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c Department of Production, University of Vaasa, 65200 Vaasa, Finland 
d School of Civil and Resource Engineering, University of Science and Technology Beijing, Beijing, 100083, PR China   

A R T I C L E  I N F O   

Keywords: 
Multi-period post-disaster relief distribution 
Hierarchical decisions 
Sustainable humanitarian supply chains 
Fuzzy bi-level integer programming model 
Hybrid global criterion method 

A B S T R A C T   

In the aftermath of large-scale natural disasters, supply shortage and inequitable distribution cause various 
losses, hindering humanitarian supply chains’ performance. The optimal decisions are difficult due to the 
complexity arising from the multi-period post-disaster consideration, uncertainty of supplies, hierarchal decision 
levels and conflicting objectives in sustainable humanitarian supply chains (SHSCs). This paper formulates the 
problem as a fuzzy tri-objective bi-level integer programming model to minimize the unmet demand rate, po-
tential environmental risks, emergency costs on the upper level of decision hierarchy and maximize survivors’ 
perceived satisfaction on the lower level of decision hierarchy. A hybrid global criterion method is devised to 
incorporate a primal-dual algorithm, expected value and branch-and-bound approach in solving the model. A 
case study using data from the Wenchuan earthquake is presented to evaluate the proposed model. Study results 
indicate that the hybrid global criterion method guides an optimal strategy for such a complex problem within a 
reasonable computational time. More attention should be attached to the environmental and economic sus-
tainability aspects in SHSCs after golden rescue stage. The proposed bi-level optimization model has the ad-
vantages of reducing the total unmet demand rate, total potential environmental risks and total emergency costs. 
If the decision-agents with higher authorities act as the leaders with dominant power in SHSCs, the optimal 
decisions, respectively taking hierarchical and horizontal relationships into account would result in equal 
performance.   

1. Introduction 

The International Disaster Database (EM-DAT) has reported that the 
number of both large-scale natural disasters and the affected people has 
rocketed in recent years. Such disasters include, for instance, earthquake 
and tsunami in Indonesia in 2018, earthquake in Nepal in 2015, Okla-
homa massive tornado in the USA in 2013, Wenchuan Earthquake and 
Southern Snowstorm in China in 2008, Hurricane Katrina in the USA in 
2005, which led to massive casualties, property losses and environ-
mental disruptions resulting in adverse effects on sustainable develop-
ment. A series of rescue activities should be performed promptly to cope 
with disasters. It is acknowledged that 80 per cent of these activities 
concerns logistics in humanitarian supply chains (HSCs) (Li et al., 2019; 
Van Wassenhove, 2006). Therefore, the successful implementation of 
emergency logistics campaigns should reduce social, environmental and 

economic losses (Liu et al., 2018; Chen et al., 2016). The study of the 
post-disaster relief distribution problem in HSCs is pressing. 

In the aftermath of large-scale natural disasters, there are different 
relief-demand and supply characteristics in different response phases 
caused by new and different information on relief-demand and supply in 
the future periods. As clarified by Hoyos et al. (2015), the multi-period 
approach is an efficient way to capture dynamic features and deal with 
the uncertain features concerning post-disaster relief distribution. Often, 
relief requirements in the affected areas sharply increase immediately 
after the disaster, but limited supply can be offered by humanitarian or 
emergency organizations, especially within the golden rescue stage. 
Sometimes such a supply shortage can be extended to the latter response 
phases. Therefore, it would result in insufficient supply and unfulfilled 
needs (Moreno et al., 2018; Cao et al., 2018). 

Furthermore, the amounts of available relief are likely to be 
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uncertain within the response phases due to the possible destruction of 
relief-supply points. In other words, it is difficult to accurately estimate 
relief-supply based on incomplete information during the whole 
response phase, even though information will be updated with the 
evolution of the disasters. Besides, rescue activities also have uncertain 
attributes (Gao and Cao, 2020b). Consequently, integration of uncertain 
and insufficient supplies with multiple periods into the post-disaster 
relief distribution problem becomes more practical but challenging. 

Practical cases also indicate typical hierarchical relationships among 
beneficiaries in post-disaster relief distribution in HSCs (Gao, 2019; 
Safaei et al., 2018a; Camacho-Vallejo et al., 2015). Often, the activities 
of post-disaster relief distribution involve multiple decision-agents from 
different hierarchies. Thus, it is crucial to understand the trade-offs of 
different rescue objectives from the perspective of hierarchical re-
lationships. Consequently, an integrated approach for post-disaster re-
lief distribution needs to be studied thoroughly. 

To contribute to social, environmental and economic sustainable 
development and relieve survivors’ suffering, the incorporation of sus-
tainable development into post-disaster relief distribution activities 
seems essential. It is following the Yokohama Strategy and Plan of Ac-
tion for a Safer World (1994), Hyogo Framework for Action 2005–2015 
(2005), and Sendai Framework for Disaster Risk Reduction 2015–2030 
(2015) adopted by United Nations, which underlined the importance 
and urgency of such issues from a strategic perspective. From an oper-
ational viewpoint, supply shortage and inequitable distribution would 
create social troubles, thus undesirable influences on social stability and 
sustainability (Cao et al., 2018). To cope with the challenges, social costs 
are soaring (Cantillo et al., 2018; Ni et al., 2018; Holguin-Veras et al., 
2012, 2013). Furthermore, transportation in humanitarian logistics 
would inevitably produce emissions such as CO2, thus hazardous im-
pacts on the environment in almost all modes of transport (Vega-Mejia 
et al., 2017; Jaehn, 2016). Besides, disaster waste generated from food, 
medicine and others may damage the environment, thus increasing 
potential environmental risks (Hu and Sheu, 2013). The overwhelming 
majority of post-disaster relief distribution activities need fund support 
from both short- and long-term perspective. The quantities of the relief 
transported, the length of the distance travelled, and the type of vehicles 
all would significantly affect the costs, thus unfavourable effects on 
economic sustainability (Laguna-Salvadó et al., 2019; Zhang et al., 
2018; Jaehn, 2016). 

In this context, incorporating sustainable development into HSCs 
seems necessary and urgent. Unfortunately, the above-stated factors, i.e. 
multiple periods, insufficient and uncertain supplies, and different hi-
erarchies, challenge the sustainability of HSCs. Great attention should be 
paid to integrate such issues in sustainable humanitarian supply chains 
(SHSCs). In this paper, sustainability is defined as the ability to motivate 
the coordinated evolutionary of a system’s overall state towards a better 
direction beneficial for all stakeholders in terms of social, environmental 
and economic objectives. Notably, this paper concentrates on the sus-
tainability requirements of both the rescue process and humanistic care 
for survivors rather than the affected areas. 

Although traditional post-disaster relief distribution in HSCs has 
received considerable attention in recent years, the study with the 
concern of different sustainability dimensions is still in its early stage. 
Firstly, the application of management science methods into measuring 
social, environmental and economic sustainability under disaster 
context needs to be further investigated. Secondly, an integrated multi- 
period post-disaster relief distribution issue, considering hierarchical 
relationships, uncertain and insufficient supplies in SHSCs is still an 
emerging and promising topic. Thirdly, the formulation and solution 
strategies of combining sustainable objectives with traditional post- 
disaster relief distribution problems need to be studied in depth. 

According to an overview of the existing literature, despite re-
searchers have made significant progress in related fields, the following 
research question is still open: How to optimize the amounts of relief 
distributed from RDCs (relief distribution centres) to EDPs (emergency 

demand points), and then to ASAs (affected specific areas) by consid-
ering uncertain and insufficient supplies with multiple periods from the 
perspective of hierarchical relationships within different response pha-
ses, to alleviate the suffering of survivors and achieve the goals of social, 
environmental and economic sustainability from all beneficiaries? 
Motivated by the above research question and challenges, a fuzzy bi- 
level programming model is used to formulate the hierarchical de-
cisions on multi-period post-disaster relief distribution in SHSCs con-
sisting of RDCs, EDPs and ASAs within the response phases. The 
proposed model is then solved by a hybrid global criterion method 
(HGCM) incorporating a primal-dual algorithm, expected value and 
branch-and-bound approach. Additionally, the impacts of different 
transformation coefficients, different scenarios and different decision 
modes on the performance of SHSCs are examined by a case study from 
the Wenchuan earthquake. 

In summary, the contributions of this paper manifest the following 
aspects. Firstly, the focus of the sustainability in disaster context is 
extended from the affected areas to rescue process. Sustainability is also 
quantitatively measured and incorporated into post-disaster relief dis-
tribution strategies. Secondly, an integrated model incorporating hier-
archical relationships, multi-period, uncertain and insufficient supplies, 
equitable principle, multi-depot, multi-destination in SHSCs is devel-
oped to provide a holistic view of operations in SHSCs. Furthermore, the 
uncertainties of post-disaster relief distribution activities are modelled 
by multi-period, triangular fuzzy numbers, different scenarios, decision 
modes, and different instances to reflect the operational characteristics. 
Thirdly, such a problem is formulated as a tri-objective integer pro-
gramming model to minimize the unmet demand rate, potential envi-
ronmental risks, and emergency costs on the upper level of decision, and 
to maximize survivors’ perceived satisfaction (SPS) for the whole 
disaster response decision system on the lower level of decision. Thus, 
the model is capable of providing transparent guidelines for decision- 
makers at different hierarchies. Further, we devise a solution frame-
work HGCM which embeds with a primal-dual algorithm, expected 
value and branch-and-bound approach. 

The remainder of this paper is organized as follows. In Section 2, a 
systematic literature review on SHSCs is presented. Problem description 
regarding multi-period post-disaster relief distribution in SHSCs is given 
in Section 3. In Section 4, a fuzzy tri-objective bi-level integer pro-
gramming model is used to formulate this problem. An HGCM is 
designed to solve the proposed model in Section 5. The proposed model 
and solution strategies are illustrated and applied to the Wenchuan 
earthquake case in Section 6. Finally, Section 7 gives the findings and 
future research directions. 

2. Literature review 

In recent years, there is a growing awareness of the post-disaster 
relief distribution problem in both fields of HSCs and SHSCs. This sec-
tion reviews relevant literature focusing on sustainability, uncertainties 
and hierarchical relationships of the problem. The literature review is 
divided into three streams. The first stream focuses on the formulation of 
sustainability. The second one concerns the post-disaster relief distri-
bution and its features. The third one concentrates on bi-level optimi-
zation models under disaster context and the relevant solution 
strategies. Each stream’s critical papers are summarized in Table 1 to 
present the differences in studies regarding sustainability, problem 
characteristics, model features, and solution strategy. 

2.1. Formulation of sustainability 

A critical issue in studying sustainability is how to measure it. The 
related work can be concluded from the viewpoint of commercial and 
disaster supply chains. In commercial supply chains, Carter and Rogers 
(2008), Hsueh (2015) indicated that sustainable supply chain and its 
management as an emerging topic were widely debated in the 
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commercial field. Besides, they used the triple-bottom-line approach to 
formulate sustainability. Nevertheless, how to interpret and characterize 
sustainability regarding disaster context is still an issue (Li et al., 2019; 
Cao et al., 2018; Dubey and Gunasekaran, 2016). Although the Yoko-
hama Strategy and Plan of Action (1994) addressed the close relation-
ship of disaster rescue activities and sustainable development, its study 
is still in its infancy stage with some studies appearing in recent years. 
Cao et al. (2017) used respectively setup times, carbon emissions and 
emergency costs to characterize social, environmental and economic 
concerns regarding emergency organization allocation problem in 
SHSCs. Regarding the sourcing strategies for humanitarian relief items, 
van Kempen et al. (2017) formulated environmental sustainability as 
carbon dioxide emissions, measured economic sustainability as total 
costs, and linked social sustainability with fairness, workers and the 
local community. Li et al. (2019) applied trust to capture social sus-
tainability and dependent relationships between the rescue organization 
and the private sector in SHSCs. Other contributors include Wei et al. 
(2015), Moreno et al. (2018), Zhang et al. (2018), Cao et al. (2018), 
Laguna-Salvadó et al. (2019), and Boostani et al. (2020), who employed 
emergency costs and carbon dioxide emissions to respectively measure 
economic and environmental sustainability, linked social sustainability 
with reliability, deprivation costs, travel time, SPS, local empowerment, 
social welfare. 

Overall, Table 1 demonstrated that most of the studies focused on 
either traditional HSCs or sustainable commercial supply chain, but 
SHSCs were ignored. The existing studies in SHSCs were keen on un-
derstanding the affected areas’ sustainability during the recovery phase. 

Nevertheless, seldom any study focused on the rescue process involved 
in post-disaster relief distribution during the response phase. In the 
literature, the systematic analysis framework and triple-bottom-line 
were two standard methods to characterize sustainability, especially 
for qualitatively establishing a theoretical framework or a series of in-
dicators to measure the affected areas’ sustainability performance. Yet, 
how to employ mathematical programming techniques to quantitatively 
formulate the rescue process’s sustainability performance concerning 
post-disaster relief distribution activities is still an open question. 

2.2. Post-disaster relief distribution and its features 

In terms of HSCs, there are several popular topics, including relief 
distribution, location, vehicle routing, and evacuation (Dubey et al., 
2019; Nezhadroshan et al., 2020). As highlighted by Holguin-Veras et al. 
(2013), post-disaster relief distribution as the critical component of 
HSCs has been explored by many researchers. 

In the context of certainty, Camacho-Vallejo et al. (2015) studied aid 
distribution problems from international rescue organizations to stra-
tegic storage centres, then to affected areas. The study took into account 
hierarchical relationships, single period, sufficient supply, multiple de-
pots and destinations. Cao et al. (2018) addressed relief distribution 
problems in SHSCs consisting of RDCs, EDPs, and ASAs, and considered 
social sustainability, multiple periods, insufficient supply, regional 
management, and equitable principle. Whereas, a set of uncertainties in 
demand, supply, transportation and others challenge the practice in the 
aftermath of large-scale natural disasters. In uncertain contexts, Liu et al. 

Table 1 
Summary of sustainability, problem characteristics, model features, and solution strategy supported by the existing models in the literature whose contribution is 
related to stream (1), (2), or (3).  

Reference Year Streama Sustai.b Problem characteristics Model features Solution 
strategy 

Period 
(s)c 

Contextd Uncertain 
suppl.e 

Depot Destin. Attrib.f Obj.g Main 
obj.h 

Wei et al. 2015 1,2 Yes Multi. Suffi. – Multi. Multi. Single Single 3 Exact 
Cao et al. 2018 1,2 Yes Multi. Insuffi. – Multi. Multi. Single Multi. 1 Heur. 
Moreno et al. 2018 1,2 Yes Multi. Insuffi. Stochastic Multi. Multi. Single Multi. 1,3 Heur. 
Zhang et al. 2018 1,2 Yes Single Insuffi. – Multi. Multi. Single Multi. 1,2,3 Heur. 
Laguna-Salvadó et al. 2019 1,2 Yes Multi. Suffi. – Multi. Multi. Single Multi. 1,2,3 Exact 
Boostani et al. 2020 1,2 Yes Single Insuffi. – Multi. Multi. Single Multi. 1,2,3 Exact 
Fiedrich et al. 2000 2 No Multi. – – Multi. Multi. Single Single 4 Heur. 
Barbarosoglu and 

Arda 
2004 2 No Multi. – Stochastic Multi. Multi. Single Single 3 Heur. 

Sheu 2007 2 No Multi. Insuffi. Interval Multi. Multi. Single Multi. 1,3 Exact 
Balcik et al. 2008 2 No Multi. Insuffi. RHF Single Multi. Single Single 1,3 Exact 
Lin et al. 2011 2 No Multi. Insuffi. – Single Multi. Single Multi. 1,4 Heur. 
Huang et al. 2012 2 No Single Insuffi. – Single Multi. Single Single 1,4 Heur. 
Huang et al. 2015 2 No Multi. Insuffi. – Single Multi. Single Multi. 1,3 Exact 
Mohammadi et al. 2016 2 No Single Insuffi. – Multi. Multi. Single Multi. 1,3,4 Heur. 
Zhou et al. 2017 2 No Multi. Insuffi. – Multi. Multi. Single Multi. 4 Heur. 
Camacho-Vallejo et al. 2015 2,3 No Single Suffi. – Multi. Multi. Multi. Single 4 Exact 
Gutjahr et al. 2016 2,3 No Single Insuffi. – Multi. Multi. Multi. Multi. 3,4 Exact 
Safaei et al. 2018a 2,3 No Multi. Insuffi. – Multi. Multi. Multi. Single 3 Exact 
Safaei et al. 2018b 2,3 No Multi. Suffi. – Multi. Multi. Multi. Multi. 1,3 Exact 
Gao 2019 2,3 No Single – – Multi. Multi. Multi. Single 1 Exact 
Li and Teo 2019 2,3 No Multi. Suffi. – Multi. Multi. Multi. Single 4 Heur. 
Kamyabniya et al. 2019 2,3 No Multi. Insuffi. Fuzzy Multi. Multi. Multi. Single 4 Exact 
Chen et al. 2020 2,3 No Single Insuffi. – Multi. Multi. Multi. Single 4 Heur. 
Haeri et al. 2020 2,3 No Multi. Suffi. – Multi. Multi. Multi. Multi. 1,3 Exact 
This paper 1,2,3 Yes Multi. Insuffi. Fuzzy Multi. Multi. Multi. Multi. 1,2,3 Exact  

a Three streams are 1. Formulation of sustainability in humanitarian logistics applying mathematical programming approach; 2. Post-disaster relief distribution 
problem with the concern of different features; 3. Bi-level optimization models under disaster context. 

b It indicates whether sustainability is explicitly considered into humanitarian logistics. 
c It shows that the problem considered in humanitarian logistics is either single-period or multi-period. 
d This term demonstrates whether the supplies are sufficient. Note that ‘-’ represents this situation is not mentioned clearly in the text. 
e Uncertain supply of relief is formulated by stochastic, interval, fuzzy numbers, and RHF. Notably, ‘-’ indicates the supply of relief is considered as a specific factor or 

others. RHF is the abbreviation of the rolling horizon framework. 
f The proposed mathematical programming model is a single- or multi-level one. 
g The established model has single or multiple objectives. Primarily, it only considers the objectives of the upper level if the model is a bi-level one. 
h It demonstrates that which concerns are considered into the main objective(s). 1. Social, 2. Environmental, 3. Economic, 4. Others. 
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(2019) attached the uncertainties in demand and transportation to the 
post-disaster relief distribution problem. Zhang et al. (2020) applied 
distributionally robust optimization theory to design humanitarian re-
lief networks with the concern of resource reallocation, uncertainties in 
transportation time, demand, and freight. 

To sum up, according to Table 1, uncertain demand and trans-
portation were usually considered in relief distribution problems, yet 
uncertainties in supply were often ignored. Stochastic, interval, fuzzy 
numbers and RHF were popular models in capturing uncertain supply. 
Additionally, most of the existing literature concerned one or more 
aspect(s) but all depicted in Table 1. In other words, the literature still 
lacked an integrated approach for post-disaster relief distribution 
incorporating sustainability, hierarchical relationships, multiple pe-
riods, fuzzy and insufficient supplies, which is the focus of this paper. 

2.3. Bi-level optimization model and its solution strategies 

Both practical and theoretical studies demonstrate the great impor-
tance of properly constructing and solving the mathematical models for 
post-disaster relief distribution in response to large-scale natural di-
sasters. In particular, hierarchical relationship plays an indispensable 
role in designing relief distribution strategies (Du and Qian, 2016; 
Tatham and Rietjens, 2016). Single- and bi-level mathematical pro-
gramming models are used to respectively characterize horizontal and 
hierarchical relationships (Lu et al., 2016). More details regarding the 
former can be found in Galindo and Batta (2013), Habib et al. (2016), 
Gutjahr and Nolz (2016). 

In terms of hierarchical relationships, bi-level optimization theory, 
though critical, is not often used to model the post-disaster relief dis-
tribution problem. For instance, Camacho-Vallejo et al. (2015), Safaei 
et al. (2018a), Gao (2019), Li and Teo (2019), Kamyabniya et al. (2019), 
and Chen et al. (2020) formulated humanitarian logistics problem with 
different characteristics as the bi-level single-objective mathematical 
programming models. Nevertheless, Gutjahr and Dzubur (2016), Safaei 
et al. (2018b), and Haeri et al. (2020) described different humanitarian 
logistics issues as the bi-level multi-objective ones. Besides, both exact 
and heuristic algorithms are designed to solve the proposed bi-level 
programming models. With exact approaches, there are primal-dual 
algorithm, epsilon-constraint, branch-and-bound, K-best and others. 
Heuristics include differential evolution and genetic algorithms (Li and 
Teo, 2019; Chen et al., 2020). More details of bi-level optimization and 
its solution methods can be found in Lu et al. (2016). 

In summary, Table 1 indicated that a single-level mathematical 
programming model was more prevalent in formulating the post- 
disaster relief distribution problem. The objectives were always 
related to cost, time or distance, fatalities, among others. Nevertheless, 
for post-disaster relief distribution with fuzzy and insufficient supplies in 
SHSCs, a multi-period bi-level tri-objective integer programming model 
to minimize unmet demand rate, potential environmental risks and 
emergency costs on the upper level of decision hierarchy, as well as 
maximize SPS on the lower level of decision hierarchy could only be 
found in very limited studies. Furthermore, the design of the algorithms 
to solve single-level mathematical models and bi-level single-objective 
ones was relatively popular in the literature. However, the studies rarely 
considered the design of the approaches to solve bi-level multi-objective 
programming models. 

3. Problem description 

Hoyos et al. (2015) and Anaya-Arenas et al. (2014) highlighted that 
response phase should be appropriately refined to deal with the un-
certainties of large-scale natural disasters, thus reducing their impacts 
on society, environment, economy and the suffering of survivors. Cao 
et al. (2018) further subdivided response phase into golden rescue, 
buffer rescue and emergency recovery stage. The essential nature of such 
action (namely multi-period) well reflects the dynamic features 

concerning supplies, demands, transportation, and others participating 
in post-disaster relief distribution. In this context, this paper leverages 
the insights to design multi-period post-disaster relief distribution stra-
tegies. Further discussion can be found in Cao et al. (2018). 

One of the most critical tasks during the response phase is to design 
appropriate and efficient post-disaster relief distribution schemes. 
Decision-agents need to distribute the best goods for the greatest number 
to the beneficiaries (e.g. survivors) at the right time (Balcik et al., 2008). 
Such a scheme can reduce unmet demand rate, environmental impacts, 
emergency costs, and survivors’ suffering. Notably, this paper only 
considers a set of logistics activities from RDCs to EDPs, then to ASAs. As 
a result, a conceptual framework with the concern of post-disaster relief 
distribution in SHSCs is depicted in Fig. 1. 

In Fig. 1, RDCs (1st layer) aims to store the received relief from 
external suppliers such as enterprises. In general, RDCs located in the 
non-affected areas are far from the disaster spot and controlled by 
decision-agents in commander centres. EDPs (2nd layer) generally 
located in the affected areas receive relief from RDCs and send out a 
signal on relief-demand. Each EDP can be refined into three types of 
ASAs, including search-rescue areas (SRAs), temporary treatment areas 
(TTAs), and slight or no injuries in temporary settlement areas (TSAs). 
Particularly, ASAs (3rd layer) represent a cluster of different kinds of 
survivors respectively located in SRAs, TTAs and TSAs. These survivors 
would evaluate the post-disaster relief distribution strategies developed 
by decision-agents. Different types of ASAs could be regarded as 
different types of emergency tasks. Besides, the number of RDCs and 
their locations are assumed to be given. Such information can be pre- 
specified in the corresponding strategic planning of national disaster 
management (Sheu, 2007). Meanwhile, both the number of EDPs and 
ASAs controlled by local governments and their locations are known by 
advanced technologies for simplifying the analysis. 

The above description also demonstrates that beneficiaries such as 
decision-agents and survivors have hierarchical relationships. Conse-
quently, post-disaster relief distribution in SHSCs can be defined as a 
typical leader-follower optimization problem. More specifically, 
decision-agents with higher authority determine the amounts of relief 
transported to EDPs for each period and focus on reducing unmet de-
mand rate, potential environmental risks and emergency costs for all 
periods on the upper level of decision hierarchy. Thus, the sustainability 
of HSCs can be achieved from social, environmental and economic as-
pects. On the lower level of decision hierarchy, decision-agents with 
lower authority concentrate on enhancing the SPS or decreasing the 
suffering of survivors by optimizing the amounts of relief distributed to 
ASAs for all periods, to achieve the sustainability of HSCs from the 
perspective of survivors. 

In particular, this paper defines sustainability of HSCs from a broad 
perspective, which differs from the previous researches. In terms of so-
cial sustainability of survivors’ viewpoint, the insights of Cao et al. 
(2018) are leveraged to use total SPS to measure the suffering of 

Fig. 1. A conceptual framework with the concern of post-disaster relief dis-
tribution in SHSCs. 
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survivors. Furthermore, we simultaneously take into account equity 
needs fulfilment, access of beneficiaries, EDPs, and ASAs (Haavisto and 
Kovacs, 2014). Total unmet demand rate is employed to characterize 
social sustainability under managers’ perspective (Lin et al., 2011). 
Since the number of the delivered relief to the affected areas is one of the 
most critical factors to affect the survivors’ perception, the fulfilment 
rate of relief-demand exerts direct impacts on achieving social objec-
tives. In line with the existing literature, the economic dimension of 
sustainable development is formulated by total emergency costs spent 
transporting relief from RDCs to ASAs (Boostani et al., 2020; 
Laguna-Salvadó et al., 2019). The environmental dimension of sustain-
ability is captured by potential environmental risks derived from carbon 
emissions produced by transportation activities, and disaster waste 
generated by food, medical materials, and others in ASAs. The focus here 
intends to reduce potential environmental risks only through optimizing 
the post-disaster relief distribution strategies. Namely, excessive po-
tential environmental risks are merely caused by inappropriate distri-
bution strategies rather than others. Particularly, Cao et al. (2017), Wu 
et al. (2017) delineated that energy-consumed was always related to 
distance, time, and so on. To a large extent, other terms can be replaced 
by time through some transformations (Absi et al., 2016; Ni and Jia, 
2015). Thus, average carbon emissions per hour are assumed to be 
known for simplification. Regarding potential environmental risks from 
disaster debris, different risk coefficients would be attached to various 
types of ASAs since disaster waste from different ASAs may have 
different influences on the environment (Hu and Sheu, 2013). 

Besides, the uncertainties of large-scale natural disasters are 
measured by multi-period, triangular fuzzy numbers, different sce-
narios, decision modes, and different instances in a discrete manner. In 
this sense, this paper concentrates on post-disaster relief distribution 
problem considering sustainability, multi-period, hierarchical relation-
ships, equity, fuzzy and insufficient supplies, split and non-split demand, 
multi-depot, multi-destination. 

4. A fuzzy bi-level programming model formulation for multi- 
period post-disaster relief distribution in SHSCs 

4.1. Notations of parameters and variables 

Indices and main sets. 

S Set of s periods, indexed by s, and s ∈ S 
I Set of i RDCs, indexed by i, and i ∈ I 
J Set of j EDPs, indexed by j, and j ∈ J 
K Set of k ASAs, indexed by k, and k ∈ K 
M Set of m means of transportation indexed by m, and m ∈ M =

{1,2, 3} = {sea, land,air}

Parameters. 

ts
ijm Average time spent in delivering each thousand kits employing 

transportation m from RDC i to EDP j in period s 
ts
jkm Average time spent in distributing every thousand kits employing 

transportation m from EDP j to ASA k in period s 
A1

ijm Carbon emissions per hour spent in delivering every thousand 
kits employing transportation m from RDC i to EDP j 
A2

jkm Carbon emissions per hour spent in distributing every thousand 
kits employing transportation m from EDP j to ASA k 
a1

ijm Cost spent in delivering every thousand kits employing trans-
portation m from RDC i to EDP j 
a2

jkm Cost spent in distributing every thousand kits employing trans-
portation m from EDP j to ASA k 

Q̃s
i Inventory amounts of relief in RDC i in period s, measured by a tri- 

angle fuzzy number, and Q̃s
i = (Qs

iL,Qs
iH,Qs

iU)

Ds
j Expected amounts of relief in EDP j in period s 

Ds
k Expected amounts of relief in ASA k in period s 

ws
j Weights of EDP j, determined by their damaged level and others in 

period s 
ws

k Weights of ASA k, determined by survivors’ injury severity and 
others in period s 
ηs

j Acceptable level towards received relief of survivors located in 
EDP j in period s 
ηs

k Acceptable level towards received relief of survivors located in 
ASA k in period s 
γk Risk coefficient of disaster waste per thousand units on the envi-
ronment in ASA k 
κ Risk coefficient of carbon emissions per kilogram on the environ-
ment 
ρ Coefficient regarding the transformation of relief into disaster 
waste 

Decision variables. 

xs
ijm Actual amounts of relief delivered employing transportation m 

from RDC i to EDP j in period s 
ys

jkm Actual amounts of relief distributed employing transportation m 
from EDP j to ASA k in period s 

4.2. Assumptions 

Assumption 1. Relief needed by all ASAs is assumed to be managed 
and distributed in RDCs, and secondary disasters are excluded from this 
paper. 

Assumption 2. Relief has been bundled with an appropriate propor-
tion from similar cases, and we consider each survivor is only assigned to 
one basic kit. 

Assumption 3. Split demand for relief for each EDP and ASA can be 
satisfied by multiple supplies. 

Assumption 4. Both RDCs and ASAs represent a cluster of survivors, 
and demand signals on relief are from SRAs, TTAs and TSAs. 

Assumption 5. Although the means of transportation including sea, 
land, and air are limited, the corresponding available amounts of ships, 
vehicles and aircraft are sufficient. 

4.3. A fuzzy tri-objective multi-period bi-level integer programming model 
formulation 

As mentioned above, hierarchical relationships amongst benefi-
ciaries in SHSCs can be characterized by leader-follower optimization 
theory. In this subsection, a fuzzy tri-objective multi-period bi-level 
integer programming model (M0) is defined by Equations (1)–(12). 

min
xs

ijm ,y
s
jkm

∑

s∈S

(

2 −

(
∑

i∈I

∑

j∈J

∑

m∈M
ws

j x
s
ijm

/
Ds

j +
∑

j∈J

∑

k∈K

∑

m∈M
ws

kys
jkm

/
Ds

k

))

(1)  

min
xs

ijm ,y
s
jkm

(
∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
κA1

ijmts
ijmxs

ijm +
∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
κA2

jkmts
jkmys

jkm

)

+
∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
γkρys

jkm (2)  

min
xs

ijm ,y
s
jkm

∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
a1

ijmxs
ijm +

∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
a2

jkmys
jkm (3)  
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s.t.
∑

j∈J

∑

m∈M
xs

ijm = Q̃s
i
/
∀i∈ I, s ∈ S

/
(4)  

∑

i∈I

∑

m∈M
xs

ijm ≤Ds
j

/
∀j ∈ J, s ∈ S

/
(5)  

∑

i∈I

∑

m∈M
xs

ijm ≥
⌈

ηs
j D

s
j

⌉/
∀j ∈ J, s ∈ S

/
(6)  

xs
ijm are non − negative integer variables

/
∀i ∈ I, j ∈ J,m ∈ M

/
(7)  

max
ys

jkm

∑

s∈S

∑

k∈K

∑

j∈J

∑

m∈M
ws

kys
jkm

/(
Ds

kts
jkm

)
(8)  

s.t.
∑

k∈K

∑

m∈M
ys

jkm =
∑

i∈I

∑

m∈M
xs

ijm

/
∀j ∈ J, s ∈ S

/
(9)  

∑

j∈J

∑

m∈M
ys

jkm ≤Ds
k

/
∀k ∈ K, s ∈ S

/
(10)  

∑

j∈J

∑

m∈M
ys

jkm ≥
⌈
ηs

kDs
k

⌉/
∀k ∈ K, s ∈ S

/
(11)  

ys
jkm are non − negative integer variables

/
∀j ∈ J, k ∈ K,m ∈ M, s ∈ S

/

(12) 

In this model, Equations (1)–(7) define the optimization model of the 
upper-level problem. More specifically, the first three equations present 
the objective functions of the upper-level problem. Equation (1) mini-
mizes the total weighted unmet demand rate of both RDCs and ASAs for 
all periods. Equation (2) expects to minimize the total potential envi-
ronmental risks resulted from carbon emissions concerning trans-
portation and disaster waste or debris for all periods. Equation (3) aims 
to minimize the total emergency costs for all periods. More details can be 
seen in the Appendix. 

Constraint (4) ensures that the total amounts of relief actually 
transported equal those of inventory for each RDC in each period, 
indicating all available relief is delivered to EDPs in each period. 
Constraint (5) formulates insufficient supply cases and demonstrates 
that not all demands for EDPs can be fully satisfied in each period. 
Constraint (6) indicates that all survivors located in each EDP can obtain 
relief in each period and measures the equitable principle. Constraint (7) 
registers decision variables of the upper level. 

The optimization problem of the lower level is defined by Equations 
(8)–(12). Specifically, Equation (8) describes the lower-level problem’s 
objective function as the maximization of total SPS for all periods in the 
whole disaster response decision system. Constraint (9) measures the 
balance of relief-demand for each EDP in each period and demonstrates 
that the received and distributed relief for each EDP are equal in each 
period. Constraints (10) and (11) characterize insufficient supply and 
equitable principle in terms of each ASA in each period, respectively. 
Constraint (12) defines decision variables of the lower level. 

5. Solution strategies for a post-disaster relief distribution 
model 

The idea or inspiration of bi-level optimization theory derives from 
the Stackelberg game model, which is also addressed by Camacho--
Vallejo et al. (2015) and Lu et al. (2016). This theory is usually used to 
formulate a systematic optimization problem with a typical 
leader-follower hierarchical structure. For the bi-level programming 
model, the upper-level problem’s objective functions and constraints are 
contingent on its decision variables and the optimal solution of the lower 
level. Simultaneously, the lower-level problem’s optimal solution is also 
affected by the upper level’s decision variables. A general model and the 
related preliminary concepts such as constraint region, feasible and 

rational reaction set of the lower level, and inducible region can be 
found in Bracken and McGill (1973). 

To efficiently solve the proposed model, this paper leverages and 
extends the insights of Camacho-Vallejo et al. (2015) to devise an 
HGCM. Specifically, the expected value approach is employed to rewrite 
the primal model into a deterministic one (Jimenez et al., 2007). The 
primal-dual algorithm is applied to convert the developed model into a 
single-level one (Camacho-Vallejo et al., 2015). A global criterion 
method is used to eliminate dimensional differences of three objectives 
and transform them into a single objective (Chakraborty et al., 2014; 
Falasca and Zobel, 2012). Simultaneously, a branch-and-bound 
approach is applied to solve all single-objective programming models 
involved in the whole procedure (Rauchecker and Schryen, 2019). The 
specific steps are as follows. 

Step 1: Rewrite the primal model into a deterministic one 

In Section 4, the developed model is fuzzy due to constraint (4). This 
paper uses the expected value approach to transform it into a deter-
ministic constraint. Thus, constraint (4) can be rewritten as follows. 

∑

j∈J

∑

m∈M
xs

ijm＝E
(

Q̃s
i

)/
∀i∈ I, s ∈ S

/
(13)  

wherein, E(Q̃s
i ) = (Qs

iL + 2Qs
iH +Qs

iU)/4. In particular, Qs
iL and Qs

iU are the 
lower and upper limit of inventory quantities. Besides, Qs

iH is the amount 
of inventory with maximum probability. In this context, model M0 is 
rewritten as a deterministic bi-level programming model (M1), which is 
defined by Equations (1)–(3) and (5)-(13). 

Step 2: Construct dual problem of the lower-level problem of the 
decision hierarchy 

The insights of Camacho-Vallejo et al. (2015) and dual theory are 
leveraged to construct dual problem of the lower-level problem of de-
cision hierarchy. Remarkably, the lower-level problem can be regarded 
as a typical transportation issue if variables xs

ijm are fixed. Besides, 
constraint (12) associated with decision variables of the lower-level 
problem can be relaxed as ys

jkm ≥ 0. In this context, bs
j , cs

k and ds
k are 

introduced to respectively represent the dual variables corresponding to 
constraints (9)–(11). As a result, the dual problem with the concern of 
the lower level is denoted by the following formulations. 

min
bs

j ,c
s
k ,d

s
k

∑

s∈S

∑

j∈J

∑

i∈I

∑

m∈M
xs

ijmbs
j +
∑

s∈S

∑

k∈K
Ds

kcs
k +
∑

s∈S

∑

k∈K

(
−
⌈
ηs

kDs
k

⌉)
ds

k (14)  

s.t. bs
j + cs

k − ds
k ≥ws

k

/(
Ds

kts
jkm

)/
∀j∈ J, k∈K,m∈M, s ∈ S

/
(15)  

bs
j urs

/
∀j ∈ J, s ∈ S

/
(16)  

cs
k ≥ 0

/
∀k ∈ K, s ∈ S

/
(17)  

ds
k ≥ 0

/
∀k ∈ K, s ∈ S

/
(18)   

Step 3: Convert model M1 into a single-level one with non-linear 
terms (M2) 

To achieve optimal solutions and reduce the bi-level programming 
model regarding post-disaster relief distribution in SHSCs, comple-
mentary slackness constraints and primal-dual optimality conditions are 
also introduced (Safaei et al., 2018a, 2018b). Therefore, model M1 is 
converted into an equivalent single-level non-linear programming 
model M2. 
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min
xs

ijm ,y
s
jkm ,b

s
j ,c

s
k ,d

s
k

∑

s∈S

(

2 −

(
∑

i∈I

∑

j∈J

∑

m∈M
ws

j x
s
ijm

/
Ds

j +
∑

j∈J

∑

k∈K

∑

m∈M
ws

kys
jkm

/
Ds

k

))

(19)  

min
xs

ijm ,y
s
jkm ,b

s
j ,c

s
k ,

ds
k

(
∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
κA1

ijmts
ijmxs

ijm +
∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
κA2

jkmts
jkmys

jkm

)

+
∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
γkρys

jkm (20)  

min
xs

ijm ,y
s
jkm ,b

s
j ,c

s
k ,d

s
k

∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
a1

ijmxs
ijm +

∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
a2

jkmys
jkm (21)  

ys
jkm ⋅

(
bs

j + cs
k − ds

k − ws
k

/(
Ds

kts
jkm

))
= 0

/
∀j∈ J, k∈K,m∈M, s ∈ S

/

(22)  

cs
k ⋅

(

Ds
k −
∑

j∈J

∑

m∈M
ys

jkm

)

= 0
/
∀k∈K, s ∈ S

/
(23)  

ds
k⋅

(
∑

j∈J

∑

m∈M
ys

jkm − ⌈ηs
kDs

k⌉

)

= 0
/
∀k ∈ K, s ∈ S

/
(24)  

ys
jkm ≥ 0

/
∀j ∈ J, k ∈ K,m ∈ M, s ∈ S

/
(25) 

constraints (5)–(7), (9)–(11), (13), and (15)–(18) 
In this model, Equations 19–21 present objective functions of the 

transformed single-level programming model (M2). The feasible region 
of the primal problem (M0) is determined by constraints (5)–(7), (9)– 
(11), (13) and (25). Regarding the dual problem, its feasible region is 
provided by constraints (15)–(18). Constraints (22)–(24) treated as 
sufficient conditions are presented to obtain the primal-dual problem’s 
optimal value. As a consequence, a tri-objective multi-period bi-level 
integer programming model (M1) concerning post-disaster relief dis-
tribution in SHSCs is transformed into a tri-objective multi-period 
single-level non-linear mathematical optimization model (M2) with five 
types of decision variables, namely xs

ijm, ys
jkm, bs

j ,cs
k, ds

k. However, it is still 
challenging to solve the reformulated model due to its nonlinearity of 
constraints (22)–(24). 

Step 4: Design the transformation strategies to linearize non-linear 
constraints 

To deal with the nonlinearity mentioned in Step 3, 0–1 auxiliary 
variables are introduced to linearize constraints (22)–(24). For 
constraint (22), define parameter N as a sufficiently large positive con-
stant, and let δs

jkm ∈ {0,1} denote auxiliary variables. Taking constraint 
(15) and (25) into account, the following conclusions can be made: 
yjkm ≥ 0 and bs

j + cs
k − ds

k − ws
k/(D

s
ktsjkm) ≥ 0. Consequently, the following 

constraints (26) and (27) have to be additionally provided. 

ys
jkm ≤N ⋅

(
1 − δs

jkm

)/
∀j∈ J, k∈K,m∈M, s ∈ S

/
(26)  

bs
j + cs

k − ds
k − ws

k

/(
Ds

kts
jkm

)
≤N ⋅ δs

jkm

/
∀j∈ J, k∈K,m∈M, s ∈ S

/
(27) 

In a similar way, τs
k ∈ {0,1} as 0–1 auxiliary variables are applied to 

deal with the nonlinearity of constraint (23). Combing with constraints 
(10) and (17), the following critical points are concluded. They are cs

k ≥

0, and Ds
k −
∑

j∈J

∑

m∈M
ys

jkm ≥ 0, respectively. As a result, the linear constraint 

corresponding to constraint (31) are denoted as follows: 

cs
k ≤N ⋅

(
1 − τs

k

) /
∀k∈K, s ∈ S

/
(28)  

Ds
k −
∑

j∈J

∑

m∈M
ys

jkm ≤ N⋅τs
k

/
∀k ∈ K, s ∈ S

/
(29) 

Besides, 0–1 auxiliary variables, namely εs
k ∈ {0,1}, are employed to 

linearize constraint (24). Thus, ds
k ≥ 0 and 

∑

j∈J

∑

m∈M
ys

jkm −
⌈
ηs

kDs
k

⌉
≥ 0 can 

be obtained by taking into consideration constraints (11) and (18). 
Accordingly, the equivalent formulations are denoted as constraints (30) 
and (31). 

ds
k ≤N ⋅

(
1 − εs

k

) /
∀k∈K, s ∈ S

/
(30)  

∑

j∈J

∑

m∈M
ys

jkm −
⌈
ηs

kDs
k

⌉
≤ N⋅εs

k

/
∀k ∈ K, s ∈ S

/
(31)   

Step 5: Establish an equivalent multi-period single-level mixed- 
integer linear programming model (M3) 

In summary, a fuzzy tri-objective multi-period bi-level integer opti-
mization model is ultimately replaced by a tri-objective multi-period 
single-level mixed-integer programming model (M3), which is denoted 
by Equations ((5)–(7) and (9)–(13) and (15)–(18) and (26))-(37). 

min
xs

ijm ,y
s
jkm ,b

s
j ,

cs
k ,d

s
k ,δ

s
jkm ,τ

s
k ,ε

s
k

∑

s∈S

(

2 −

(
∑

i∈I

∑

j∈J

∑

m∈M
ws

j x
s
ijm

/
Ds

j +
∑

j∈J

∑

k∈K

∑

m∈M
ws

kys
jkm

/
Ds

k

))

(32)  

min
xs

ijm ,y
s
jkm ,b

s
j ,c

s
k ,ds

k ,δ
s
jkm ,τ

s
k ,ε

s
k

(
∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
κA1

ijmts
ijmxs

ijm +
∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
κA2

jkmts
jkmys

jkm

)

+
∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
γkρys

jkm (33)  

min
xs

ijm ,y
s
jkm ,b

s
j ,c

s
k ,d

s
k ,δ

s
jkm ,τ

s
k ,ε

s
k

∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
a1

ijmxs
ijm +

∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
a2

jkmys
jkm (34)  

δs
jkm ∈{0, 1}

/
∀j∈ J, k∈K,m∈M, s ∈ S

/
(35)  

τs
k ∈{0, 1}

/
∀k∈K, s ∈ S

/
(36)  

εs
k ∈{0, 1}

/
∀k∈K, s ∈ S

/
(37) 

constraints (5)–(7), (9)–(13), (15)–(18), and (26)–(31) 

Step 6: Solve the single-objective mixed-integer programming model 

Firstly, let F1, F2, F3 respectively denote the three objectives in model 
M3. Then, a branch-and-bound approach is applied to solve the mixed- 
integer programming model with a single objective which is only a total 
weighted unmet demand rate (F1), or total potential environmental risks 
(F2), or total emergency costs (F3). Finally, the extreme value of each 
objective function can be obtained. They are respectively denoted by: 
Fmin

1 , Fmin
2 andFmin

3 . 

Step 7: Reformulate model M3 into a single-objective mixed-integer 
programming model (M4) 

In this paper, a global criteria method is used to eliminate dimen-
sional differences of three objectives. A linear weighted sum method is 
employed to deal with the multiple objectives, thus transforming them 
into a single objective (Chakraborty et al., 2014). In this context, model 
M3 is reformulated into a single-objective mixed-integer programming 
model (M4), which is defined by Equations ((5)–(7) and (9)–(13) and 
(15)–(18) and (26)–(31) and (35))-(38). 

C. Cao et al.                                                                                                                                                                                                                                     



International Journal of Production Economics 235 (2021) 108081

8

minF = β1

(
F1 − Fmin

1

Fmin
1

)

+ β2

(
F2 − Fmin

2

Fmin
2

)

+ β3

(
F3 − Fmin

3

Fmin
3

)

(38) 

constraints (5)–(7), (9)–(13), (15)–(18), (26)–(31), and (35)–(37) 
Wherein, β1, β2 and β3, which are respectively attached to total 

weighted unmet demand rate, total potential environmental risks, and 
total emergency costs, represent the weights or preferences of decision- 
agents on sustainable objectives. Besides, the weights should satisfy β1 +

β2 + β3 = 1, and β1＞β2＝β3. The reason is that the objective of social 
sustainability under managers’ perspective is superior to that of envi-
ronmental and economic sustainability. 

Step 8: Solve the reformulated model (M4) 

The reformulated model (M4) is solved by a branch-and-bound 
approach embedded in Matlab (R2017a) or CPLEX solver, which is 
similar to Step 6 (Rauchecker and Schryen, 2019). 

6. Computational studies 

6.1. Case study on the Wenchuan earthquake 

A case study of the Wenchuan earthquake in Sichuan province in 
China (14:28, May 12, 2008) is investigated in this section to find the 
optimal relief distribution strategy. The aim is also to test the impacts of 
the transformation coefficient of relief into disaster waste and the in-
fluences of different scenarios and different decision modes on the 
performance of SHSCs. The Ministry of Civil Affairs report indicated that 
the mainshock was at magnitude 8.0 together with many aftershocks, 
resulting in massive casualties, property losses, and environmental dis-
ruptions. More specifically, it respectively killed and missed 69,277, 
17,923 persons. Simultaneously, it directly destroyed over 800 billion 
CNY worth of properties. 

Furthermore, the Wenchuan earthquake reported ten extremely se-
vere affected areas, 41 heavily ones and 186 general ones. Nevertheless, 
this paper considers only the extremely severe affected areas in SHSCs 
during the 24 days response phase (Cao et al., 2018). It is divided into 
three periods, namely, |S| = 3. The length of the golden rescue stage 
(first period) is 120 h, namely five days. In contrast, the buffer rescue 
stage (second period) and emergency recovery stage (third period) are 
six days and thirteen days. To decrease the complexity of this case, a 
subset of the dataset including two RDCs (North Railway Station of 
Chengdu (NRSC) and Chengdu Shuangliu International Airport (CSIA) 
respectively denoted by 1 and 2), three EDPs (Wenchuan, Maoxian, 
Beichuan respectively marked by 1, 2 and 3), and nine ASAs in total are 
considered as the structure of SHSCs. That is, |I| = 2, |J| = 3, and |K| =
9. Notably, the weights of Wenchuan, Maoxian and Beichuan are 
respectively attached to 0.5, 0.2 and 0.3. Each EDP includes SRA, TTA 
and TSA. A similar method and more details can be found in Cao et al. 
(2018) and Huang et al. (2015). 

The detailed information of instance I1 is depicted in Table 2. It is 
worth noting that carbon emissions, emergency cost and time per unit 
obey uniform distribution within a specific interval. Besides, total ex-
pected amounts of relief for EDPs are assumed to be larger than those for 
ASAs at the golden rescue stage. The main reason is that decision-agents 
with higher authority usually amplify demands from local survivors in 
practice. Besides, κ = 0.5, and ρ = 0.7. 

6.2. Computational results obtained by an HGCM 

Firstly, the proposed fuzzy tri-objective multi-period bi-level integer 
programming model for post-disaster relief distribution in SHSCs can be 
rewritten based on different parameter values. Then, CPLEX solver is 
applied to solve the constructed model. Fig. 2 presents the optimal 
scheme of multi-period post-disaster relief distribution for instance I1 
during the response phase. 

In Fig. 2, optimal values of the objective functions for each stage are 
obtained. Specifically, on the upper level, the total weighted unmet 
demand rate is about 3.23, total potential environmental risks are about 
1553, and total emergency costs are about 1432 million CNY. Total 
survivors’ perceived satisfaction (f) is 0.9344 on the lower level. 
Notably, the maximum of the total weighted unmet rate is 6. The 
maximum of total SPS is 3. 

According to the results depicted in Fig. 2, the following significant 
observations can be summarized. Firstly, it demonstrates that an HGCM 
can obtain the optimal scheme of multi-period post-disaster relief dis-
tribution in SHSCs within a reasonable computational time (about 30 s). 
In other words, the designed HGCM is capable of achieving a trade-off 
between solution quality and computational time, which is consistent 
with expectations and supported by Camacho-Vallejo et al. (2015), 
Falasca and Zobel (2012). Secondly, regarding relief demand, EDPs 
including Wenchuan, Maoxian, and Beichuan are all partially satisfied 
for the whole response phase, following practical experience. The main 
explanation is that the relief as the scarce resources may not be supplied 
to the affected areas in time due to the uncertainties and sudden 
large-scale disasters. Besides, it is expected that relief distribution will 
be given priority to EDPs with relatively severe damage in most cases 
(Cao et al., 2018). Thirdly, overall survivors’ perceived satisfaction to-
wards the relief distribution scheme has been enhanced because some 
ASAs’ needs are fully satisfied. Besides, survivors located in TSAs have a 
lower SPS (0.2023) from a global perspective. The reason may be that a 
relatively equitable principle is employed to distribute relief to ASAs by 
considering the severity of survivors’ injury. It indicates that it is very 
critical to distribute the best goods for the greatest number to hetero-
geneous survivors at the right time, to improve the sustainable perfor-
mance of HSCs. The conclusion is in line with the results in Cao et al. 
(2018), Balcik et al. (2008). 

6.3. Impacts of ρ on the performance of SHSCs 

In this subsection, the impacts on the sustainable performance of the 
coefficient transforming relief into disaster waste are tested. Computa-
tional results of instance I1 under different ρ are depicted in Table 3. 

As presented in Table 3, it is evident that the coefficient ρ exerts 
significant influences on the objective of environmental sustainability. 
Notably, the increase in the coefficient value leads to growing total 
potential environmental risks, verifying the consistency with the prac-
tical cases and the assumption in this paper. However, it is also reported 
that the coefficient ρ does not play an indispensable role in the total 
weighted unmet demand rate, total emergency costs, and total SPS. The 
main reason is that the coefficient ρ merely directly affects environ-
mental sustainability performance due to the formulation of objective 
functions. 

Coefficient ρ which can be widely found in commercial supply chains 
aims to link forward logistics (e.g. relief distribution) with reverse one 

Table 2 
Parameter settings of instance I1.  

No. Q̃s
i  

Ds
j  ηs

j ,

ηs
k  

A1
ijm ,

A2
jkm  

a1
ijm ,

a2
jkm  

tsijm ,
tsjkm  

γk  

I1 
⎡

⎣
(50,60,70), (50,60, 70);
(70,80,90), (70,80, 90);
(80,90,100), (80,90, 100)

⎤

⎦

⎡

⎣
110, 100,100;
130, 120,120;
140, 130,130

⎤

⎦
0.30 [1,3]

[1,3]
[1,2]
(0, 1]

[2,3]
[1,2]

0.4(TSA), others are 0.6  
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(e.g. waste management) in the context of disaster (Dai and Li, 2017). 
After the occurrence of large-scale natural disasters, the debris gener-
ated would both put the residents at risk and challenge the relief dis-
tribution activities. According to an overview of the existing literature, it 
can be found that most of the previous studies usually focused on either 
a variety of post-disaster relief distribution problems or disaster waste 
management with different features (Zhang et al., 2019; Gutjahr and 
Nolz, 2016). However, the combination of these two issues in SHSCs 
received insufficient attention, which needs to be studied thoroughly. In 
this paper, since we just use a linear form to represent the linkage, a 

promising issue is to investigate whether coefficient ρ can dominate the 
performance of social and economic sustainability through other forms 
(e.g. non-linear one). In this sense, decision-agents need to consider 
disaster waste management further while distributing relief to the 
affected areas. 

6.4. Computational results in different scenarios 

In this subsection, different scenarios are applied to test the potential 
advantages of the proposed model. Such a method is also used in 
emergency organization allocation and sustainable reverse supply chain 
management problem, which can be respectively found in Cao et al. 
(2017), Ghahremani Nahr et al. (2020), Gao and Cao (2020a). The 
setting of each scenario is described in Table 4. 

Table 4 presents seven scenarios consisting of one or more objective 
(s), and S7 is the focus here. Notably, the unmentioned coefficient(s) 
included in each scenario equal(s) zero. Results of instance I1 under 
different scenarios are depicted in Table 5. It is noting that the results on 
the left part of Table 5 represent each stage’s overall sustainable per-
formance. In contrast, those on the right part give the average sustain-
able performance per day during each stage. 

In summary, the following remarks can be concluded. Firstly, 
computational results of scenario 7 support that triple-bottom-line 
model including social, environmental, economic sustainability and 
beneficiary perspective on sustainability has a better combination in a 
multi-period bi-level programming model regarding post-disaster relief 
distribution. This supports the findings in Cao et al. (2018) and Haavisto 
and Kovacs (2014). Secondly, comparing the results of scenarios 2, 3, 6 
and 7 shows the potential advantages of the constructed model on 

Fig. 2. Optimal scheme of multi-period post-disaster relief distribution for instance I1.  

Table 3 
Computational results of instance I1 under different ρ.   

Total 
unmet 
demand 
rate 

Total potential 
environmental 
risks 

Total 
emergency 
costs 

Total 
SPS 

ρ = 0.1  3.23 1402 1432 0.9334 
ρ = 0.2  3.23 1427 1432 0.9334 
ρ = 0.3  3.23 1452 1432 0.9334 
ρ = 0.4  3.23 1477 1432 0.9334 
ρ = 0.5  3.23 1502 1432 0.9334 
ρ = 0.6  3.23 1527 1432 0.9334 
ρ = 0.7  3.23 1553 1432 0.9334 
ρ = 0.8  3.23 1577 1432 0.9334 
ρ = 0.9  3.23 1603 1432 0.9334 
ρ = 1.0  3.23 1627 1432 0.9334  
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reducing total weighted unmet demand rate or improving social sus-
tainability performance. Similarly, its advantages in decreasing poten-
tial environmental risks and emergency costs are respectively tested 
using scenarios 1, 3, 5, 7, and 1, 2, 4, 7. It can be inferred that the 
established model M0 can achieve a better trade-off among all objectives 
of the upper-level problem. Thirdly, for the objective in social sustain-
ability, both the overall and average values of all periods show a 
descending trend, which is in line with the increase of demand fill rate 
with an increasing number of supplies. Regarding the sustainable ob-
jectives of environmental and economic aspects, the total values are 
soaring, while the average values present a falling tendency after 
ascending for the response phase. It demonstrates that more attention 
should be paid to the economic and environmental objectives of sus-
tainability after golden rescue stage. 

6.5. Computational results in different decision modes 

This section leverages the insights of Moreno et al. (2018) to 
construct another four instances with different features which are 
depicted in Table 6. The values of other parameters in instances I2 to I4 
are the same as those in instance I1. 

It needs to be acknowledged that the hierarchical relationships are 
usually considered in post-disaster relief distribution strategies in 

SHSCs. Different hierarchical relationships reflect different decision 
modes of decision-agents in the field of HSCs. Both the centralized and 
decentralized modes are used here to distribute relief to the affected 
areas. The former and latter are respectively characterized by single- and 
bi-level programming models derived from Safaei et al. (2018a, 2018b) 
and Camacho-Vallejo et al. (2015). Besides, both leader and follower 
perspectives are all incorporated into the centralized model. Specif-
ically, single-level mathematical model regarding leader perspective is 
defined by Equations (1)–(3) and (5)–(7) and (9))-(13). One with the 
concern of follower perspective is denoted by Equations (5)–(9))-(13). In 
this context, all results in different decision modes for the response 
phase are shown in Table 7. 

Computational results indicate that HGCM can obtain the optimal 
post-disaster relief distribution scheme for all instances in SHSCs within 
a reasonable time (about 30 s). It further validates the effectiveness and 
feasibility of the model and methods. Secondly, comparisons of results 
obtained from the integration and follower perspective demonstrate that 
the proposed bi-level programming model M0 significantly decreases 
the total unmet demand rate, total potential environmental risks, and 
total emergency costs. Thirdly, it is an exciting conclusion that the re-
sults under the integrated and leader perspective are the same. The 
reason is that the leader of the upper-level problem coming from RDCs in 
SHSCs has the authorities to determine either the number of relief 

Table 4 
Settings of different scenarios.  

Scenario S1 S2 S3 S4 S5 S6 S7 (This paper) 
Objectives F1  F2  F3  F1,F2  F1,F3  F2,F3  F1,F2,F3  

Coefficient β1 = 1 β2 = 1 β3 = 1 β1 = 0.75, β2 = 0.25 β1 = 0.75, 
β3 = 0.25 

β2 = 0.5, 
β3 = 0.5 

β1 = 0.5, β2 = 0.25, 
β3 = 0.25  

Table 5 
Computational results of instance I1 with different scenarios consideration.  

Objectives Overall Per day 

s = 1 s = 2 s = 3 Total s = 1 s = 2 s = 3 Total 

S1 F1  1.15 1.04 0.99 3.18 0.23 0.17 0.08 0.48 
F2  479 584 633 1696 95.80 97.33 48.69 241.82 
F3  459 531 599 1589 91.80 88.50 46.08 226.38 
f  0.270 0.330 0.341 0.941 0.05 0.06 0.03 0.14 

S2 F1  1.16 1.09 1.03 3.28 0.23 0.18 0.08 0.49 
F2  394 548 585 1527 78.80 91.33 45.00 215.13 
F3  376 523 562 1461 75.20 87.17 43.23 205.60 
f  0.302 0.305 0.330 0.937 0.06 0.05 0.03 0.14 

S3 F1  1.23 1.15 1.11 3.49 0.25 0.19 0.09 0.53 
F2  404 565 609 1578 80.80 94.17 46.85 221.82 
F3  361 479 538 1378 72.20 79.83 41.38 193.41 
f  0.260 0.265 0.282 0.807 0.05 0.04 0.02 0.11 

S4 F1  1.15 1.04 0.99 3.18 0.23 0.17 0.08 0.48 
F2  395 566 619 1580 79.00 94.33 47.62 220.95 
F3  378 524 588 1490 75.60 87.33 45.23 208.16 
f  0.311 0.329 0.340 0.980 0.06 0.05 0.03 0.14 

S5 F1  1.15 1.04 0.99 3.18 0.23 0.17 0.08 0.48 
F2  398 572 619 1589 79.60 95.33 47.62 222.55 
F3  376 513 572 1461 75.20 85.50 44.00 204.70 
f  0.303 0.320 0.322 0.945 0.06 0.05 0.02 0.13 

S6 F1  1.21 1.14 1.10 3.45 0.24 0.19 0.08 0.51 
F2  398 561 591 1550 79.60 93.50 45.46 218.56 
F3  363 480 542 1385 72.60 80.00 41.69 194.29 
f  0.268 0.271 0.287 0.826 0.05 0.05 0.02 0.12 

S7 F1  1.15 1.05 1.02 3.22 0.23 0.18 0.08 0.49 
F2  396 566 591 1553 79.20 94.33 45.46 218.99 
F3  376 500 556 1432 75.20 83.33 42.77 201.30 
f  0.304 0.303 0.328 0.935 0.06 0.05 0.03 0.14  
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distributed to EDPs and ASAs or only the former. Thus the optimal so-
lutions will not change. However, suppose the decision-agent of the 
upper-level problem is from EDPs. In that case, only the amounts of 
relief delivered to ASAs can be made, and those of relief distributed to 
EDPs from RDCs would be determined by the follower. Different con-
clusions would emerge, for instance, as observed in Camacho-Vallejo 
et al. (2015), Safaei et al. (2018a, 2018b). Fourthly, an increasing 
number of inventories have desirable influences on the achievement of 
social sustainability in distributing relief, while imposing unfavourable 
impacts on the performance of environmental and economic sustain-
ability. Nevertheless, following the increase of relief-demand, total 
unmet demand rate, total potential environmental risks and total 
emergency costs dramatically rocket, yet total SPS considerably de-
clines. Both cases show that the change in supplies and demands has no 
sufficient power to dominate the choice of decision modes. 

7. Conclusions 

This paper presents an integrated model for decision making in 
SHSCs, and it further investigates the performance of SHSCs in different 
settings. According to the study results, transformation coefficient ρ of 
relief into debris with a linear form only imposes dramatical effects on 
environmental sustainability performance. At buffer rescue stage, we 
should pay more attention to environmental and economic sustainabil-
ity objectives, which could potentially deteriorate the overall perfor-
mance of SHSCs. By selecting the optimal post-disaster relief distribution 
scheme under the leader-follower perspective instead of follower 
viewpoint, there is an apparent reduction of total unmet demand rate, 
total potential environmental risks, and total emergency costs. If the 
decision-agents of the upper-level problems act as a leader in SHSCs, the 
decisions and subsequent performance will be the same, regardless of 
whether an integrated model is applied or not. This highlights the 
importance of the dominant power of the upper-level problems in 
management practice. 

Several insights on theory and practice of multi-period post-disaster 
relief distribution in SHSCs are obtained based on the results in Section 
6. Firstly, a theoretical link between post-disaster relief distribution, 
even HSCs and sustainable development is established to decrease the 
unmet demand rate and costs, improve the environment, and alleviate 

survivors’ suffering. It further validates the relationships between 
disaster and sustainability, which should be simultaneously addressed 
according to the Yokohama Strategy and Plan of Action for a Safer World 
(1994), Hyogo Framework for Action 2005–2015 (2005), and Sendai 
Framework for Disaster Risk Reduction 2015–2030 (2015). Secondly, 
the bi-level optimization theory is used to capture hierarchical re-
lationships among beneficiaries, and it is a critical topic in HSCs but 
rarely considered in the existing literature. 

In practice, the proposed model and HGCM are suitable for model-
ling such problems. Optimal relief distribution scheme can be obtained 
within a reasonable time, which is an essential factor to affect the per-
formance of SHSCs. Although the devised method can upgrade decision- 
agents’ cognition on post-disaster relief distribution activities, it cannot 
fully substitute the practitioners (Wex et al., 2014). For sustainable 
development in the context of disaster, different indicators or di-
mensions, including society, environment, economy, and beneficiary are 
harmonically embedded into one framework, and computational results 
verify that it works well. Therefore, decision-agents should consider 
sustainable objectives into post-disaster relief distribution schemes so as 
to achieve a perfect trade-off among beneficiaries from a global 
perspective. In general, large-scale natural disasters such as the Wen-
chuan earthquake prefers a decentralized mode. Yet centralized mode is 
considered for a subset of a large-scale or small one. Combined results 
show that a central agency is necessary to coordinate all activities 
related to post-disaster relief distribution. Such action would signifi-
cantly assist in enhancing the sustainability of HSCs, even though 
without perfect coordination among beneficiaries (Camacho-Vallejo 
et al., 2015). 

Valuable topics remain for future study. Firstly, interesting exten-
sions should be alternative methods (e.g. big data analytics) or measures 
(e.g. actual distances) for estimating travel times, travel costs, and car-
bon emissions so that the model can be more comprehensive. Secondly, 
HGCM as the exact approach is designed to solve the bi-level multi- 
objective programming model, limiting the possibility of extending to 
large size problems. Heuristic algorithms are encouraged to solve 
models with similar structures. Thirdly, this paper constructs multi- 
period post-disaster relief distribution in SHSCs. Which aspects of sus-
tainability should gain attention in different stages still needs to be 
further examined. 

Table 6 
Four instances with different features.  

No. Q̃s
i  

Ds
j  ηs

j ,

ηs
k  

A1
ijm,

A2
jkm  

a1
ijm,

a2
jkm  

tsijm,
tsjkm  

γk  

I2 
⎡

⎣
(60,70,80), (60,70, 80);
(80,90,100), (80,90,100);
(90,100,110), (90, 100,110)

⎤

⎦

⎡

⎣
110,100,100;
130,120,120;
140,130,130

⎤

⎦
0.30 [1,3]

[1,3]
[1,2]
(0, 1]

[2,3]
[1,2]

0.4(TSA), others are 0.6   

I3 
⎡

⎣
(40,50,60), (40,50, 60);
(60,70,80), (60,70, 80);
(70,80,90), (70,80, 90)

⎤

⎦

⎡

⎣
110,100,100;
130,120,120;
140,130,130

⎤

⎦
0.30 [1,3]

[1,3]
[1,2]
(0, 1]

[2,3]
[1,2]

0.4(TSA), others are 0.6   

I4 
⎡

⎣
(50,60,70), (50,60, 70);
(70,80,90), (70,80, 90);
(80,90,100), (80,90,100)

⎤

⎦

⎡

⎣
120,110,110;
140,130,130;
150,140,140

⎤

⎦
0.30 [1,3]

[1,3]
[1,2]
(0, 1]

[2,3]
[1,2]

0.4(TSA), others are 0.6   

I5 
⎡

⎣
(50,60,70), (50,60, 70);
(70,80,90), (70,80, 90);
(80,90,100), (80,90,100)

⎤

⎦

⎡

⎣
100,90, 90;
120,110,110;
130,120,120

⎤

⎦
0.30 [1,3]

[1,3]
[1,2]
(0, 1]

[2,3]
[1,2]

0.4(TSA), others are 0.6    

Table 7 
Computational results considering different decision modes for the response phase.  

Total Leader-follower/bi-level model Leader/single-level model Follower/single-level model 

F1  F2  F3  f  F1  F2  F3  f  F1  F2  F3  f  

I1 3.23 1553 1432 0.93 3.23 1553 1432 0.93 3.29 1650 1576 1.04 
I2 2.79 1750 1625 1.08 2.79 1750 1625 1.08 2.88 1864 1770 1.19 
I3 3.68 1351 1241 0.77 3.68 1351 1241 0.77 3.66 1423 1369 0.87 
I4 3.45 1569 1441 0.87 3.45 1569 1441 0.87 3.49 1668 1581 0.96 
I5 2.99 1537 1422 1.00 2.99 1537 1422 1.00 3.07 1640 1568 1.11  
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Appendix 

Sustainable objective functions of post-disaster relief distribution 

(1) social sustainability under managers’ perspective (upper level) 
In the aftermath of large-scale natural disasters, one of the most critical objectives is to furnish the survivors located in the affected areas with relief 

for the greatest number at the right time, thus meeting the survivors’ needs as many as possible. In this sense, the unmet demand rate is used to 
measure social sustainability under managers’ perspective, which is also supported by Shao et al. (2020), Moreno et al. (2018), Holguin-Veras et al. 
(2013), Holguin-Veras et al. (2012). Managers expect to minimize this objective function because it has negative impacts on the performance of 
SHSCs. 

Notably, the unmet demand rate equals the amounts of unmet demand divided by those of expected or actual demand. It is composed of two parts 
for each period, including both the unmet demand rate of EDPs and ASAs. The objective function can be denoted by Equation (A.1) with the sum-
mation of all periods. 

min
xs

ijm ,y
s
jkm

∑

s∈S

(

2 −

(
∑

i∈I

∑

j∈J

∑

m∈M
ws

j x
s
ijm

/

Ds
j +
∑

j∈J

∑

k∈K

∑

m∈M
ws

kys
jkm

/

Ds
k

))

(A.1)  

(2) environmental sustainability (upper level) 
The ideas and insights from Laguna-Salvadó et al. (2019), Cao et al. (2017), Wei et al. (2015), Hu and Sheu (2013) are leveraged and extended to 

define the formulation of environmental sustainability. More specifically, potential risks are applied to measure the environmental dimension of 
sustainability. It originates from both carbon emissions regarding transportation and disaster waste generated by food, medical materials, etc. In terms 
of the former, the delivery or transportation from RDCs to EDPs, and EDPs to ASAs produces carbon emissions, thus posing potential risks to the 
environment. It can be calculated by multiplicating the amounts of the delivered relief, average time, unit carbon emissions, and risk coefficient of 
carbon emissions on the environment. Regarding the latter, the potential risk is calculated by the multiplication of the amounts of disaster debris, and 
risk coefficient of disaster waste on the environment. Therefore, the total potential environmental risks for all periods are denoted by Equation (A.2). 

min
xs

ijm ,y
s
jkm

(
∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
κA1
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∑
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∑
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κA2

jkmts
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)

+
∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
γkρys

jkm (A.2)  

(3) economic sustainability (upper level) 
Laguna-Salvadó et al. (2019), Cao et al. (2017), Jaehn (2016), and Wei et al. (2015) claimed that emergency costs could be regarded as the in-

dicator to characterize economic sustainability performance of HSCs. Notably, transportation costs for delivering relief from RDCs to EDPs, and then to 
ASAs are considered here. Additionally, total emergency costs are calculated by a linear function associated with the amounts of the delivered relief. 
Thus, this objective function is written as: 

min
xs

ijm ,y
s
jkm

∑

s∈S

∑

i∈I

∑

j∈J

∑

m∈M
a1

ijmxs
ijm +

∑

s∈S

∑

j∈J

∑

k∈K

∑

m∈M
a2

jkmys
jkm (A.3)  

(4) social sustainability under survivors’ viewpoint (lower level) 
For social sustainability under the survivors’ viewpoint, total SPS is used as the measure (Cao et al., 2017, 2018). SPS is also regarded as the result 

of the equitable principle involved in multi-period post-disaster relief distribution activities. It equals the multiplication of demand fulfilled rate of 
ASAs, the reciprocal of transportation time from EDPs to ASAs, and the weights of ASAs. It is worth noting that the weights manifest the differences in 
time spent on distributing relief and heterogeneity of survivors in injured severity. In this sense, the lower-level problem’s objective function aims to 
maximize total SPS for all periods. It is given by Equation (A.4). 

max
ys
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