distance, Problem
4 was investigated across 10 scenarios with varying trav-
eling time between affected areas and TDWMSs. These
times range from 1 to 30 minutes and were arranged in

Table 9. Solving the second MOO problem

descending order. The basic information for these ten
scenarios is presented in Table 23. Problem 4 was solved
for each scenario and each objective function separately
to determine which waste transport system should be se-
lected for each objective in each area. The results obtained
for the two objective functions are presented in Tables 24
and 25. These results showed that for short distances, the
road transport system is more efficient. As the distance

increases, the multimodal transport performs better.

Main Objective Func- Value of
. Value of the
tion First Obiec- the Second
(First Objective Func- . b Objective
. tive Function .
tion) Function
Solution Based on Pareto Points
the First Objective 8655.4 899.2 950
Function ° 900
Solution Based on
the Second Objective 15347.4 789.1 o 850
Function
o 5 ° 800
£ Max 15347.4 899.2
g 750
o 17000 15000 13000 11000 9000 7000 5000
a Min 8655.4 789.1
The number of evaluated points is seven (7).
€ 789.1 807.45 825.8 844.15 862.5 880.85 899.2
Value of the First 15347.4 10173.8 10173.8 8832.6 8832.6 8832.6 8655.4
Objective Function
Value of the Second 789.1 793.8 793.8 836.86 836.86 836.86 899.2

Objective Function
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Table 10. Solving the third MOO problem

Disaster Prevention and
Management Knowledge

o

Main Objective Value of
. Value of the
Function First Obiective the Second
(First Objective Fun c‘:'ion Objective
Function) Function
Solution Based on Pareto Points 950
the First Objective 8683.4 899.5
Function ® 900
Solution Based on ° 850
the Second Objec- 15429.4 789.3 ° 800
o™ tive Function °
€ 750
2 Max 15429.4 899.5 17000 15000 13000 11000 9000 7000 5000
(o]
&
Min 8683.4 789.3
The number of evaluated points is seven (7).
€ 789.3 807.666667 826.033333 844.4 862.766667 881.133333 899.5
Value of the First 15429.4 10201.8 102018  8860.6 8860.6 8860.6 8683.4
Objective Function
Value of the Second 789.3 794.1 794.1 837.16 837.16 837.16 899.5
Objective Function
Discussion increasing the problem size (in terms of the number of

The findings of this study indicated that the proposed
MOO model was able to simulate and analyze various di-
mensions of the post-disaster waste cleanup process with
appropriate accuracy. In order to evaluate the performance
of the model, seven sample problems with different sizes
were designed and solved using the epsilon-constraint
method. The results from these scenarios showed that

Table 11. Solving the fourth MOO problem

areas requiring debris removal and waste transportation,
the number of TDWMSs, train stations, and operation-
al teams) leads to exponential growth in computational
complexity and processing time. For example, in the first
problem, which had the smallest size, the model achieved
the globally optimal solution in just 1 second, while in
the seventh problem, which had a larger size, only a lo-
cally optimal solution was achieved, despite spending

Main Objective Func- Value of
. Value of the
tion First Obiec- the Second
(First Objective Func- . ) . Objective
. tive Function .
tion) Function .
N Pareto Points
Solution Based on 980
the First Objective 8106.6 961.94
. ° 960
Function
Solution Based on ° 940
the Second Objective 11585.2 883.04 ° 920
Function 900
< °
€ Max 11585.2 961.94 e 880
2 860
[ . 12000 11000 10000 9000 8000 7000 6000 5000
a Min 8106.6 883.04
The number of evaluated points is seven (7).
€ 883.04 896.19 909.34 922.49 935.64 948.79 961.94
Value of the First 11585.2 10239.2 10239.2 8957.1 8784.2 8784.2 8106.6
Objective Function
Value of the Second 883.04 887.8 887.8 919.12 930.7 930.7 961.94

Objective Function
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Table 12. Solving the fifth problem using the epsilon constraint method

Main Objective Value of Value of
Function the First the Second
(First Objective Objective Objective
Function) Function Function
Pareto Points
Solution Based on 960
the First Objective 7827.1 951.96 ®
. 940
Function °
Solution Based on o 920
the Second Objec- 15653.1 878.05 900
tive Functi
"g ve Function . ° 450
3 Max 15653.1 951.96 260
o)
g 17000 15000 13000 11000 9000 7000 5000
Min 7827.1 878.05
The number of evaluated points is seven (7).
€ 878.05 890.368333 902.686667 915.005 927.323333 939.641667 951.96
Value of the First 503 4 9918.5 9918.5 8737.8 8504.3 8504.3 7827.1
Objective Function
Value of the Second g 5 882.77 882.77 909.34 925.71 925.71 951.96

Objective Function

more than 10 hours (36,000 seconds) of computational
time. This finding clearly confirms the NP-Hard nature
of the problem and the limitations of exact methods on
large scales.

Examining the Pareto fronts in all problems showed that
there was a trade-off between the two main goals of the
model, i.e., reducing the time to complete the operation
(taking into account the risk level of the areas) and re-

Table 13. Solving the fifth MOO problem

ducing the total costs, including transportation, equipping
train stations, and constructing TDWMSs. In other words,
choosing solutions that minimize operation time will in-
crease costs, whereas decisions that are less costly will
require more time to complete the operation. This indi-
cates that decision makers have to choose an equilibrium
point on the Pareto front based on policies and operational
priorities.

Main Objective Value of
3 Value of the
Function First Obiec- the Second
(First Objective . ) . Objective
. tive Function .
Function) Function
Pareto Points
Solution Based on 1200
the First Objective 7130.302 1110.04
E . ° 1100
unction o
Solution Based on L] 1000
the Second Objective 15653.1 878.05 o ©
\g Function ® e 900
% Max 15653.1 1110.04 800
E 17000 15000 13000 11000 9000 7000 5000
Min 7130.302 878.05
The number of evaluated points is seven (7).
€ 878.05 916.715 955.38 994.045 1032.71 1071.375 1110.04
Value of the First 15653.1 8837.4 8388.1 7439 7342.6 7130.302 7130.302
Objective Function
Value of the Second 878.05 914.44 950.26 965.24 1017.58 1060.04 1110.04

Objective Function
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Table 14. Solving the sixth MOO problem

Disaster Prevention and
Management Knowledge

o

Main Objective

. Value of the Value of the
e First Objec-  Second Objec-
(s Obl?d'we LS tive Function  tive Function
tion)
Solution Based on
the First Objective 13416.3 2256.74
Function
Ay Solution Based on
€ the Second Objective 28356.2 1955.06
% Function
e
& Max 28356.2 2256.74
Min 13416.3 1955.06

The number of evaluated points is seven (7).

Pareto Points
2400

2300
2200
2100
2000
1900
1800

30000 28000 26000 24000 22000 20000 18000 16000 14000 12000

Note:

Due to the computational time of approximately 36,000 seconds, the global optimal solution was not

obtained.

A comparative analysis of two road and multimodal
(truck/train) transportation systems showed that when
the travel time between the affected areas and TDWMSs
is long, the multimodal transport performs much better.
On average, multimodal transport reduced total operating
time by 30.1% and total costs by 11.3% compared with
road transport. This difference was especially noticeable in
problems with longer travel time, such that at travel times
greater than 20 minutes, road transport lost its efficiency
and the model automatically selected multimodal solu-
tions. In contrast, when the travel time between the affected
areas and the TDWMSs was shorter (as in problems 1 and
2), road transport remained an optimal and efficient option.

The analysis of the model’s sensitivity to regional risk
showed that areas with higher risk (especially in terms of
life risk and environmental pollution) were prioritized for
the allocation of debris removal and waste transportation
teams. This indicates that the AHP used for the risk prioriti-

Table 15. Solving the seventh MOO problem

zation was able to guide the model’s decision-making with
appropriate accuracy. Specifically, in all scenarios, areas
with higher risk scores were covered by operations earlier
than other areas, which indicates that the model results are
consistent with the operational logic of crisis management.

Opverall, the findings of this study revealed that as problem
size increases, solution time grows exponentially, under-
scoring the need for metaheuristic methods at real-world
scales. Additionally, there was a trade-off between time
and cost reduction goals, and the choice of the final solu-
tion depends on the decision-makers’ priorities. For long
distances, the multimodal transport performed better, while
for short distances, road-only transport was more efficient.
The use of the AHP-based risk assessment approach im-
proves the accuracy and effectiveness of team allocation
and demonstrates the adaptability of the proposed model to
real-world conditions in post-disaster operations.

CPU Time (s) State
Problem 1 1 Global Opt
Problem 2 7 Global Opt
Problem 3 35 Global Opt
Problem 4 110 Global Opt
Problem 5 156 Global Opt
Problem 6 734 Global Opt
Problem 7 36000 Local Opt

Darvishi, et al. (2026). A Multi-Objective Optimization Model for Post-Natural Disaster Waste Clean-Up with Multimodal Transport. DMKP. 15(4), 462-509.
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Table 16. The time taken to solve MOO problems

Pareto Points

. Value of the First Objective Function 8818.8 7095.6 7095.6 7095.6 7095.6 7095.6 6091.6
Multimodal Transporta-

tion Value of the Second Objective Function ~ 488.5 493.1 493.1 4931 4931 4931 5359
TC_' Value of the First Objective Function 9202.0 9202.0 9202.0 9202.0 9202.0 9202.0 8650.0
2 Road Transportation
g Value of the Second Objective Function 591.2 591.2 591.2 591.2 591.2 591.2 595.6

- Comparison of the First Objective Function 4.3%  29.7% 29.7% 29.7% 29.7% 29.7% 42.0%
Comparison of the Two

Transportation Models Comparison of the Second Objective Func-

tion 21.0% 19.9% 19.9% 19.9% 19.9% 19.9% 11.1%

Pareto Points
620/0
600/0
580/0
560/0
° 540/0
520/0

500/0
° [ J

480/0
9500/0 9000/0 8500/0 8000/0 7500/0 7000/0 6500/0 6000/0

Table 17. Pareto points of two transportation systems (road and multimodal) in problem 1

Pareto Points

Value of the First Objective 1037 1 101738 10173.8 8832.6 88326 88326 86554

Function
Multimodal Transportation -
Value of the Second Objective 2091 7935 7938 8369 8369 8369 89922
Function
p Va'”e"ft;‘ueni'tfotnObJec“"e 162916 13371.0 133710 117102 117102 11710.2 10893.0
(7] .
= Road Transportation L
Nel
2 Valueof the Second Objective g/ go33  g533 8964 8964 8964 9586
Function
. Comparison of the FirstObjec- ¢ o, 39 400 314%  326%  32.6%  32.6%  25.9%
Comparison of the Two tive Function
Transportation Models Compa_nsqn of the second 7.6% 7.5% 7.5% 71% 71% 71% 6.6%
Objective Function
Pareto Points
1000/0
L 950/0
° ® | 900/0
o
{ ° 850/0
° ° 800/0
750/0
700/0

18000/0  16000/0  14000/0  12000/0  10000/0 8000/0
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Table 18. Pareto points of two transportation systems (road and multimodal) in problem 2

Pareto Points

Value of the First Objective Function 15429.4 10201.8 10201.8 8860.6 8860.6 8860.6 8683.4
Multimodal Transporta-

tion
Value of the Second Objective Function ~ 789.3 794.1 7941 837.2 837.2 837.2 899.5
rg Value of the First Objective Function 18703.0 13399.0 13399.0 11738.2 11738.2 11738.2 10921.0
2 Road Transportation
[e]
a Value of the Second Objective Function 849.0 8536 8536 896.7 896.7 896.7 9589

Comparison of the First Objective Function 21.2% 31.3% 31.3% 32.5% 32.5% 32.5% 25.8%
Comparison of the Two

Transportation Models ; iecti -
C°mpa”s°”°“he;‘i°:“d Objective Func- 5 oot 759 75%  74% 7%  7.1%  6.6%

Pareto Points

1000/0
e 950/0
° ® | 900/0
° ° ° 850/0
® ° 800/0
750/0

700/0
20000/0 18000/0 16000/0 14000/0 12000/0 10000/0 8000/0

Table 19. Pareto points of two transportation systems (road and multimodal) in problem 3

Pareto Points

Valueof the First Objective 1 o0 102392 102392 89571 87842 87842 810656

Multimodal Trans- Function
portation Value of the Second Objective g5 gg78  gg78 9191 9307 9307 9619
Function
< von
c Value of the First Objective a0y ) 135574 118522 117022 107034 107034 106882
&  Road Transporta- Function
g . o
e tion Value of the Second Objective )00 9513 9g35 9935 10262 10262 1088.6
a Function

Comparison of the First Objec- g0 po 35400 158%  30.6%  21.8%  21.8%  31.8%
tive Function

Comparison of the Second 71%  72%  108%  81%  103%  103%  13.2%
Objective Function

Comparison of the
Two Transportation
Models

Pareto Points

1100/0
1050/0
1000/0
° ® 950/0
900/0
850/0

800/0
20000/0 18000/0 16000/0 14000/0 12000/0 10000/0 8000/0
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Table 20. Pareto points of two transportation systems (road and multimodal) in problem 4

Pareto Points

Va'“e°ftheF';s.;SbJeC“"e FUNC- 156531 99185 99185 8737.8 85043 85043 78271

Value of the Second Objective  go0 1 g5 8 838 9093 9257 9257 9520
Function

Va'“e°fthEF':.;?bJe°“"e FUNc- 157728 140848 123622 122217 11169.6 10970.7 10689.9

Value ofthe Second Objective 79, gg35 10185 10399 10743 10994 11386
Function

. Comparison of the First Objective 2o 45 000 246%  39.9%  313% 29.0%  36.6%

Comparison of the Two Function

Transportation Models Comparlsor} of the Sgcond Objec- 115%  114% 154% 144% 161% 18.8%  19.6%
tive Function

Multimodal Transportation

Road Transportation

Problem 5

Pareto Points

° 1150/0

® 1100/0

®
1050/0

1000/0
® 950/0
o 900/0
® [ ]
850/0
17500/0  15500/0 13500/0 11500/0  9500/0  7500/0

Table 21. Pareto points of two transportation systems (road and multimodal) in problem 5

Pareto Points

Valueof the First Objective . coca ) ga374 83881 74390 73426 71303 71303

Multimodal Function
Transportation  Value of the Second Objective 701 9144 9503 9652 10176 10600 11100
Function
° en
£ Value of the First Objective 160176 130660 121233 106821 101600 100605 95285
&  Road Transpor- Function
2 . o
2 tation Valueofthe Second Objective  g79, 10154 10429 10776 11167 11418 119756
Function
Comparison  Comparison of the First Objec- 7 jo 4780, 4259  436%  384%  411%  33.6%
of the Two tive Function
Transportation Comparison of the Second o S o o o o o
Nitols Objective Function 11.5%  11.0%  98%  116%  9.7% 7.7% 7.9%
Pareto Points
1250/0
° 1200/0
! 1150/0
® ® 1100/0
[ )
® ® 1050/0
e e 1000/0
e °
° 950/0
L 900/0
°
850/0

18000/0 16000/0 14000/0 12000/0 10000/0 8000/0 6000/0

""""""""" 480
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Table 22. Pareto points of two transportation systems (road and multimodal) in problem 6

Disaster Prevention and
Management Knowledge

AreasRe- WVaste Dis- Distance to the Temporary Waste Management Site
wirin Volume tance
?Nast(f of the to the Sce- Sce- Sce- Sce- Sce- Sce- Sce- Sce- Sce- Sce-
Removal Area train nario nario nario nario nario nario nario nario nario nario
(ton) station 1 2 3 4 5 6 7 8 9 10
Areal 2000 14 1 2 3 4 5 6 7 8 9 10
<
I Area 2 4000 2 2 4 6 8 10 12 14 16 18 20
[}
re)
g Area 3 3000 14 3 6 9 12 15 18 21 24 27 30
Area 4 1000 10 4 7 9 11 14 16 18 20 23 25
Conclusion indicates that the model is not only theoretically valid but

By the proposed MOO model for post-disaster waste
cleanup, we can achieve a relative balance between two
conflicting goals: Reducing the time to complete the oper-
ations and minimizing total operational costs. At the same
time, by guiding the allocation of cleanup teams based
on the risk level, it brings the decision-making process
closer to the field realities of post-disaster operations. This

also practically applicable and usable in real disaster situ-
ations. The choice between road and road/rail transports
depend on the geographical distance between the affected
areas and final disposal sites. When distances are short,
road transport is more efficient, enabling operations to be
completed in less time and at lower cost. In contrast, as
distances increase, combined truck-train transportation
offers a significant advantage, resulting in simultaneous

Table 23. The scenarios of problem 4 for assessing the impact of geographical distance (travel time)

AreasRe- \Vaste Dis- Waste Transportation Model Strategy (Solution Based on the Second Objective Function)
i Volume tance
Waste of the tothe  geo. Sce- Sce- Sce- Sce- Sce- Sce- Sce- Sce- Sce-
Removal  Area el nario nario nario nario nario nario nario  nario  nario  nario
(ton)  station 1 2 3 4 5 6 7 8 9 10
Areal 2000 14 Road Road Road Road Road Road MU Road  Road  MMIE-
modal modal
< Area2 4000 ) Road Road Road Multi-  Multi-  Multi-  Multi-  Multi-  Multi-  Multi-
g modal modal modal modal modal modal modal
o)
(] i- i- i- i- i- i-
& Area3 3000 14 Road Road Road Road MU Multi- - Multi- Mult-  Multi- - Muld
modal modal modal modal modal modal
Area 4 1000 10 Road Road Road  Multi- Multi- - Muld- oo Multi- - Multi- - Muld-
modal modal modal modal modal modal

Table 24. Results of solving ten scenarios for problem 4 using the first objective function

Areas Re- Waste Dis- Waste Transportation Model Strategy (Solution Based on the Second Objective Function)
ol Volume tance
Waste of the tothe  gee. Sce- Sce- Sce- Sce- Sce- Sce- Sce- Sce- Sce-
Removal  Area Welly nario nario nario nario nario nario nario nario  nario  nario
(ton)  station 1 2 3 4 5 6 7 8 9 10
Area 1 2000 14 Road Road Road Road Road Road Multi- Road Road Multi-
modal modal
Multi-  Multi-  Multi-  Multi-  Multi-  Multi-  Multi-
<
g Area 2 4000 2 Road Road Road modal modal modal modal modal modal modal
<)
S g g g g g y
£ Area3 3000 14 Road Road Road Road MMIfi- Mult-Multi- - Multi- - Muld- - Mult
modal modal modal modal modal modal
Area 4 1000 10 Road Road Road MMt Multh o Multi- gy Multi- - Multi- - Muld-
modal modal modal modal modal modal
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CPU Time (s)

Problem7 Problem6 Problem5

Problem 4

800

700

600

500

400

300

200

100

Problem 3  Problem2 Problem 1

Figure 4. Comparison of the CPU times for solving seven MOO problems

reductions in cost and operating time. Numerical results
showed that in such conditions, using a multimodal ap-
proach leads to a reduction by about 30% in total op-
erational time and a reduction by more than 11% in op-
erational costs, confirming the importance of designing
resilient and flexible transportation networks.

According to the results, the AHP method optimized the
allocation of operational teams, enabling waste cleanup
operations to cover higher-risk areas sooner. This shows
that combining mathematical optimization methods with
multi-criteria decision-making approaches can be a pow-
erful tool for crisis managers and significantly increase
the effectiveness of post-disaster interventions.

From a computational perspective, the MOO model was
well-suited to small-scale problems, and globally optimal
solutions were obtained in a very short time. However,
as the problem size increased, the solution time increased
exponentially, and in some cases, only locally optimal
solutions were obtained, even after several hours. This
finding indicates that, although the MOO model is con-
ceptually and structurally powerful, for large-scale prob-
lems it requires the development and application of me-
taheuristic methods and advanced algorithms to achieve
high-quality solutions within a reasonable time. From an
applied perspective, the model can enhance the resilience
of post-disaster logistics networks, improve resource al-
location, and mitigate the negative environmental and so-
cial impacts of inefficient waste management.

The results of this study provide a comprehensive and
practical framework for post-disaster waste management
that can help managers and policymakers select optimal
strategies. By simultaneously considering time, cost, and
risk, this framework enables decision-makers to select
solutions appropriate to real-world conditions and opera-
tional constraints. For future studies, it is recommended
that the optimization model be field validated in the con-
text of real-world scenarios while simultaneously incor-
porating uncertainties about infrastructure availability and
transportation capacities. The integration of metaheuristic
algorithms and Al can pave the way for achieving high-
quality solutions for problems on a large scale. This can
make the proposed model not only theoretically richer
but also a practical, efficient tool for disaster management
and for reducing its destructive effects on vulnerable
communities.
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2. Temporary Disaster Waste Management Sites

1. Disaster Waste Management
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3. Analytical Hierarchy Process (AHP)
4. e-Constraint
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5. Analytical Network Process
6. Fuzzy Topsis
7. Geographic Information System (GIS)
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