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a b s t r a c t 

The selection of a suitable location for infectious waste disposal is one of the major problems in waste 

management. Determining the location of infectious waste disposal centers is a difficult and complex 

process because it requires combining social and environmental factors that are hard to interpret, and 

cost factors that require the allocation of resources. Additionally, it depends on several regulations. Based 

on the actual conditions of a case study, forty hospitals and three candidate municipalities in the sub- 

Northeast region of Thailand, we considered multiple factors such as infrastructure, geological and so- 

cial & environmental factors, calculating global priority weights using the fuzzy analytical hierarchy pro- 

cess (FAHP). After that, a new multi-objective facility location problem model which combines FAHP and 

goal programming (GP), namely the FAHP-GP model, was tested. The proposed model can lead to select- 

ing new suitable locations for infectious waste disposal by considering both total cost and final priority 

weight objectives. The novelty of the proposed model is the simultaneous combination of relevant factors 

that are difficult to interpret and cost factors, which require the allocation of resources. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

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

Infectious waste disposal (IWD) remains an important problem

ffecting the social and medical domains of nearly every nation,

nd infectious waste (IW) is one kind of hazardous waste. This

aste, which is generated in the diagnosis, treatment or immu-

ization of human beings or animals, needs to be handled with

areful consideration to prevent the spread of pathogens and to

rotect environmental health [1,2] . At present in Thailand, there

re more than 37,0 0 0 medical institutions, and the amount of in-

ectious waste is about 23,725 tons per year, while this waste is

xpected to increase by 5.5 percent per year [3] . Although pub-

ic hospitals in Northeastern Thailand have their own incinera-

ors to dispose of their waste, because of environmental concerns

nd protests by local residents, many incinerators inside hospitals

ave been shut down, and these hospitals finally need to use ser-

ices from outside waste disposal agencies. Existing agencies are

ot able to dispose of existing infectious waste effectively. Conse-

uently, building new, suitable facilities for IWD more effectively
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s becoming an issue that is particularly important to consider. In

he past, infectious waste disposal has caused many problems, such

s illegal dumping and lack of hygiene, and community hospitals

re one of the medical institutions that have often found com-

on problems because they are far from the locations of service

roviders or outside waste disposal agencies. For this reason, lo-

al governments of Thailand have set up a policy to encourage the

stablishment of new disposal centers by integration of neighbor-

oods, in order to increase the efficiency of IWD. The new disposal

enters must be compatible with the requirements of governmen-

al regulations, and at the same time must reduce economic, en-

ironmental, health and social impacts. Legally, municipalities are

esponsible for IWD. Therefore candidate locations will be selected

rom possible locations to serve medical institutions in municipal-

ties. Choosing suitable locations (disposal centers) for this case

oses complex problems, because we must consider social, envi-

onmental, cost and geological impact. The disposal site must not

ause damage to the biophysical environment and the ecology of

he neighboring area. In this problem, the maximization of satis-

action level regarding relevant impact, such as social and environ-

ental impact, is as important as minimization of total cost. The

atisfaction level regarding relevant impact can be evaluated from

arious qualitative and quantitative aspects, such as infrastructure,
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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geological, environmental and social etc. The higher the satisfac-

tion level, the lower the probability that sites cause damage to the

biophysical environment and the ecology of the neighboring area.

Certainly, both perspectives of total cost and relevant impact def-

initely must be considered in designing an optimal location net-

work. 

From the literature reviewed, location selection for IWD cen-

ters is an issue with many relevant factors, including factors that

are difficult to interpret, and cost factors that require simultane-

ous allocation of resources. In order to achieve an optimal loca-

tion network, the fuzzy analytic hierarchy process (FAHP) is suit-

able for solving multi-criteria/objective decision making (MCDM)

problems that are difficult to interpret, and goal programming (GP)

is suitable for solving multi-objective problems that require alloca-

tion of resources. Hence, choosing integrated FAHP and GP tech-

niques (FAHP-GP model) to solve multi-objective facility location

problems, while minimizing total cost and maximizing total lo-

cation weight, are reasonable for use in this case. The multi-size

location problem model (MSLP model) proposed in this study is

different from the traditional facility location problem model (FLP

model) because it can select both multiple sizes and locations si-

multaneously. In addition, the FAHP-GP model tries to minimize

the total cost of the location network and maximize the satisfac-

tion level of its stakeholders, under relevant constraints existing

in the decision environment. Unlike the traditional FLP-based low-

est total cost/minimum total distance, this can help the location

network to reduce costs, increase efficiency and flexibility, and en-

hance the satisfaction level of stakeholders. 

The rest of the paper is organized as follows. Section 2 is Re-

lated Literature. Section 3 is Methodology, Section 4 is Application

of the proposed methodology and finally, Section 5 is the Conclu-

sion. 

2. Related literature 

The facility location problem (FLP) has been studied for one

hundred years, but formally it is accepted by all scientists that

Alfred Weber’s book of 1909 is the essential origin of this the-

ory [4] . Traditional FLP involves taking the cost minimization as

a single objective/criterion, using a mathematical model to solve

a location network or transportation network (depots, customers

and arcs) problem. The location network that incurs the mini-

mum total distance or lowest total cost is regarded as an optimal

solution. In traditional FLPs, many researchers [5–10] have often

proposed cost/distance minimization as a single objective/criterion

using mathematical techniques (heuristic and optimization tech-

niques) for solving these problems. However, with some special

problems, such as choosing places to dispose of hazardous waste,

selecting sites for nuclear power plants, site selection for garbage

disposal and location selection for IWD, location selecting locations

for these problems are very important decisions because they are

costly and difficult to reverse. The location selection problems in

these cases are multi-criteria/objective decision making (MCDM)

problems, namely multi-criteria/objective facility location problems

(MCFLPs/MOFLPs), and the selection needs to consider the impor-

tance of relevant factors such as social responsibility and environ-

mental awareness simultaneously. Consequently, one of the most

essential difficulties in dealing with these problems is to find a

suitable approach by which to evaluate these criteria. 

In recent years, many techniques to solve MCDM problems have

been proposed, including mathematical techniques (mathematical

programming techniques and artificial intelligence techniques) and

MCDM techniques. A group of researchers [11–16] have proposed

mathematical techniques in order to deal with environmental re-

strictions, whereas another group [17–20] have often proposed

MCDM techniques to solve MCDM problems that are difficult to
nterpret. One MCDM technique often suggested for solving these

omplex problems is AHP, because it is a simple and powerful

pproach [21,22] . Due to the complexity of the decision-making

nvironment and ambiguity of each problem, some researchers

23–29] have proposed using AHP-only or combined AHP-other

echniques for solving MCDM problems, because considering only

he cost aspect will not handle these problems effectively. AHP has

een widely used in the MCDM process by academics and practi-

ioners [30–32] over the last 20 years. Since AHP alone will not

e able to handle existing environmental restrictions, some re-

earchers have combined AHP with mathematical techniques, in

rder to deal with environmental restrictions simultaneously. Lin-

ar programming (LP) and goal programming (GP), mathematical

rogramming techniques, are often combined with the AHP in the

iterature. The LP model is used to solve single objective problems,

ut the GP model has been developed to solve multi-objective

roblems. GP was studied by Charnes, Cooper and Ferguson in

955 for solving unsolvable LPs. For example, some researchers

33–38] have constructed combined AHP-mixed LP models for

olving a single objective decision making problem, and combined

HP-mixed GP model for solving multi-objective decision making

roblems. Although AHP is a popular tool to solve MCDM prob-

ems, conventional AHP cannot reflect the human thinking style.

he conventional AHP method is difficult in that it applies an ex-

ct value to express the decision maker’s opinions in a compar-

son of alternatives, and the AHP method is often criticized be-

ause of its use of an unbalanced scale of judgment, and its in-

bility to adequately handle the inherent uncertainty and impre-

ision in the pair-wise comparison process [39] . Later, the fuzzy

nalytic hierarchy process (FAHP), based on the fuzzy set theory of

adeh [40] , was developed in order to overcome this weak point,

nd this technique is often used to replace conventional AHP to

olve MCDM problems that are difficult to interpret. Hence, re-

ently, many researchers have used FAHP to solve MCDM problems

nstead of traditional AHP [41–46] . Although FAHP is widely used

o solve MCDM problems, there are few papers that report com-

ined FAHP-mathematical techniques to solve MCDM under exist-

ng environmental restrictions. For example, He et al. [47] proposed

 FAHP-LP model for the multi-criteria transshipment problem to

aximize customer service level, while minimizing logistics costs

t the same time. Kannan et al. [48] presented an integrated fuzzy

ulti criteria decision making method and GP approach for sup-

lier selection and order allocation in a green supply chain. Also,

akeshlou et al. [49] proposed evaluating a green supplier selec-

ion problem using a hybrid MODM algorithm, in order to effec-

ively consider existing environmental restrictions. 

In MCFLPs/MOFLPs, some researchers have recently proposed

o use the FAHP for solving the FLPs in many ways. For example,

nüt et al. [50] proposed a combined fuzzy MCDM approach based

n the FAHP and fuzzy TOPSIS techniques for selecting a suitable

hopping center location. Nazari et al. [44] applied Chang’s fuzzy

HP-based multiple attribute decision-making (MADM) method for

election of the best site for landfills. Choudhary and Shankar

51] proposed the STEEP-fuzzy AHP-TOPSIS framework for evalua-

ion and selection of thermal power plant locations. Safari, Faghih,

nd Fathi [52] proposed a fuzzy approach for selection of facil-

ty locations using technique for order preference by similarity

o ideal solution (TOPSIS) method. Recently, Ozgen and Gulsun

53] proposed a combined probabilistic linear programming and

uzzy AHP for solving the multi-objective capacitated multi-facility

ocation problem. Safari, Soufi and Aghasi [54] proposed the hy-

rid fuzzy MCDM approach (Hybrid of F-DELPHI, F-AHP, F-LLSM

nd F-PROMETHEE) and applied it to select the location for a Hy-

ermarket. Hanine et al. [55] proposed the comparison of the fuzzy

ODIM and fuzzy AHP methods for landfill location selection. 
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Fig. 1. The steps of the study process. 
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Although the FAHP is widely used at present, the application

f this technique to solve MOFLPs is complex, depending on the

ature of each problem. For this reason, choosing the appropriate

echnique will enhance the confidence of decision makers for se-

ecting a suitable location network, by considering cost and envi-

onmental impact under available resources limitations. 

According to the above literature review, the traditional FLP

odel is needed to improve decision making on location selection

or the IWD problem. GP is used to solve multi-objective problems

n the literature, and FAHP has often been used to solve MCDM

roblems which are difficult to interpret. In fact, FAHP cannot deal

ith the environmental restrictions of this problem. Hence, choos-

ng the FAHP and GP techniques are reasonable in this case, be-

ause quantitative and qualitative objectives, under the limited re-

ources available, should be included to achieve maximum stake-

older satisfaction with minimum total cost. Consequently, this ar-

icle presents a new multi-objective model for location selection

or IWD centers, namely the FAHP-GP model, which differs from

he literature, in order to take advantage of the strengths of the

ethods detailed in the literature, while overcoming their weak-

esses. 

. Methodology 

The paper offers two methodologies for the selection of new

uitable locations for IWD. The FAHP is presented first as a stand-

lone methodology and then an integrated FAHP and GP model is

resented as an extension for considering additional criteria in a

ew multi-objective facility location problem. The location selec-

ion process should have a model that is flexible and applicable to

his case study, and the model should be able to respond to com-

lex goals, both qualitative and quantitative. Therefore, this article

resents several goals to be satisfied: cost and other relevant goals.

etails of the conceptual framework are shown in Fig. 1 . 

The first step is to define relevant factors in order to select

andidate locations. The selection of the new suitable locations

or IWD from the candidate locations is made using legislation,

egulation and expertise. For example, in Thailand, all municipal-

ty locations of will first be considered based on Thai legislation

nd encouragement of government policy. After that, locations that

omply with Thai legislation and government policy will also be

onsidered based on the regulations of each local government. Fi-

ally, experts will define relevant factors that impact location se-

ection for IWD and then they will select candidate locations. There

re important factors or general factors that impact the selection

f new suitable locations in both Thailand and other nations. For

xample, total cost includes land, transportation, installation and

aintenance cost. Infrastructure factors often include public utili-
ies and convenience to traffic systems. Geological factors often re-

er to area size of candidate locations, features of area, flooding

n the past, and social & environmental factors often refer to pop-

lation density, municipal administrators, capability of municipal-

ties, distance from communities and distance from public water

esources. The second step is to compute the priority weights for

ach element using FAHP. A high priority weight means that it is

etter than a low priority weight. The third step is to build and

ompute the multi-size location problem model (MSLP model) for

WD. The proposed model can be applied to solve the multi-size

ocation problem using an optimization technique, differing from

he literature. Another step is to build and compute a new FAHP-

P model. The priority weights of candidate locations using FAHP

ill be taken as input into the GP model as an extension in or-

er to consider additional criteria in this problem. The final step

s to select a new suitable location network for IWD, based on the

ptimal solution of the FAHP-GP model. 

.1. FAHP 

There have been many different techniques for MCDM problems

hat are difficult to interpret, such as the Analytic Hierarchy Pro-

ess (AHP) [18] , Analytic Network Process (ANP) [56] , Technique for

rder Preference by Similarity to Ideal Solution (TOPSIS) [57] and

reference Ranking Organization Method for Enrichment of Eval-

ations (PROMETHEE) [58] . One traditional MCDM tool often sug-

ested for solving complex problems is AHP, because it is a simple

nd powerful technique [21,22] . However, AHP has the weakness,

hat it cannot reflect the human thinking style. Later, Laarhoven

nd Pedrycz [59] proposed the Fuzzy Analytic Hierarchy Process

FAHP), in 1983, which was an application of the combination of

HP and the fuzzy set theory of Zadeh [40] . The FAHP was de-

eloped in order to overcome the weak points of AHP, and nowa-

ays this contemporary tool is often used to solve MCDM prob-

ems which are difficult to interpret, instead of the traditional AHP.

ence, in this case study, the FAHP will be proposed in this section

n order to define the global priority weights of each candidate lo-

ation. 

In this paper, Triangular Fuzzy Numbers (TFNs) are used to

valuate priority weights with fuzzy arithmetic operations, which

re shown in Eqs. (1 –5 ). Let ˜ A = { ̃  a i j } be the TFN judgment matrix

ontaining all pair-wise comparisons between each criterion i and

ach alternative j . ˜ A can be defined by Eq. (1) . 

˜ 
 = 

⎡ ⎢ ⎢ ⎢ ⎣ 

˜ a 11 ˜ a 12 · · · ˜ a 1 n 

˜ a 21 ˜ a 22 · · · ˜ a 2 n 

. . . 
. . . 

. . . 
. . . 

˜ a n 1 ˜ a n 2 · · · ˜ a nn 

⎤ ⎥ ⎥ ⎥ ⎦ 

, i ∈ { 1 , 2 , ..., n } , j ∈ { 1 , 2 , ..., n } 

(1) 

here ˜ a i j = ( l i j , m i j , u i j ) is TFN and l ij ,m ij and u ij are the least possi-

le value, modal value and highest possible value respectively. The

uzzy arithmetic operations on TFN can be expressed as follows: 

ddition : F 1 � F 2 = ( l 1 + l 2 , m 1 + m 2 , u 1 + u 2 ) (2)

ultiplication : F 1 � F 2 = ( l 1 · l 2 , m 1 · m 2 · m 2 , u 1 · u 2 ) (3)

ivision : F 1 / F 2 = ( l 1 / u 2 , m 1 / m 2 , u 1 / l 2 ) (4)

eciprocal : F −1 
1 = (1 / u 1 , 1 / m 1 , 1 / l 1 ) (5)

In this paper, TFN will be applied in order to compare a priority

cale between each criterion i and each alternative j as shown in

able 1 . 
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Table 1 

The 9 - point scale of FAHP. 

TFN Definition 

(1,1,1) Equal importance 

(2,3,4) Moderate importance 

(4,5,6) Strong importance 

(6,7,8) Very strong importance 

(8,9,9) Extreme importance 
˜ 2 , ̃  4 , ̃  6 , ̃  8 Intermediate values between the two adjacent judgments 

Fig. 2. Multi-level hierarchy for location selection. 
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Table 2 

List of random index values. 

n 2 3 4 5 6 7 8 9 

RI(n) 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 
Like the classical AHP, in this paper, the steps of the FAHP are

as follows: 

• Construct the hierarchy 

To define relevant factors, the n decision factors can be defined

by asking questions of experts or decision makers, about which cri-

terion is more important with regard to the goal. The problem will

be decomposed into a multi-level hierarchy. In Fig. 2 , the hierar-

chical structure is based upon the traditional AHP Methodology. At

level “0”, the goal is to select new suitable locations. At level “1”,

the main criteria are C 1 , C 2 ,…,C n , and at level “2”, the alternatives

are location 1 (A 1 ), location 2 (A 2 ) and location n (A n ). 

• Construct the comparison matrices of each decision maker 

The answers for each decision maker k can be constructed using

pair-wise comparison matrices as follows: 

˜ A k = 

⎡ ⎢ ⎢ ⎢ ⎣ 

˜ a 11 k ˜ a 12 k · · · ˜ a 1 nk 

˜ a 21 k ˜ a 22 k · · · ˜ a 2 nk 

. . . 
. . . 

. . . 
. . . 

˜ a n 1 k ˜ a n 2 k · · · ˜ a nnk 

⎤ ⎥ ⎥ ⎥ ⎦ 

, k = 1 , 2 , ..., K (6)

where ˜ A k are fuzzy pair-wise comparison matrices for each deci-

sion maker k , and K is the number of decision makers. 

• Combine the comparison matrices of each decision maker 

The pair-wise comparison matrices can be aggregated with the

fuzzy geometric mean method and can be defined by Eq. (7) [60] ,

˜ G = 

( 

K ∏ 

i =1 

˜ a i jk 

) 1 /K 

= 

⎡ ⎢ ⎢ ⎢ ⎣ 

˜ g 11 ˜ g 12 · · · ˜ g 1 n 

˜ g 21 ˜ g 22 · · · ˜ g 2 n 

. . . 
. . . 

. . . 
. . . 

˜ g n 1 ˜ g n 2 · · · ˜ g nn 

⎤ ⎥ ⎥ ⎥ ⎦ 

(7)

where ˜ G is the aggregated comparison matrix. 
• Estimate priority weights of each level 
After aggregation of the pair-wise comparison matrices, the ag-

regated matrix will be normalized with Eq. (8) . 

or( ̃  G ) = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

˜ g 11 ∑ n 
i =1 ˜ g i 1 

˜ g 12 ∑ n 
i =1 ˜ g i 2 

· · · ˜ g 1 n ∑ n 
i =1 ˜ g in 

˜ g 21 ∑ n 
i =1 ˜ g i 1 

˜ g 22 ∑ n 
i =1 ˜ g i 2 

· · · ˜ g 2 n ∑ n 
i =1 ˜ g in 

. . . 
. . . 

. . . 
. . . 

˜ g n 1 ∑ n 
i =1 ˜ g i 1 

˜ g n 2 ∑ n 
i =1 ˜ g i 2 

· · · ˜ g nn ∑ n 
i =1 ˜ g in 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(8)

After that, the priority weights of each level can be defined by

alculating the mean of each row i of the normalized matrix, as

hown in Eq. (9) . The fuzzy priority weights are TFN, which can be

onverted to crisp priority weights using Eq. (10) [61] . 

˜ 
 i = 

⎡ ⎢ ⎢ ⎢ ⎣ 

˜ w 1 

˜ w 2 

. . . 

˜ w n 

⎤ ⎥ ⎥ ⎥ ⎦ 

= 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

[
˜ g 11 ∑ n 

i =1 ˜ g i 1 
+ 

˜ g 12 ∑ n 
i =1 ˜ g i 2 

+ ... + 

˜ g 1 n ∑ n 
i =1 ˜ g in 

]
/n [

˜ g 21 ∑ n 
i =1 ˜ g i 1 

+ 

˜ g 22 ∑ n 
i =1 ˜ g i 2 

+ ... + 

˜ g 2 n ∑ n 
i =1 ˜ g in 

]
/n 

. . . [
˜ g n 1 ∑ n 

i =1 ˜ g i 1 
+ 

˜ g n 2 ∑ n 
i =1 ˜ g i 2 

+ ... + 

˜ g nn ∑ n 
i =1 ˜ g in 

]
/n 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(9)

f ̃  a i j = � ( u i j − l i j ) + ( m i j − l i j ) � / 3 + l i j ∀ i, ∀ j (10)

• Check for CR values ˜ 

 is defined by Eq. (11) . After that, using Eq. (10) , the crisp num-

ers of 
˜ 

W can be defined by Eq. (12) . 

˜ 

 i = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 

˜ w 1 ˜ w 2 

. . . ˜ w n 

⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 

= 

⎡ ⎢ ⎢ ⎢ ⎣ 

( w 1 × ˜ g 11 + w 2 × ˜ g 12 + · · · + w n × ˜ g 1 n ) / w 1 

( w 1 × ˜ g 21 + w 2 × ˜ g 22 + · · · + w n × ˜ g 2 n ) / w 2 

. . . 

( w 1 × ˜ g n 1 + w 2 × ˜ g n 2 + · · · + w n × ˜ g nn ) / w n 

⎤ ⎥ ⎥ ⎥ ⎦ 

(11)

¯
 i = df 

⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 

˜ w 1 ˜ w 2 

. . . ˜ w n 

⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 

= 

⎡ ⎢ ⎢ ⎢ ⎣ 

w̄ 1 

w̄ 2 

. . . 

w̄ n 

⎤ ⎥ ⎥ ⎥ ⎦ 

(12)

max is computed using Eq. (13) . 

max = 

n ∑ 

i =1 

w̄ i /n (13)

I is computed using Eq. (14) . 

I = ( λmax − n ) / (n − 1) (14)

CR is computed using Eq. (13) , and RI is defined using Table 2

R = CI/RI (15)

A Consistency Ratio ( CR ) of 0.10 or less is accepted as a fine

onsistency measure. If the value exceeds 0.10, it should be revised.
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• Compute the final priority weights for each alternative 

The final priority weights are calculated by adding the weights

er candidate and multiplying by the weights of the corresponding

riteria. A final score is obtained for each candidate location. The

est alternative is the maximum value of the final priority weight,

nd a high value for a priority weight means that it is better than

 low priority weight. 

.2. MSLP model 

The first theoretical study on the facility location problem be-

an in 1909 when Alfred Weber introduced a warehouse location

roblem to minimize the total distance between a warehouse and

 set of customers [62] . Daskin [63] classified discrete facility lo-

ation problems into three categories: covering-based problems,

edian-based problems, and other problems. Covering-based prob-

ems are divided into three basic types: set covering problems,

aximal covering problems, and p-center problems; see details in

he literature [62,63] . This study aims to achieve lowest total cost,

hich is similar to set covering problems. Therefore, based on set

overing problems, a location selection model was formulated to

olve the location selection for infectious waste disposal in this

ase, with details are as follows. 

The multi-size location problem model (MSLP model) is formu-

ated to solve the optimization problem of K sizes of incinerators

nd multiple locations. The candidate municipalities are assumed

o have enough space, budget and staffing, and the locations of

he incinerators can be made anywhere within the candidate mu-

icipalities. Details of the mathematical model of this problem are

hown below. 

Indices: 

i is the index of each municipality, i = 1,2,.., m , ( m = 3). 

j is the index of each hospital, j = 1,2,.., n , ( n = 40). 

k is the size of each incinerator, k = 1, 2,.., K , ( K = 2). 

Parameters: 

f k is facility cost (baht/day). 

o k is operating cost (baht/day). 

c ij is transportation cost between municipality i and hospital j

(baht/day) 

dt ij is actual distance between municipality i and hospital j

(km). 

u is unit transportation cost (baht/km). 

s k is the size of each incinerator i . 

d j is the demand of hospital j (kg/day). 

Decision variables: 

X ij is a binary decision variable; X ij = 1 if the hospital j is served

by municipality i; X ij = 0 otherwise. 

Y i is a non-negative integer decision variable; Y i = 1 if munici-

pality i is opened, Y i = 0 otherwise. 

Z ik is a binary decision variable; Z ik = 1 if the municipality i is

opened by selecting incinerator k, Z ik = 0 otherwise. 

Objective function: 

in.Z = 

m ∑ 

i =1 

K ∑ 

k =1 

f k · Z i,k + 

m ∑ 

i =1 

K ∑ 

k =1 

o k · Z i,k + 

m ∑ 

i =1 

n ∑ 

j=1 

u · d t i j X i j (16) 

Constraints: 

m 

 

i =1 

X i j = 1 ∀ j ( j = 1 , 2 , .., n ) (17)
n 
 

j=1 

d j · X i j ≤
K ∑ 

k =1 

s k · Z ik ∀ i (i = 1 ....m ) (18)

m 

 

i =1 

K ∑ 

k =1 

s k · Z i,k ≥
n ∑ 

j=1 

d j (19) 

K 
 

k =1 

Z ik = Y i ∀ i (i = 1 ....m ) (20)

 i j ∈ { 0 , 1 } (21) 

 i ∈ { 0 , 1 } (22) 

 i,k ∈ { 0 , 1 } (23) 

In this paper, the objective function of the MSLP model is to

inimize total cost (facility cost, operating cost and transportation

ost). Eq. (17) ensures that the demand of each hospital j is ful-

lled. Eq. (18) ensures that the service prepared by a site cannot

xceed its capacity. Eq. (19) ensures that the sum of the services

rovided by a site cannot exceed the sum of its capacities and Eq.

20) that the selected municipalities must use only k -size inciner-

tors. Eqs. (21) , ( 22 ) and ( 23 ) are binary. The optimal solution of

his model can be solved by LINGO13. 

.3. FAHP-GP model 

A new multi-objective facility location problem model which

ombines the fuzzy analytic hierarchy process and goal program-

ing, namely the FAHP-GP model, is proposed to select new, suit-

ble locations for infectious waste disposal. This proposed model is

equired to achieve the two main goals, lowest total cost and max-

mum weight, under the limits of available resources, at the same

ime. Traditional linear programming is used to solve only one sin-

le objective, minimization goal or maximization goal. In order to

olve a multi-objective optimization problem, GP was developed

n the early 1960 s for such complex problems with multiple ob-

ectives. Moreover, GP can solve problems with non-homogeneous

nits of measure [25] . The FAHP provides the priority weights for

ach element i . The maximum final weight of FAHP is the best al-

ernative for the relevant factors, but the minimum cost of candi-

ate location is the best solution for the total cost factor. Therefore,

n order to achieve the above goals simultaneously, the FAHP-GP

odel can be formulated to solve the problem. The objective can

e written as Eq. (24) , and Eqs. (17 –23, 25 ) and Eq. (26) are the

onstraints of this model. 

Deviation variables: 

d i 
−, d i 

+ are vectors of under achievement and over achievement

f target for each objective. 

Additional parameters: w i is the final priority weights of mu-

icipality i. 

TC is the target for total cost (defined by total cost of the MSLP

odel). 

w tc is the objective’s weight of total cost according to experts’

pinions. 

w FAHP is the objective’s weight of FAHP according to experts’

pinions. 

Objective functions of the FAHP-GP model: 

in z = w tc d 
+ 
1 + w F AHP d 

−
2 (24)
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Fig. 3. The transportation network of the candidate locations and hospitals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. A hierarchy for selecting locations for infectious waste disposal. 
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Constraints: 

m ∑ 

i =1 

K ∑ 

k =1 

f k Z i,k /T C + 

m ∑ 

i =1 

K ∑ 

k =1 

o k Z i,k /T C 

+ 

m ∑ 

i =1 

K ∑ 

j=1 

c i j X i j /T C + d −1 − d + 1 = 1 (25)

m ∑ 

i =1 

w i Y i + d −2 − d + 2 = 1 (26)

The objective is the minimization of unwanted deviations, d i 
−,

d i 
+ ; these deviations are deviation variables of under achievement

and over achievement of targets for each objective. In these data,

each objective has different units; therefore this paper has to nor-

malize all units to 1. Like the MSLP model, the optimal solution of

the FAHP-GP model can be solved by LINGO13. 

4. Application of the proposed methodology 

The methodology proposed in Section 3 was used to identify

suitable locations (disposal centers) for IWD in sub-Northeastern

Thailand, Nong Bua Lam Phu, Nong Khai, Loei and Udon Thani.

Decision makers evaluated three candidate municipalities, namely

Nong Bua Lam Phu (A1 or NLTM), Nong Khai (A2 or NKTM), and

Loei (A3 or LTM), whereas Udon Thani is not a candidate munici-

pality due to several limitations such as the suitable distance be-

tween the candidate area and communities, and the population

density. New, suitable locations were selected from three candi-

date municipalities to serve forty community hospitals, namely H1,

H2,…, H40 (see details in Fig 3 ), given the resource restrictions and

preferences. The steps of calculation are shown in Sections 4.1 –4.3 .

4.1. Calculate the final priority weights of each candidate alternative 

using FAHP 

This section presents the steps to determine the priority

weights of elements at each level. Firstly, a three-level hierarchical

structure was constructed by consulting four decision makers, who

have worked in the field for more than fifteen years, and stake-

holders (see Fig. 4 ). In the hierarchy, level 1 was the objective, the

new suitable location for infectious waste disposal, and level 2 was

the relevant criteria. There were three criteria: infrastructure (C 1 ),

geological (C ) and environmental & social (C ). Secondly, fuzzy
2 3 
air-wise comparison matrices were constructed from the four de-

ision makers, using the 9 - point scale of FAHP, as shown in Table

 . Third, the fuzzy pair-wise comparison matrices of the decision

akers were aggregated into a FAHP combined matrix ( ̃  G ) using

q. (7) , and the priority weights of level 1 were calculated using

qs. (8) –(10) , shown in Table 4 . Finally, the local priority weights

f level 2 and the final priority weights of level 3 were computed,

s shown in Table 5 and Table 6 respectively. 

.2. Compute the optimal solution for infectious waste disposal with 

he MSLP model 

To obtain the optimal solution for the lowest total cost, the

SLP model was used to solve the problem. The demand and real

istance matrix of three candidate locations and forty hospitals are

hown in Table 7 as d j and dt ij . The value of u is 4.3 baht/km. In

able 8 , f k ( k = 1 and k = 2) are 1893 and 3485 baht per day, and

 k are 9870 and 18,644 baht per day respectively. The values of s k 
re 400 and 800 kg per day. After that, LINGO13 was used, and the

ptimal solution is shown in Table 9 . 

.3. Compute the suitable locations for infectious waste disposal 

sing FAHP-GP model 

After calculating the FAHP and MSLP model in Sections 4.1 and

.2 respectively, in order to minimize the unwanted deviations

 1 
+ , d 2 

− in Eq. (23) , we set w tc = 0.5 and w FAHP = 0.5 according

o experts’ opinions. The minimum total cost based on the MSLP

odel was substituted into Eq. (24) as the target of total cost ( TC )

n the FAHP-GP model. Similarly, the final priority weights ( w i )

ere substituted into Eq. (25) , and the target of FAHP was equal to
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Table 3 

Comparison matrix of criteria with respect to goal from the four decision makers. 

Goal C1 C2 C3 

C1 (1.00, 1.00, 1.00), (1.00, 1.00, 1.00) 

(1.00, 1.00, 1.00), (1.00, 1.00, 1.00) 

(0.25, 0.33, 0.50), (0.17, 0.20, 0.25), 

(1.00, 1.00, 1.00), (2.00, 3.00, 4.00) 

(0.11, 0.11, 0.13), (0.11, 0.11, 0.13), (0.13, 

0.14, 0.17), (0.13, 0.14, 0.17) 

C2 (2.0 0, 3.0 0, 4.0 0), (4.0 0, 5.0 0, 6.0 0), 

(1.00, 1.00, 1.00), (0.25, 0.33, 0.50) 

(1.00, 1.00, 1.00), (1.00, 1.00, 1.00), 

(1.00, 1.00, 1.00), (1.00, 1.00, 1.00) 

(0.13, 0.14, 0.17), (0.13, 0.14, 0.17), (0.13, 

0.14, 0.17), (0.13, 0.14, 0.17) 

C3 (8.0 0, 9.0 0, 9.0 0), (8.0 0, 9.0 0, 9.0 0), 

(6.0 0, 7.0 0, 8.0 0), (6.0 0, 7.0 0, 8.0 0) 

(6.0 0, 7.0 0, 8.0 0), (6.0 0, 7.0 0, 8.0 0), 

(6.0 0, 7.0 0, 8.0 0), (6.0 0, 7.0 0, 8.0 0) 

(1.00, 1.00, 1.00), (1.00, 1.00, 1.00), 

(1.00, 1.00, 1.00), (1.00, 1.00, 1.00) 

Table 4 

Combined comparison matrix of criteria with respect to goal. 

Goal C1 C2 C3 wc(i) CR 

C1 1.00 1.00 1.00 0.54 0.67 0.84 0.13 0.14 0.16 0.10 0.03 

C2 1.19 1.50 1.86 1.00 1.00 1.00 0.13 0.16 0.18 0.13 

C3 6.16 7.17 7.97 5.42 6.44 7.44 1.00 1.00 1.00 0.77 

Table 5 

Combined comparison matrix of each location i with respect to criterion j. 

C1 A1 A2 A3 wl(i,1) CR 

A1 1.00 1.00 1.00 0.50 0.58 0.71 0.59 0.76 1.00 0.25 0.05 

A2 1.41 1.73 2.00 1.00 1.00 1.00 0.71 0.76 0.84 0.36 

A3 1.00 1.32 1.68 1.19 1.32 1.41 1.00 1.00 1.00 0.39 

C2 A1 A2 A3 wl(i,2) 

A1 1.00 1.00 1.00 1.00 1.00 1.00 0.84 1.00 1.19 0.33 0.03 

A2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.32 1.68 0.36 

A3 0.84 1.00 1.19 0.59 0.76 1.00 1.00 1.00 1.00 0.31 

C3 A1 A2 A3 wl(i,3) 

A1 1.00 1.00 1.00 2.00 3.00 4.00 2.38 3.41 4.43 0.61 0.06 

A2 0.25 0.33 0.50 1.00 1.00 1.00 0.71 0.76 0.84 0.18 

A3 0.23 0.29 0.42 1.19 1.32 1.41 1.00 1.00 1.00 0.21 

Table 6 

All priority weights for each level. 

wc(i) CR wl(i,j) CR w(i) 

wc(1) = 0.10 0.03 wl(1,1) = 0.25, 

wl(2,1) = 0.36, 

wl(3,1) = 0.29 

0.05 0.54 

wc(2) = 0.13 wl(1,2) = 0.33, 

wl(2,2) = 0.36, 

wl(3,2) = 0.31 

0.03 0.22 

wc(3) = 0.77 wl(1,3) = 0.61, 

wl(2,3) = 0.18, 

wl(3,3) = 0.21 

0.06 0.24 
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Fig. 5. Sensitivity analysis of locations for different values of w tc , w FAHP . 
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. Like the MSLP model, Eqs. (17) –(23) were the same constraints

or this model. After that, LINGO13 was used, and the optimal so-

ution was compared with FAHP-only and MSLP models, as shown

n Table 10 . 

As seen in Table 10 , based on the FAHP method, the results

how that A1 and A3, namely Nongbua Lamphu Town Municipal-

ty and Loei Town Municipality, were the selected locations. The

nal priority weights of A1 and A3 are 0.54 and 0.24, respectively,

nd the total cost is 40,242.25 baht/day. Next, based on the MSLP

odel, A1 and A2, namely Nongbua Lamphu Town Municipality

nd Nong Khai Town Municipality, were selected by consideration

f the minimum total cost, about 37,913 baht/day. The final priority

eights of A1 and A2 are equal to 0.54 and 0.22, respectively. Fi-

ally, the FAHP-GP model was formulated to solve this problem be-

ause this model can be considered as multi-objective at the same

ime. Like the MSLP model, the results show that the suitable can-

idate municipalities were A1 and A2. It can decrease the total cost

y selection of FAHP-only by about 2329 baht/day. Although the

eight of A2 was slightly lower than the weight of A3 (selected by
AHP-only, A1 and A3), by about 0.02, the total cost objective was

chieved using the new proposed model. Therefore, this model can

ead to the selection of new suitable locations for infectious waste

isposal by considering both tangible factors and intangible factors

imultaneously. Moreover , the proposed model is realistic and fea-

ible, since it considers resource limitations that need to be solved

n the location selection problem. 

The sensitivity analysis of the FAHP-GP model was also per-

ormed for different levels of objective weights. The sensitivity

nalysis is conducted to evaluate the influence of objective weights

n the MOFLP. The results are summarized in Table 11 and Figs. 5 –

 . It can be seen that by increasing w tc and decreasing w FAHP at

he same time, the total cost goal has a decreasing trend (mini-

um total cost). On the other hand, it can also be seen that by

ecreasing w tc and increasing w FAHP at the same time, the number

f locations and total cost have an increasing trend. Finally, the so-

utions from the sensitivity analysis for different values of objec-
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Table 7 

Resource data for the MSLP model. 

ID. Hospital name NLTM (A1) NKTM (A2) LTM (A3) Amount of infectious waste (kg/day) 

H1 Nahaeo 190.00 275.00 128.00 11.50 

H2 Pakchom 187.00 162.00 71.00 25.50 

H3 Dansai 168.00 253.00 106.00 50.00 

H4 Erawan 55.70 140.00 61.90 17.00 

H5 Tha Li 156.00 240.00 122.00 21.00 

H6 Phurua 132.00 216.00 69.30 8.00 

H7 Na Duang 65.00 150.00 52.30 13.00 

H8 Chiang Khan 148.00 202.00 31.20 15.00 

H9 Wang Saphung 78.40 163.00 44.30 30.00 

H10 Phu Kradung 94.40 168.00 96.40 15.50 

H11 Phu Luang 102.00 187.00 70.00 16.00 

H12 Pha Khao 78.60 148.00 98.50 15.00 

H13 Sangkhom 142.00 99.00 134.00 16.00 

H14 Phon Phisai 154.00 75.40 264.00 31.00 

H15 Si Chiang Mai 103.00 60.20 173.00 15.00 

H16 Sakhrai 89.60 6.00 20 0.0 0 7.00 

H17 Tha Bo 102.00 44.00 192.00 31.00 

H18 Suwannakhuha 53.00 102.00 145.00 19.00 

H19 Si Bun Rueang 40.70 114.00 154.00 36.50 

H20 Na Klang 26.80 111.00 90.70 31.00 

H21 Na Wang 43.90 125.00 76.40 13.00 

H22 Non Sang 55.60 129.00 169.00 15.00 

H23 Kumphawapi 95.70 82.00 209.00 11.50 

H24 Si That 120.00 106.00 233.00 25.00 

H25 Chai Wan 109.00 89.50 222.00 50.00 

H26 Wang Sam Mo 147.00 134.00 261.00 17.00 

H27 Phibun Rak 94.00 47.50 207.00 21.00 

H28 Nong Han 90.20 70.80 204.00 8.50 

H29 Kut Chap 52.10 81.80 166.00 13.00 

H30 Nong Wua So 27.00 61.70 140.00 15.50 

H31 Ban Dung 138.00 71.50 251.00 30.00 

H32 Sang Khom 124.00 49.00 237.00 15.50 

H33 Non Sa-at 107.00 93.30 220.00 16.00 

H34 Nam Som 80.90 95.70 83.90 15.00 

H35 Phen 96.10 21.20 209.00 16.50 

H36 Nong Saeng 81.60 81.20 195.00 31.00 

H37 Thung Fon 121.00 101.00 231.00 15.00 

H38 Ban Phue 95.70 82.00 209.00 7.00 

H39 Na Yung 120.00 106.00 233.00 31.00 

H40 Huai Koeng 109.00 89.50 222.00 6.00 

Total 4074.00 4633.30 6281.90 795.50 

Table 8 

Expense details. 

Expense details (baht/day) Incinerator size (kg/day) 

400 800 

1. Facility cost 

1.1 Incinerator 274 548 

1.2 Landfill 68.5 137 

1.3 Storage 986 1973 

1.4 Infectious waste tank 246.5 493 

1.5 Cleaning system 16.5 33 

1.6 Emergency generator 301 301 

Total facility cost (baht/day) 

2. Operating cost per day 1893 3485 

2.1 Labor cost 7289.5 14,579 

2.2 Maintenance costs (6% of incinerator) 164.5 329 

2.3 Cost of air pollution measurement 1096 1096 

2.4 Cost of IWD (3.3 Baht/kg) 1320 2640 

Total operating cost (baht/day) 9870 18,644 

Table 9 

Optimal solution of MSLP model. 

Opened location Size of location (kg/day) Hospitals 

NBTM or A1 400 H1, H3, H4, H5, H6, H7, H8, H9, 

H10, H11, H12, H18,H19, H20, 

H21, H22, H23, H26, H29, H30, 

H34 

NKTM or A2 400 H2, H13, H14, H15, H16, H17, 

H24, H25, H27, H28, H31, H32, 

H33, H35, H36, H37, H38, H39, 

H40 

Objective value 37,913.37 baht/day 

t  

m  

a  

p  

I

Table 10 

Comparison of FAHP, MSLP and FAHP-GP models. 

Location (L(i)) Final priority weights (W i ) FAH

A1 (NBTM) 0.54 Sel

A2 (NKTM) 0.22 Not

A3 (LTM) 0.24 Sel

Total cost (Baht/day) 40,
ive weights were offered to the six decision makers. The decision

akers confirmed that these locations (A1 and A2) are appropri-

te as new locations for IWD, and they believed that our work can

rovide essential support for decision makers in the assessment of

WD problems, in this case study and other areas of Thailand. 
P MSLP model FAHP-GP model 

ected Selected Selected 

 selected Selected Selected 

ected Not selected Not selected 

242.25 37,913.37 37,913.37 



N. Wichapa, P. Khokhajaikiat / Operations Research Perspectives 4 (2017) 39–48 47 

Table 11 

Sensitivity analysis for different values of objective weights. 

w tc = 0.60, w tc = 0.50, w tc = 0.40, 

w FAHP = 0.40 w FAHP = 0.50 w FAHP = 0.60 

A1 Selected (s(1) = 400) Selected (s(1) = 400) Selected (s(1) = 400) 

A2 Selected (s(1) = 400) Selected (s(1) = 400) Selected (s(1) = 400) 

A3 Not selected Not selected Selected (s(1) = 400) 

Total cost (Baht/day) 37,913.37 37,913.37 47,381.89 

Total priority weights 0.76 0.76 1.00 

Fig. 6. Sensitivity analysis of total cost for different values of w tc , w FAHP. 

Fig. 7. Sensitivity analysis of total priority weight for different values of w tc , w FAHP . 
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. Conclusion 

This paper presents a new approach for choosing a suitable new

ocation for infectious waste disposal. From several previous stud-

es, a gap was found in the research because researchers solve the

acility location problem for minimum cost or minimum distance

sing only quantitative objectives, without qualitative objectives.

o solve this problem, the authors present a model to solve multi-

bjective problems with both quantitative and qualitative objec-

ives. This model was tested with a case study, for forty hospitals

nd three candidate facilities, in sub-Northeastern Thailand. Firstly,

he FAHP was used to define the priority weights of each ele-

ent in a three level hierarchy. Secondly, the MSLP model was for-

ulated to identify the size of incinerators and the optimal loca-

ions, and the optimal solution (minimum total cost) of the model

as solved by LINGO13. Next, the FAHP-GP model (multi-objective

odel) was formulated to solve this complex problem; the priority

eights of FAHP and the optimal solution of the MSLP model were

ncluded in the model. Finally, the optimal solution was computed

y LINGO to select suitable locations for infectious waste disposal.

he results show that A1 (NBTM) and A2 (NKTM) are the suitable

ocations. Even though for one selected location (A2), the final pri-
rity weight of A2 is slightly lower than the selection by FAHP,

y about 0.02, the minimum total cost and suitable final priority

eight was achieved using the FAHP-GP model. The major advan-

ages of the proposed model are that it can guide the selection

f a new suitable location under the multi criteria facility location

roblem, with quantitative and qualitative factors, and these fac-

ors are considered simultaneously. Therefore, it is believed that

his approach should be more valuable and applicable than stand-

lone optimization techniques and the stand-alone FAHP method-

logy. 

The contribution of this research lies in the development of a

ew approach that is flexible and applicable by decision makers, to

elect suitable locations for infectious waste disposal under quan-

itative and qualitative criteria. This model is simple but power-

ul, and is a flexible model for decision makers to limit costs and

nvironmental impact. The results from this model show that the

odel can guide the selection of the lowest cost location and ef-

ectively minimize the environmental impact. The advantage of this

esearch is that decision makers can select the optimal location

etwork and give significant weights as needed. 
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