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Part I: System Architecture and Disposal Site Selection Algorithm

Chaozhong Xue”, Yonggqi Dong”, Student Member, IEEE, Jiaqi Liu, Yijun Liao, and Lingbo Li

Abstract— With social progress and the development of
modern medical technology, the amount of medical waste
generated is increasing dramatically. The problem of medical
waste recycling and treatment has gradually drawn concerns
from the whole society. The sudden outbreak of the COVID-19
epidemic further brought new challenges. To tackle the
challenges, this study proposes a reverse logistics system
architecture with three modules, i.e., medical waste
classification & monitoring module, temporary storage &
disposal site (disposal site for short) selection module, as well as
route optimization module. This overall solution design won the
Grand Prize of the “YUNFENG CUP” China National Contest
on Green Supply and Reverse Logistics Design ranking 1%. This
paper focuses on the description of architectural design and the
module on site selection. Specifically, regarding system
architecture, a framework diagram is provided, together with
brief descriptions of the three proposed modules and a case

study under the COVID-19 epidemic with the customized model.

Regarding the disposal site selection module, a multi-objective
optimization model is developed, and considering different types
of waste collection sites (i.e., prioritized large collection sites and
common collection sites), a hierarchical solution method is
developed employing linear programming and K-means
clustering algorithms sequentially. The proposed site selection
method is verified with a case study using real-world data, and
compared with the baseline, it can immensely reduce the daily
operational costs and working time. Limited by length, detailed
descriptions of the whole system as well as the remaining
medical waste classification & monitoring module and route
optimization module can be found at https://shorturl.at/cdY59.

I. INTRODUCTION

In recent decades, medical waste generation is rising
dramatically. If the large amount of medical waste is not
properly managed and recycled, it might cause serious risks
for both human beings and the environment [1]. Thus, the
public is gradually increasing their concerns about the
management of healthcare/medical waste on a global basis [2],
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especially after the outbreak of the Coronavirus Disease 2019
(COVID-19) epidemic [3]-{7]. To cope with the arising
challenges, there is a must for designing a reliable and
effective medical waste reverse logistics system that is greatly
beneficial to the whole society.

Regarding waste reverse logistics system development,
most studies focus on network design [4], [5], [7]-[12]. For
example, in [4], a novel multi-objective & multi-period mixed
integer program was developed for the reverse logistics
network design, especially in epidemic outbreaks. It mainly
aims to tackle the exponentially increased medical waste
within a very short period by optimizing temporary facilities
localization as well as transportation strategies. The designed
model was applied to a case study concerning the outbreak of
COVID-19 in Wuhan, China. In [9], the medical waste reverse
logistics network design problem was tackled from the
perspective of medical materials producers, with a mixed
integer linear programming (LP) model developed for
handling the returned medical waste. In [10], to minimize the
overall costs and the risks associated with the operations of
infectious medical waste, an LP model with three objective
functions is developed, plus multiple functions are designed to
calculate the amount of generated waste according to the
parameters tuned from the epidemic outbreak. There are
seldom studies that try to design an integrated reverse logistics
system integrating site selection and route optimization for the
recycling medical waste transportation while considering the
classification & monitoring of the waste. This study aims to
fill such research gaps with an advanced architectural design.
Specifically, this study tackles the optimization of reverse
logistics transportation in two phases, i.e., the temporary
storage & disposal site (disposal site for short) selection phase
and the route optimization phase.

Regarding the disposal site selection, there are seldom
studies considering the second-level temporary storage &
disposal centers. Most of the available studies are about the
general facility location selection [13], [14]. This study
attempts to delve into the direction of setting up second-level
temporary storage & disposal centers and the corresponding
optimization for site selection for such centers.

II. REVERSE LOGISTICS SYSTEM ARCHITECTURE DESIGN

To tackle the aforementioned challenges and fill the
research gaps in designing the reverse logistics system, while
considering the current situation and problems regarding
recycling medical wastes in China, this study proposes and
designs a system architecture with three modules, i.e., waste
classification & monitoring module, temporary storage &
disposal site selection module, as well as route optimization
module. The system architecture and the relationships
between each module are illustrated in Figure 1, while the
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remaining parts of this section will briefly introduce the
motivation to set up these modules as well as their main
functions. Detailed descriptions for each module will be
provided in the following sections.

A. Medical Waste Classification and Monitoring Module

There are many defects in the current medical waste
disposal management system, e.g., lacking effective
traceability management tools, and blind spots in the disposal
process, resulting in unscrupulous black industrial chains
driven by the interest of profit. This study proposes an
"Internet+" based medical waste traceability management
platform using image recognition, RFID, and other technical
assistance, to integrate medical waste management into the
information management channel, implementing effective,
real-time, visual monitoring of the entire process of medical
waste disposal. This will provide logistics companies, medical
institutions, and relevant government departments with
all-weather 24/7 real-time monitoring without dead ends
which technically cuts off the black industrial chains, thus
eliminating the hidden dangers in the reuse process. To be
specific, this module involves three entities (i.e., relevant
government departments, hospitals, and logistics companies.)
and provides five functions, i.e., intelligent weighing
management, tracking management using BeiDou Navigation,
tracking management using RFID, medical waste collection &
inlet/outlet management, and classification evaluation
management. The corresponding data flow among the three
main entities together with their corresponding roles are
illustrated in the top-level data flow diagram in Figure 2. More
detailed descriptions are provided in the supplementary
materials at https://shorturl.at/cdY59.

B. Temporary Storage & Disposal Site Selection Module

Due to the wide and scattered sources of medical waste in
the recycling process, the daily waste generation of small and
medium-sized private medical institutions is small. While, to
date, the layout of their temporary storage and disposal centers
is usually unreasonable and cannot reach the economic scale
of setting up such disposal operation facilities. So it is
necessary to set up temporary storage and disposal sites, and
the selection and layout of such sites need to be upgraded and
optimized. This is identified by this study as one of the key
parts of constructing the medical waste reverse logistics
system. To tackle the problems of the low daily production of
waste from low-level medical units (e.g., community hospitals,
outpatient clinics, and other small clinics), and to upgrade the
unreasonable layout of temporary storage and centralized
disposal sites, in this module, this study first divides medical
waste generation sites into prioritized large collection sites
(e.g., Primary hospitals and above), and common collection
sites (e.g., outpatient clinics). Then, a multi-objective
optimization model is developed considering the number of
the selected temporary storage & disposal sites, and their
corresponding recycling amounts, together with the costs of
transfer and recycling. Finally, a hierarchical solution method
is developed employing linear programming and K-means
clustering algorithms sequentially to solve the developed
model.

C. Medical Waste Recycling Route Optimization Module
With the settled temporary storage & disposal sites, the
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Figure 2. The top-level data flow diagram among the entities

optimization of medical waste recycling transportation also
needs to consider route planning. It is necessary to take into
account both the cost of logistics recycling companies and the
low level of risk required by the government. In order to find
the equilibrium point between the two objectives of
minimizing cost and maximizing safety, this study constructs
a mathematical model for recycling route planning. Firstly,
this study divides the cost of the medical waste recycling
reverse logistics into two parts, i.e., vehicle transportation cost
and risk cost. Then, the model is constructed with minimizing
the weighted joint costs as the objective. The Analytic
Hierarchy Process (AHP) method is adopted to determine the
model parameter weights. Finally, this study develops a
customized Genetic Algorithm (GA) and employs it to solve
the model. As verified by a case study, this module design can
help to minimize transportation risks and reduce the total cost
of collection and transportation, while maximizing the
efficiency of collection and transportation, and meeting the
satisfaction of medical institutions.

D. Customized Model and Case Study under COVID-19
Epidemic
Since the outbreak of the COVID-19 epidemic, the volume

of medical waste has increased exponentially across countries,
plus the waste during the epidemic is highly infectious, which
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has put forward higher requirements for medical waste
recycling, transportation, and treatment. In the epidemic,
medical waste recycling companies are faced with a series of
challenges such as huge task loads, tight schedules, and high
standards, and are in need to come up with efficient and
feasible solutions for medical waste recycling. Based on the
developed modules of site selection and route optimization,
together with relevant developed models, this study further
customizes an urban medical waste recycling method by
setting the time window and penalty cost considering the "day
and night" emergency transportation mode (which is
introduced in detail in the supplementary material) and the
cold-chain transportation requirements. A customized GA
algorithm is adopted to solve the upgraded model. As verified
by the case study using empirical data from Dalian city, it is
observed the upgraded model can obviously improve the
performance under the situation of setting up special
emergency lines for responding to the COVID-19 epidemic.

Limited by length, detailed descriptions of the route
optimization module and the customized model for the case
study under the COVID-19 epidemic are distributed in another
paper which serves as supplementary material and can be
found at https://shorturl.at/cdY59.

III. TEMPORARY STORAGE & DISPOSAL SITE SELECTION
MODULE DESIGN

A. Problems Identification and Module Framework Design

In the process of recycling medical waste, there are many
source sites of medical waste with relatively scattered
distributions, among which the daily output of medical waste
in low-level medical units (e.g., community hospitals, and
outpatient clinics) is small. So regardless of collecting wastes
from all the medical units, it is necessary to set up temporary
storage and disposal sites. The current unreasonable layout of
temporary storage and disposal sites cannot reach the
expected economic scale. So it is necessary to optimize the
temporary storage and disposal site selection which will serve
as one of the major parts of reverse logistics transportation.
However, this is usually neglected or downplayed in previous
studies (e.g., [4], [5], [12]). To tackle the aforementioned
problems and fill the research gaps, this study tackles the
optimization of reverse logistics transportation in two phases,
i.e., temporary storage & disposal site selection phase and
route optimization phase. In the developed specific site
selection module, the study first divides medical waste
generation sites into prioritized large collection sites and
common collection sites, then develops a multi-objective
optimization model, and finally establishes a hierarchical
solution method employing linear programming and K-
means clustering algorithms sequentially to solve the
developed model. Figure 3 illustrates the framework design
of this temporary storage & disposal site selection module.

B. Optimizaiton Model Construction

a) Basic assumptions

1) It is assumed that there is no limit to the capacity of
medical waste at all levels of collection points.

2) The recycling process will involve the establishment
of temporary disposal centers at large collection points, and
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TABLE L VARIABLE DEFINITION
Variables Definition
M, A set of common waste collection sites that |[N;| = m
M The set of first-level large collection sites and temporary
2 storage and disposal centers, |M,| = ¢
Amount of medical waste generated at common collection
4 sites
The amount of medical waste generated by the first-level
q; waste collection site j ( i.e., temporary storage and disposal
center) itself
0O Maximum capacity limit of waste collection site i
f; The fixed construction cost of setting up temporary storage
/ and disposal center
b Costs of medical waste disposal in temporary disposal
centers
t Medical waste unit transfer cost

The unit subsidy of medical waste treatment in the temporary
a, disposal center, which is linearly related to the volume of
medical waste transferred to the temporary disposal center

Unit subsidy for common recycling sites transfers, with

i subsidy cost linearly related to distance

N A set of common collection sites that are not covered by large
collection sites

s The set of common collection sites that are covered by large
collection sites

L Distance threshold from the common collection site i to large

collection site j

the temporary disposal centers will require certain additional
costs, including fixed construction costs for building new
centers or upgrading the small common sites, and unit
disposal costs, while the government will give a subsidy to
set up temporary disposal centers.

3) The transfer of medical waste from the common
waste collection sites to the temporary disposal center will
also incur a transfer cost, and again the government will
provide a transfer subsidy to encourage this initiative.

b) Variable declarations
The variable declarations are illustrated in TABLE 1.

c) General objective function

If the distance from common collection site i to large
collection site j is exceeding L, this specific common
collection site will not be covered, denoted as N =
{i|vd;; >LieM,,jeM,}. d;is the distance from
common collection site i to large collection site j. If the
number of elements in N is n, then the set of common
collection sites that are covered by large collection sites

Authorized licensed use limited to: TU Delft Library. Downloaded on April 03,2024 at 08:11:53 UTC from IEEE Xplore. Restrictions apply.




S'= M;-N, with |S| = m-n. And then the objective function can
be written as:

a; X7 Hijqp) + X Y5, (t — a)qidiiH;

i=1 Zij=1
(la)
s.t.
§=1Hij =1 (lb)
b>a, (le)
t>a, (1f)
H;; € (0,1) (1g)
w; € (0,1) (Th)

where regarding the decision variables w; and H;;,
1, if the large collection site j is selected
0, other
1, if the wastes at the common site i is
transferred to the large site j
0, other
The objective function (1a) indicates that the target cost
consists of the fixed cost of the temporary disposal center and
the treatment cost of medical waste. And the government
subsidy will reduce part of the cost accordingly. To goal is to
find the decision variables so that the total cost is minimized.
Constraint (1b) indicates that the common collection site is
transferred to only one temporary storage & disposal center.
Constraint (1¢) indicates the coverage distance constraint,
once this range is exceeded, the cost becomes infinite.

Wi

H

ij =

Constraint (1d) indicates the relationship between H;; and w;.

Constraint (le) indicates that the treatment cost of the
temporary storage & disposal center is greater than the
subsidy. Constraint (1f) indicates that the transfer cost is
greater than the unit subsidy. Constraints (1g) and (1h) are 0-
1 variable constraints.

d) Objective function design when selecting sites
from the common collection sites that are not covered by the
large collection sites as the temporary storage & disposal
sites

To select sites from the common collection sites that are
not covered by the large collection sites (i.e., sites in V) as the
temporary storage & disposal sites, this study introduces the
decision variables F; and U;;, where
_ (1,if the common site is selected
- 0, other
1, if the wastes at the common site i is

transferred to the large site j
0, other

F;

UUz{

Then the modified objective function can be written as:

min Z, = ¥, F;(f; + bX¥i-, Uijq; + bq; —

ay Xt Uq) + Xisg Y= (t — a2)qidi; Uy (2a)
s.t.
dyU; < L (2b)
q; + 221 Uijq; < Q; (2¢)
?:1 Ul] =1 (2d)
b>a, (Ze)
t>a, (21)
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U;; € (0,1)
F; € (0,1)

(22)
(2h)

The objective function (2a) indicates that the target total
cost is composed of the fixed cost and the transfer cost from
the other common collection sites to the ones selected as the
temporary storage & disposal centers. The objective is to find
decision variables F; and U;; to minimize the total cost. As
for the constraints, constraint (2b) indicates that the transfer
distance cannot be greater than the maximum transfer radius,
i.e., the distance threshold L. Constraint (2¢) indicates that
the capacity of the common collection site selected as the
temporary disposal center is constrained to be the sum of the
medical waste generated by itself and the transferred volume
from other sites. Constraint (2d) means that wastes at any
collection point can only be transferred to at most one
temporary disposal center. Constraint (2¢) means that the
treatment cost of the temporary disposal center is greater than
the subsidy. Constraint (2f) means that the transfer cost is
greater than the unit subsidy. Constraints (2g) and (2h) are 0-
1 variable constraints.

C. Hierarchical Method for Model Solution

To solve the aforementioned model, this study develops a
hierarchical method with three layers employing LP and K-
means clustering algorithms as illustrated in Figure 3.

Firstly, all Primary hospitals or above are identified as
large collection sites for medical waste recycling. One can get
the decision variables w; and H;; by solving the
minimization problem defined by (1a) using the LP algorithm
[15]. However, considering the large amount of medical
waste produced by large collection sites every day, plus the
fact that there are not too many large collection sites, so, in
the case study (shown later), the results suggested that all
large collection sites can be set up as temporary storage &
disposal centers. This serves as the first layer of the model
solution.

Then, regarding the objective function (2a) with its linear
corresponding constraints, this study employs the LP
algorithm to solve it. In practice, both the two LP problems,
(la) and (2a), are solved by utilizing LINGO [16]. After
solving (1a) and (2a), with the determined decision variables
w;, H;j, F; and U, all common sites within distance L of all
the selected temporary storage & disposal center sites are
assigned a center site. This serves as the second layer of the
model solution method.

Finally, for those remaining common sites that are still
not assigned to any centers, this study adopts K-means
clustering [17] to find a suitable temporary storage and
disposal center for them. The number of additional center
sites is determined by tuning the hyperparameter K referring
to the clustering results and elbow method. Once K is settled,
all the remaining common sites are supposed to be assigned
to their corresponding cluster centers. However, considering
the costs of setting up new sites, instead of using the cluster
centers, this study suggests using the nearest common
collection site as the center selection for each cluster. The
detailed process of the K-means clustering algorithm is as
follows:

Step 1) Randomly select K sites as the clustering centers;
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TABLE II. ESTIMATION OF DAILY MEDICAL WASTE GENERATION
s Primary .
Org;mz:tlon Hosptial CIOLImmliltI;llty Outpatient | Clinic
P and above osp
Amount of
medical waste ((124 /tgé 15-20 kg/day kl 5/;1230 X 1/;3
generation yibe gday glday
TABLE III. ESTIMATION OF MODEL PARAMETERS
Variables Definition Estimated
Value
f The fixed construction cost of the 3000 CNY
storage and disposal center
b Costs of medlca} waste disposal in 3 ONY/ke
temporary disposal centers
t Medical waste unit transfer cost 2 CNY/kg
The unit subsidy of medical waste
treatment in the temporary disposal
a; center, the subsidy is linearly related to 1 CNY/kg
the volume of medical waste transferred
to the temporary disposal center
Unit subsidy for common recycling
a, sites transfers, with subsidy linearly 0.5 CNY/kg
related to distance
Distance threshold from the common
L AR S 500 m
collection site i to large collection site j
‘ Maximum capacity limit of the
o collection sites 1500 kg

Step 2) Calculate the distance of each remaining site to
each of the K clustering centers, and then assign the site to its
nearest clustering center, so that K new clusters will be
obtained.

Step 3) Recalculate and update the center of each cluster.

Step 4) Repeat the above steps 2~3 until the position of
the cluster center no longer changes (within an acceptable
threshold) or the iteration limit is reached.

The K-means clustering algorithm serves as the third
layer of the proposed model solution method.

IV. CASE STUDY

To verify the effectiveness of the proposed temporary
storage & disposal site selection model, this paper carries out
an instance analysis using real-world empirical data.

A. Data Collection

In this study, the empirical data from Dalian, a city in
northern China were selected to carry out the case study. An
application was created connecting with the Baidu map open
platform (API) to crawl the specific information of the target
Dalian city area. Considering the complexity of data
processing and solution scale, all medical units in two districts,
Xigang District and Zhongshan District of Dalian City, were
finally selected as the research target areas. There are a total
of 112 medical units in the selected area, including 21 Primary
(and above) hospitals and 91 small private hospitals and
outpatient clinics. All the detailed locations of these 112
medical units were obtained with latitude and longitude thus
it is possible to calculate the distance (in this study Manhattan
distance is adopted) between them.

B. Relevant Parameter and Parameter Assignments

Due to the varying levels of hospitals, the amount of
medical waste generated varies. According to investigations
and experience, the estimations of the amount of medical
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waste generated by different levels of hospitals are shown in
TABLE II. Other parameters were determined by reviewing
relevant literature and using surveys, and reasonable
assessments for the relevant parameters are listed in TABLE
1.

C. Model Solution

Firstly, after solving the corresponding minimization
problem defined by (1a), in this case, all large collection sites
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are set up as temporary storage and disposal centers. While the
common collection sites within L=500m of these selected
storage and disposal centers (i.e., large collection sites in this
case) are attributed to their corresponding centers using an LP
algorithm. The result is demonstrated in Figure 4.

The next step is to select temporary storage and disposal
centers and assign the attribution for all remaining unassigned
sites by solving the corresponding minimization problem (2a),
i.e., the 2nd layer of the model solution. Then, the final
remaining sites’ attribution together with new centers will be
determined based on the clustering algorithm (the 3rd layer of
the model solution). The common collection sites that are
nearest to their cluster centers are the additional selected
temporary disposal centers. And through tuning the
parameters of K, it was finally determined that adding 7 more
temporary centers would have the best improvement.
Corresponding clustering results are shown in Figure 5. While
the final results of the temporary storage & disposal sites
selection module are illustrated in Figure 6. It is observed that
all the sites are assigned with their corresponding centers with
28 centers in total. Please note, due to different settings of the
coordinate limit and scale, the site distribution in Figure 4 ~
Figure 6 may look different, however, they are the same. One
needs to check them carefully.

D. Results Analysis and Evaluation

Firstly, it is illustrated that the obtained 28 centers can
cover all the sites within the selected study area. Since there is
no information about the current temporary storage and
disposal center sites, this study then seeks to compare the
results with those without setting up the proposed second-
level temporary storage and disposal center sites. From the
estimated calculation, based on the objective function together
with TABLE II, TABLE III, and relevant tables in the
supplementary material at https://shorturl.at/cdY59, without
the setting up of temporary storage and disposal center sites,
the total daily working time for disposing the recycled medical
waste (note this time does not include the transportation time
between the sites) will be 1194 min, and the total daily
maintenance cost for all sites will be 34212.9 CNY.

In comparison, after implementing the proposed
temporary storage & disposal site selection method, the total
daily working time for disposing the recycled medical waste
will be 497 min, and the total daily maintenance cost for all
sites will be 26928.9 CNY. Both of them are reduced
dramatically, i.e., reduced at the level of 58.4% and 20.8%
respectively.

The detailed process of the calculation for the total daily
working time and maintenance costs is illustrated in the
supplementary material at https://shorturl.at/cdY59.

V. CONCLUSION

To handle the challenges regarding reverse logistics
systems for medical waste recycling, especially those that
arise during the COVID-19 epidemic, this study develops an
integrated system architecture with three modules, i.e.,
medical waste classification & monitoring module, temporary
storage & disposal site selection module, plus route
optimization module. Limited by length, this paper is
specifically focusing on the description of the proposed
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architectural design regarding the motivation, function, and
benefits of each module. Also, it introduces the temporary
storage & disposal site selection module in detail. Considering
different types of waste collection sites (e.g., prioritized large
collection sites and common collection sites), a multi-
objective linear programming optimization model is proposed
with  corresponding  hierarchical  solution = methods
incorporating linear programming and K-means clustering
algorithms sequentially to solve it. The proposed site selection
method is verified with a case study using real-world data and
compared with the baseline, the proposed method can
immensely improve the performance reducing the daily
operational costs and working time at a large margin. This site
selection module is connected to the route optimization
module which is described in detail in another paper available
in the supplementary material at https://shorturl.at/cdY59.
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