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• Combined artificial intelligence sup-
ported collection and a novel vehicle
body.

• Harmony search algorithm for route op-
timization in on-demand e-waste col-
lection

• A novel construction of waste collection
vehicle body with convenient loading

• The efficiency of waste collection in-
cluding routing and packing for the ve-
hicles

• Benefits for the environment and
human health by the collection of haz-
ardous waste
⁎ Corresponding author.
E-mail address: piotr.nowakowski@polsl.pl (P. Nowak

https://doi.org/10.1016/j.scitotenv.2020.138726
0048-9697/© 2020 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 28 December 2019
Received in revised form 8 March 2020
Accepted 13 April 2020
Available online 1 May 2020

Keywords:
Mobile collection of e-waste
Waste electrical and electronic equipment
E-waste
Waste collection vehicle
Circular economy
Harmony Search algorithm
Mobile collection of waste electrical and electronic equipment is a collection method that is convenient for res-
idents and companies. New opportunities to use mobile apps and internet applications facilitate the ordering
of waste pickups from households and preparation of a collection plan for a waste collection company. It im-
proves the secondary raw materials collection in a circular economy approach after recycling waste equipment.
This study presents a combined methodology for improving the efficiency of e-waste collection. An online e-
waste collection supporting system uses a Harmony Search algorithm for route optimization of waste collection
vehicles. The results of the optimization are better compared to other artificial intelligence algorithms presented
in the literature and the number of visited collection points is higher from 1.2%–6.6% depending on the compared
algorithm. To increase the efficiency of waste loading and packing, a novel collection vehicle body construction is
presented. The design includes the convenient loading of waste from both sides of the vehicle and the rear side
being equippedwith a hydraulic lift. The proposed vehiclemodel can be used for e-waste collection inplaceswith
limited parking spaces or where the parking time is limited, such as in densely populated city centers. The waste
equipment packing efficiency increases and eliminates the necessity of including a container loading problem in
the algorithm and allows increasing waste equipment number loaded in a collection vehicle.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Waste electrical and electronic equipment (WEEE or e-waste) has
become a priority in the policy of waste management in developed
and developing countries (Ongondo et al., 2011; Widmer et al., 2005).
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This category of waste has a high recycling potential and also includes
hazardous substances (Oguchi et al., 2011). A reverse supply chain of
WEEE complies with the requirements of the principles of the circular
economy. The concept of the circular economy assumes the maximum
use of raw materials in the closed economy circuit and minimisation
of the waste stream to the landfill (Korhonen et al., 2018; Parajuly and
Wenzel, 2017). Therefore, the preferred methods of disposal of used
products are the ones that enable their re-use, repair, and recycling
(Laustsen, 2007). WEEE is a category for which a separate collection
through various channels must be ensured. There are various entities
responsible for reverse logistics chain operation. The implemented EU
directives and legislation in other countries define the scope of duties
and responsibilities of parties involved in the waste collection
(European Commission, 2012). WEEE is generated both by inhabitants
and companies. Waste collection companies must provide effective
methods for collection of WEEE by ensuring the appropriate measures,
i.e. vehicles, employees, as well as preliminary preparation of informa-
tion campaign about the methods of waste collection, location of con-
tainers, etc. (Friege et al., 2015; Gamberini et al., 2009; Nuortio et al.,
2006; Purkayastha et al., 2015). At the same time, the inhabitants are
obliged to removewaste properly, in linewith the information provided
by the equipment manufacturers, whereas the companies responsible
for waste collection andmunicipal companies should take care of trans-
port and shipment of waste to a WEEE dismantling facility (Borthakur
and Govind, 2017; Wang et al., 2016).

It is essential in the circular economy approach to fully support effi-
cient e-waste management using all communication channels and the
information system supporting waste collection. Properly collected
waste through legal channels minimizes risk with contamination of
hazardous substances from various components and parts of waste
equipment including batteries, liquid crystal displays, printed circuit
boards, electrolytic capacitors, etc. At the same time, the e-waste collec-
tion on demand contributes to social acceptance of novel and conve-
nient for individuals' method of handling and pick up of waste items.
Park et al. investigate the efficiency of door-to-door service WEEE col-
lection in Korea including public perception, user satisfaction, public re-
lation and promoting strategies of this collection service (Park et al.,
2019). Another significant benefit of the on-demand collection method
is the acquisition of the equipment of high recycling potential including
ferrous metals, non-ferrous metals, precious and rare earth metals, and
plastics. Forwaste collection companies, the important thing is to obtain
the largest possiblemass ofwastewith simultaneous reduction ofwaste
collection costs (Costa-Salas et al., 2017; Kang and Schoenung, 2006;
Nowakowski et al., 2017; Tsai and Hung, 2009). On the other hand, for
the inhabitants, it is important that waste collection should be carried
out in a manner which is convenient for them, that the schedules of
equipment collection are clear and the location of containers is appro-
priate (Król et al., 2016; Saphores et al., 2006, 2012).

2. Literature review

There aremanypossiblemethods of e-waste collection. They include
stationary waste collections carried out in municipal waste collection
points, EEE stores and mobile waste collections run as curbside
recycling as well as carried out in mobile points located in frequented
areas (European Commission, 2012). The mobile collection can be exe-
cuted as a curbside or alternatively on demand when a resident calls a
collection company or uses a mobile app to request WEEE pickup (Gu
et al., 2019; Nowakowski et al., 2017, 2018). This method gains increas-
ing interest due to cost reduction, its convenience for residents and pop-
ularity in many countries, including the developing countries (Agrawal
and Mittal, 2017; Cao et al., 2018) and also benefits for the collection of
e-waste of stockpiled in households by individuals. The number of
stockpiled e-waste in households (Nowakowski, 2019) has high
recycling potential and therefore some novel and acceptable by individ-
uals modern collection methods should be applied broadly. Sun et al.
investigate using a platform “Internet and WEEE collection” as a busi-
ness solution for improvement of e-waste collection in China (Sun
et al., 2020).

However, the level of the collection in many countries is relatively
low, while at the same time many companies complain about exces-
sively high collection costs and lack of effectiveness - i.e. too low stream
of waste collected despite high costs being incurred. It can be confirmed
on the basis of Eurostat data, as well as various publications from other
countries (Dwivedy et al., 2015; Eurostat, 2018; Li et al., 2017). In
European Union in 2016 the ratio for all categories of WEEE placed on
the marked and waste equipment collected was 38%. It includes large
home appliances with ratio of 47%, small home appliances 40%, and
ICT equipment – 48%. A frequent reason for that is the unwillingness
of waste collection companies to incur additional costs. The criterion
of costs incurred in relation to potential revenue from the collected
equipment is one of the most important elements when estimating
the effectiveness of reverse logistics chain. The costs incurred during
waste collection include personnel costs, costs of containers and vehi-
cles, aswell as administrative costs. Due to this, waste collection compa-
nies would be most willing to collect large and heavy equipment,
equipment with significant content of metals or the equipment of
high market value, like ICT equipment or mobile phones (Dat et al.,
2012; Kang and Schoenung, 2006).

Different forms of communication like telephone, Internet and mo-
bile applications, for supporting the mobile equipment collection were
proposed in order to improve its effectiveness. The main purpose is to
request a collection of WEEE within a specified date and time windows
convenient for a resident (Gao et al., 2015; Nowakowski et al., 2018).
Chinese case study presented by Jian et al. provides insight into the pro-
motion of WEEE recycling and analyzes the selection of collaborative
strategies for various reverse supply chain players (Jian et al., 2019). A
development of the collection model combining Internet and Recycling
was proposed byGu et al. with a support of dedicatedmobile app Aibolv
(Gu et al., 2019).

A collection company after receiving a request of WEEE collection
calls has to prepare a waste collection plan for a specified date. A suffi-
cient number of vehicles and the employees participating in the waste
collection have to be organized to collect WEEE from requested loca-
tions. This task requires using artificial intelligence algorithms for opti-
mization of vehicle routes and a number of the vehicles because it is a
typical vehicle routing problem with time windows (VRPTW)
(Buhrkal et al., 2012; Kim et al., 2009; Toth and Vigo, 2014). It is
intended to reduce transport costs and use resources, i.e. vehicles and
employees participating in waste collection. The new collection model
supported by the assistance of Internet and Communication technolo-
gies proposes Xue et al. This study included survey for fifteen companies
operating in China and a variety of waste categories (Xue et al., 2019).

This study is the development of the information system supported
by artificial intelligence investigated in previous research (Nowakowski
et al., 2017, 2018). The key improvement for this method focuses on
maximizing the number of collection points – from residents who
would like to dispose of waste or unwanted equipment from house-
holds. As a result, the exhaust emissions from thewaste collection vehi-
cles can be reduced by using a lower number of vehicles by the
collection company and collecting a higher mass of the raw materials
fromwaste equipment. To achieve this goal we propose the application
of the Harmony Search (HS) algorithm indicating some advantages of
the previously described algorithms (Simulated Annealing (SA), Im-
proved Bee Colony Algorithm (BCOi), Tabu Search (TS) and Greedy Al-
gorithm (GrA)). Another issue guiding this study was the efficiency of
themobile collection, especially taking into consideration the collection
costs and the volume of the e-waste collected by vehicles. In many
cases, the collection companies managers complain about the number
of waste WEEE items is too low, or WEEE was not properly packed in-
side a collection vehicle. This was the reason to skip otherWEEE collec-
tion points and return to a company base to unload the e-waste. This is
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one of the major problems increasing collection cost in the mobile col-
lection on-demandmethod. The results of the personal communication
with the managers of the collection companies was an idea to design a
novel body construction for convenient loading of waste equipment
with the easy adjustment of its position in a vehicle and completing a
collection according to prepared plan. This proposal is an important
step towards the improvement of the excellency of the reverse supply
chain especially by enabling efficient use of a vehicle payload and
using HS algorithm in optimization. It helps also with a simplification
of the WEEE collection model without including three-dimensional
packing problem in the algorithm (Dowsland and Dowsland, 1992).

Since requesting the waste collection in time windows and vehicle
routing, the VRPTW problem occurs (Toth and Vigo, 2014). The addi-
tional restrictions occurring in business practice (e.g. maximum vehicle
payload capacity, acceptance of different types of equipment by vehi-
cles, heterogeneity of WEEE and fleet, potential need to unload waste
and continue waste collection) enforce the extension of classical
VRPTW model.

Container loading problems and vehicle routing and loading prob-
lems were discussed in another study (Nowakowski, 2017). Mar-Otis
discusses vehicle routing problems with split loads and date windows
for WEEE using Greedy Randomized Adaptive Searching Procedure
(Mar-Ortiz et al., 2013). The problem of vehicle routing with time win-
dows in amobile collection andWEEE loading is a novel issue and it was
discussed in a study by Nowakowski et al. (Nowakowski et al., 2017).

The construction of a fully functional information system supporting
mobile collection of WEEE on demand was described in the article
Nowakowski et al. (2018). The results obtained in this study indicated
the efficiency of using in the application the following algorithms: SA,
BCOi, TS andGrA. SA and TS aremetaheuristics,which assume searching
the neighborhood of a given solution and the possibility of moving to a
worse solution after meeting a specific condition (SA uses a parameter
called temperature, and TS uses a Tabu period). GrA assumes making
the locally optimum decision at every step of constructing a route (by
selecting the vehiclewith the lowest cost and nearest e-waste collection
point).

Despite the adaptation of many different metaheuristics to solve
problems derived from VRP, we assumed that the WEEE mobile collec-
tion planning problem can be successfully solved by HS. As Yi et al.
(2019) noted, HS is simple in concept and easy in implementation. In
addition, it does not require initial values for the decision variables
and compared to some popularmetaheuristics it imposes fewermathe-
matical requirements and can be easily adapted for different problems
(Lee and Geem, 2005). Other arguments that convinced us about the
choice of HS are: its considerable popularity (Yi et al., 2019) and desig-
nation of better solutions for some optimization problems than solu-
tions created by other popular methods.
Waste collection request
(phone call, website form,

mobile app)

Registering in a waste
collection company

database server

Waste colle
routes opti
the collect

E-waste

Fig. 1. Framework of the collectio
3. Materials and methods

3.1. Application of Harmony Search algorithm in the e-waste collection on
demand

Themethod ofmobilewaste collection on-demandwas presented in
Fig. 1. A residentwhowould like to dispose of waste equipment request
a collection fromaWEEE collection companywithin specified timewin-
dows. After registering all requests for a certain day in a database it is
necessary to perform optimization of routes. When the optimization is
finished a driver of a collecting vehicle receives a sequence of the collec-
tion points.

HS was proposed by Geem (2000) and assumes the storage of HMS
sorted solutions (called harmonies, which are described with pitches,
representing decision variables) in HM (harmony memory) structure.
The procedure is based on iterative development of subsequent solu-
tions and comparison of their values of objective function with the
value of objective function of the worst harmony located in HM - if the
created result is better, then it will replace the stored solution.

The harmony process creation itself assumes determination of sub-
sequent pitch values, based on two variables - HMCR and PAR. The
first of them is responsible for the probability of the use of knowledge
gathered in HM (the value of i pitch is selected with HMCR probability
on the basis of pitch values in position i in the harmonies placed in
HM; the random selection of permissible value with 1 − HMCR proba-
bility is carried out), whereas the second one is responsible for the pos-
sibility to modify the value originating from HM (the operation is
performed with probability equal to HMCR ⋅ PAR).

This paper is based on the modified algorithm structure, proposed
by Boryczka and Szwarc (2018). It assumes better adaptation of the
method to combinatorial optimisation and allows to achieve relatively
good solutions for Asymmetric Traveling Salesman Problem by describ-
ing pitch values with integers, corresponding to the numbers of nodes
visited by the salesman (the sequence of pitches corresponds to the se-
quence of travel). The selection of pitch value in i position - occurring
with HMCR probability - is not made directly from the pitch values in i
position, located in harmonies from HM, but uses the list of nodes that
are successors of the node represented by the pitch in i − 1 position
in the created harmony. If none of the available nodes is present in the
harmonies located in HM (directly after the analysed vertex), the per-
mitted city is selected randomly. Additionally, the selection of pitch
value i, consistent with the described probability, takes place using the
roulette wheel method (harmonies described with a more favourable
value of objective function are promoted), whereas the selection of
the nearest node from the i − 1 vertex was determined instead of the
value modification occurring with HMCR ⋅ PAR probability. Moreover,
the avoiding premature convergence mechanism was introduced,
ction vehicles 
mization and
ion planning

Physical collection of
waste equipment by

vehicle drivers and staff

Maximizing mass and number of
collected e-waste equipment

Minimizing negative impact on
human health and 

the naural environment

E-waste tracking capability

Value-added resources in the
circular economy approach

n system waste on-demand.
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assuming the repeated drawing ofHM elements after performing R iter-
ations from the last approval of a created solution (as a result of the op-
eration, the best harmony remains unchanged).

In order to enable the feasible solutions to be constructed by HS, it
was necessary to introduce additional modifications. In our implemen-
tation of the algorithm, we assumed harmony representation through
travel plans of subsequent vehicles. The procedure for developing a
new solution consists of iterative performance of two steps - selection
of the next available vehicle and assignment of the possible collection
points to it. The steps are repeated until all available vehicles have
been analysed or all points have been served. The procedures related
to R, HMCR and PAR parameters are similar to the ones proposed by
Boryczka and Szwarc (2018), however:

• When analysing the selection of the vehicle forwhich the route is con-
structed iteratively, for the operation performedwithHMCR probabil-
ity, the value of objective function of the harmonies that assume the
use of this means of transport is taken into consideration. The vehicle
with the lowest cost of usage is selected with HMCR ⋅ PAR probability.

• For the selection of the point based on HMCR probability, the random
selection of available node was replaced, in case it is impossible to de-
termine the relevant successors, with the selection of the point based
on the roulettewheel, assuming the promotion of nodes forwhich the
highest result of the quotient of values of the collected secondary raw
materials is achieved, to the unit of distance from the last visited node.

The algorithm is performed for IT iterations.

3.2. Novel body construction of a collecting vehicle

A novel vehicle body can be assembled in any commercial vehicle. It
ismost suited to a typical van or small lorry (Fig. 2). Cargo compartment
of the vehicle is supported on a frame for assembling additional compo-
nents of the body. From both sides, aluminum shutters enable access to
all equipment and alsomake possible rotations or other adjustments for
each loaded waste appliance if necessary. Additional equipment can
also be loaded from the right or left side (Fig. 2c). The rear side of the ve-
hicle is equipped with a hydraulic lift for loading heavy equipment. In
the floor, the idlers enable free movement of the waste equipment to-
wards the front, and the rearrangement of position is also easier for
equipment placed on the idlers. A special grate placed in the middle of
the vehicle is designed for fastening waste items for secure transporta-
tion, such as equipment posing a hazard to the environment like moni-
tors or cooling equipment. It prevents the equipment in this category
from possible breakage while in transit (ACRR, 2009).

Real-world mobile collection of e-waste shows there are numerous
difficulties with the arrangement of the waste equipment inside a vehi-
cle. Fig. 3 shows an example of a vehicle where the loading was
Fig. 2. The main types of the vehicles for mobile e-waste collection and the loading principle o
transparent for viewing the interior with loaded e-waste.
conducted from the rear side of the vehicle. It is common practice
resulting in loading a lower number of the waste equipment items
and lowering the efficiency of the collection.

The novel construction has distinct advantages whenwe compare it
with the existing vehicles for mobile collection of WEEE (Fig. 2c). For a
great majority of vehicles used in waste collection, loading is from the
rear side. Some larger vehicles like lorries can also be equipped with a
hydraulic lift but there is no or limited access from the side of a vehicle.
The flat floormakes rearrangement of waste equipmentmore time con-
suming and difficult. Any rearrangement of waste equipment by
unloading requires additional time and therefore is not suitable for the
collection where parking time can disturb traffic or parking is limited.
It is especially useful in districts with multi-storey buildings, old
towns, places with limited parking space or narrow pavements.

The possibility of using information systems supporting WEEE mo-
bile collection on demand to solve the combined problem of loading
and packing can help in the preparation of shipments in a reverse sup-
ply chain. Transportation of WEEE in a mobile collection unit must take
into consideration uncertainty of unknown dimensions of waste equip-
ment (variation of size of equipment described by a resident when call-
ing collection company or placing anonline order) aswell as rejection of
the WEEE collection by a resident, or the offer of additional equipment
by a resident. In such case, a collection plan for a vehicle even including
routing and packing in the optimization model becomes invalid. There-
fore, the presented design of a novel vehicle body construction brings
more flexibility in the collection of waste items.

A new approach of the mobile collection combines using the HS al-
gorithm and collection vehicle body. An optimized routing plan of vehi-
cles will be assigned using the HS algorithm and compared with
selected artificial intelligence algorithms. The proposed algorithm will
be compared with selected other artificial intelligence algorithms. The
novel collection vehicle will help to load waste equipment from the
left, right and rear side of the vehicle and enable easier rearrangement
of e-waste inside the vehicle's body. This proposal is an important step
towards the improvement of the e-waste collection in the circular econ-
omy approach bymaximizing the use of a vehicle payload and using the
HS algorithm in the vehicles routing optimization.

4. Results

4.1. Evaluation of the algorithm effectiveness

On the basis of Boryczka and Szwarc (2018) and conducted empiri-
cal research, we determined the following parameter values: HMS= 5,
HMCR = 0.98, PAR = 0.25, R = 1000 and IT = 10000.

In order to determine the effectiveness of the proposed approach to
designing Harmony Search, the obtained results were compared with
the results determined by GrA, TS and SA, which were implemented
on the basis of the description presented by Nowakowski et al. (2018)
f waste equipment - van (a), lorry (b), a novel vehicle (c) - the vehicle body is shown as



Fig. 3. Real-world case study of interior of e-waste collection vehicle.
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(with Tabu period amounting to 2, probability of accepting a worse so-
lution in the first iteration equal to 0.3, epoch length amounting to 50, α
equal to 0.98, the same stop condition for both metaheuristics, i.e. 50
Table 1
Values of parameters of test assignments.

No. Parameter Value

1
Minimum number of collection points 50

2
Maximum number of collection points 120

3
Minimal distance between WEEE collection point [km] 0.2

4
Maximum distance between WEEE collection point [km] 5

5
Minimal number of vehicles 2

6
Maximal number of vehicles 5

7
Minimum weight of waste equipment at a collection point [kg] 0.5

8
Maximum weight of waste equipment at a collection point [kg] 100

9
Minimum secondary raw material value at a collection point
[EUR]

10

10
Maximal secondary raw material value at a collection point [EUR] 150

11
Maximum number of categories of waste equipment 3

12
Working hours 7

13
Probability of a time window occurrence [%] 20

14
Minimum volume of equipment at collection point [m3] 0.01

15
Maximum volume of equipment at collection point [m3] 2

16
Minimum vehicle loading time [s] 300

17
Maximum vehicle loading time [s] 1200
iterations from themoment of the last acceptance of the better solution,
and ζ=5%; TS and SA were based on the solution determined by GrA).

The research was performed using Lenovo Y50–70 laptop with the
following configuration: Intel Core i7-4720HQ (4 cores, from 2.6 to
3.6 GHz, 6 MB cache), 16GB RAM (SODIMM DDR3, 1600 MHz), HDD
1000GB SATA 5400 RPM Express Cache 8GB, Windows 7 Professional
N Service Pack 1 64-bit. We selected 25 pseudorandomly generated
waste equipment collection requests as the ‘test bed’ (their characteris-
tics was presented in Tables 1 and 2) and one case study assuming the
occurrence of problem instance in the city of Łódź (Poland),where 2 ve-
hicles of a company collecting WEEE are intended to serve 25 requests
(the visualization of the issue was presented in Fig. 4, where collection
points were marked with cross, whereas the base was marked with
Table 2
Values of parameters of used fleet.

No. Parameter Value

1
Probability of accepting the type of equipment [%] 95

2
Minimum travel cost per km [EUR] 0.5

3
Maximum travel cost per km [EUR] 2

4
Minimum usage cost of a vehicle [EUR] 400

5
Maximum usage cost of a vehicle [EUR] 600

6
Minimum payload of a vehicle [kg] 500

7
Maximum payload of a vehicle [kg] 2500

8
Minimum cargo capacity of a vehicle [m3] 10

9
Maximum cargo capacity of a vehicle [m3] 32

10
Minimum vehicle unloading time [s] 600

11
Maximum vehicle unloading time [s] 2400



Fig. 4. Visualization of the e-waste collection points in a city in Poland on copypastemap.com.
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square), characterised by the attribute value consistent with the pseu-
dorandom instances. In order to ensure the reliability of results, every
task was solved by each nondeterministic algorithm (TS, SA and HS)
Table 3
Summary of results for pseudorandom set of tasks.

Algorithm f σf t [s]

GrA 1 0 b1
SA 0.962 0.026 14.85
TS 0.967 0.024 3.49
HS 0.948 0.023 14.2
30 times (due to the smaller size of the case study, we have increased
the number of repetitions for it to 35, thus providing more reliable re-
sults), each time using a different seed.
σt [s] it σit m [kg]

0 1 0 3387.5
17.53 59.31 56.91 3568.09
4.14 58.73 51.3 3546.06

12.59 5835.53 2788.17 3611.88
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Fig. 5. Summary of results for pseudorandom set of tasks.

Table 4
The results of Wilcoxon Signed-Rank Test for pseudorandomly generated problem
instances.

M1\M2 GrA SA TS HS

GrA N/A 1 1 1
SA 1.5E-109 N/A 1.29E-23 1
TS 2.4E-111 1 N/A 1
HS 1E-124 3.07E-97 2.6E-108 N/A
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The evaluation of effectiveness of the proposed HS was carried out
on the basis of the f proposed by Nowakowski et al. (2018) and de-

scribed with a formula (its average value was marked as f , whereas
the standard deviation from the sample was marked as σf):

f ¼ vf þ c f þ t f þ pf ; ð1Þ

where vf is the indicator of the value of the collected equipment, cf is the
cost indicator, tf is the time indicator, and pf is the served collection
points indicator. It is assumed that the smaller the value of f, the better
travel plans are.

The indicator of the value of the collected equipment vf was de-
scribed as:

vf ¼
1
2
� pp �

X
i¼1

v X
j¼1

pbi
bpij

P
i¼1

v P
j¼1

pni

npij

; ð2Þ

where pp is the parameter of profit (the difference between the cost of
conducting the collection and the value of raw materials obtained
from the collected equipment) significance, v is the number of vehicles
that can be used in the collection, pbi/pni is the number of collection
points on the vehicle route i in the base/new solution, bpij/npij is the
value of equipment in point j of the vehicle route i in the base/new
solution.

The cost indicator cf was described as:

c f ¼
1
2
� pp �

X
i¼1

v

uni � ci þ
Xrni
j¼2

di j−1ð Þ;ij � cti
� �0

@
1
A

0
@

1
A

P
i¼1

v

ubi � ci þ
P
j¼2

rbi
di j−1ð Þ;ij � cti
� �� �� �

;

ð3Þ

where ubi/uni is a variable defining the usage of the vehicle i in the base/
new solution, rbi/rni is the number of vertices in the i vehicle schedule in
the base/new solution, ci is the initial vehicle i usage cost, cti is the cost of
driving 1 km by vehicle i, and di(j−1), ij is the distance between point
(j − 1), and j of the i vehicle route [km].

Variables ubi and uni were defined as:

ubi ¼ V1 if vehicle i has been used in the base solution;

0 otherwise;

uni ¼ V1 if vehicle i has been used in the new solution;

0 otherwise:

ð4Þ

Time indicator tf was described as:

t f ¼ pt �

X
i¼1

v

ti;ns

P
i¼1

v

ti;bs;
ð5Þ

where pt is the parameter of time significance, and ti, ns/ti, bs is the time
difference between returning to the base and starting the travel by vehi-
cle i in the new/base solution.

The served collection points indicator pf was described as:

pf ¼ pg �

X
i¼1

v

pbi

P
i¼1

v

pni

; ð6Þ

where pg is the parameter of the significance of the number of served
points.



Fig. 6. Instances of loading van (a), lorry (b) and the novel vehicle (c). The novel vehicle has easy access from the left side, the right side, and rear.

Table 5
Summary of results for the case study.

Algorithm f σf t [s] σt [s] it σit

GrA 1 0 b1 0 1 0
SA 0.86 0.01 1.55 0.89 56.69 41.62
TS 0.88 0.015 b1 0.1 63.63 40.41
HS 0.84 0.006 1 0.51 4440.8 2798.17
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Additional conditions were introduced to ensure the existence of a
summary value of weights equals to 1:

pp þ pt þ pg ¼ 1; 0≤pp;pt ; pg ≤1; pp;pt ;pg∈ℝ: ð7Þ

We assumed that pp = 0.2, pt = 0.1 and pg = 0.7.
Additionally, the analysis covered the number of iterations after

which convergence was achieved it (the iteration number in which
the best result was determined; its average value was expressed by it,
whereas the standard deviation from the sample was expressed as σit)
and the time to reach convergence t, expressed in seconds (the average
valuewasmarked as t, whereas the standard deviation from the sample
was marked as σt). In addition, for the pseudorandom task set, we
analysed the average mass of collected e-waste equipments m ,
expressed in kilograms.

To ensure that the differences across analysed algorithms are impor-
tant in the statistical sense, theWilcoxon Signed-Rank Test was used for
the f value. The value of 0.05was adapted as a significance level (a lower
result indicates to accept alternative hypothesis according to which M1
yielded lower results than M2).

4.2. Results analysis

The results obtained by particular algorithms for pseudorandomly
generated problem instances were presented in Table 3 and Fig. 5. The
problem instances are representing real-life conditions of requesting
WEEE pick up from a household. On their basis, the occurrence of signif-
icant effectiveness of the proposed HS was discovered, which over a
very short period of time (amounting to 14.2 s on the average) deter-
mined the best solutions among the plans constructed by the tested
methods. The developed plans were characterised not only by a higher
number of the points served, but also by the limitation of vehicle use
and increase of profit. Compared to the plan constructed by GrA, HS re-
duced by 0.09% the average number of vehicles used in the collection of
e-waste, increased by 6.62% the number of serviced collection points,
and increased by 13.21% the profit from the collected resources. Its re-
sults were also described by the lowest σf value (among
metaheuristics), demonstrating the highest predictability of solutions,
and thus enabling its application in business practice. The achieved
values of it andσit also prove that IT value is not too low for the analysed
tasks.

Each of the testedmetaheuristics improved the solution determined
by GrA. The conclusions presented by Nowakowski et al. (2018) were
also confirmed, indicating significant effectiveness of the examined SA
(in comparison with GrA and TS), which was simultaneously
characterised by the longest period of achieving convergence.

The results of Wilcoxon Signed-Rank Test for pseudorandomly gen-
erated problem instances were presented in Table 4. Based on their
analysis, it is recommended to use HS. In addition, alternative hypothe-
ses were also accepted, according to which SA obtained better results
than GrA and TS, and TS created better plans than GrA.

The results presented in Fig. 5 show the HS algorithm gained better
results than SA, TS and the base solution algorithmGrA. Some of the in-
stances of the waste equipment collections are visualized in Fig. 6.

For the two types of the collection vehicles (Fig. 6a and b) it was not
possible to load another piece of waste (refrigerator) because of the ac-
tual arrangement of waste appliances already placed in the cargo com-
partment of the vehicle. A refrigerator can be placed easily in a novel
collection vehicle from the left side. Although it is possible to unload
some equipment and rearrange it for other types of vehicles (Fig. 6a,
b), making space for the additional piece of waste it could be difficult
for two reasons. In urban areas, it can bring traffic disruptions both for
other traffic participants and for pedestrians. The second reason is that
any rearrangement of waste appliances is time-consuming and there-
fore the collection of waste in another point would excess expected
time window. For the calculated instances the number of visited points
by HS could be higher from 1.2% to 6.6% depending on the algorithm. At
the same time a potential profit from the waste collection for HS could
be higher 5.1% to 13.2% depending on the compared algorithm. This
value does not directly come from reduced number of collection points
(and at the same time lower number of collected waste appliances) but
also from the necessity to unload thewaste at a collection company base
and returning for the collection. Therefore, a novel collection vehicle can
be loaded faster from three sides with an option to place another piece
of waste in spare place inside and free rotation of the equipment in the
vehicle.

The summary of results for the analysed case studywas presented in
Table 5. This confirmed the observations for pseudorandom set - the
best results were determined by HS, whereas the worst results were
achieved by GrA. All algorithms constructed travel routes in a very
short time, demonstrating the possibility to use them for solving actual
problem instances.

The travel plans generated by specific algorithmswere presented for
the analysed case study in Figs. 7, 8, 9, and 10. Due to the inability to col-
lect every type of equipment by one of two available vehicles, GrA,
based on greedy decisions taken, served only 19waste collection points,
whereas TS served 22 waste collection points, SA - 23, and HS - 24.



Fig. 7.Waste equipment collection sequence for Greedy Algorithm (visualization on mapcustomizer.com).
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Fig. 8.Waste equipment collection sequence for Tabu Search algorithm (visualization on mapcustomizer.com).
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The results ofWilcoxon Signed-Rank Test for the analysed case study
were presented in Table 6. They confirmed the conclusions based on the
average values, according to which it is recommended to use HS.

5. Discussion

Mobile collection on demand is an alternative solution for e-waste
collection compared to stationary collection in local ormunicipal collec-
tion centres, supermarkets and shops with electrical and electronic
equipment where old equipment can be delivered by customers. This
mobile method is more flexible and convenient for residents because
the collection vehicles can collect waste equipment directly from a
house or an apartmentwhenwaste collection is requested by a resident
(Jafari et al., 2017; Saphores et al., 2006; Schultz, 1999). The collection
staff can also help in removing heavy appliances like refrigerators, dish-
washers or washingmachines. Taking into consideration the potentially
large number of collection requests from an area of a city or agglomer-
ation, the collection plan must be supported by an information system
using a vehicle routing problem with time windows algorithms
(Ghannadpour et al., 2014; Kim et al., 2009; Ombuki et al., 2006;
Zachariadis et al., 2013). For this purpose, we applied HS, that supports
optimization of collection vehicles' routing plan for WEEE pickup from
residents. Some novel applications have been described in recent
works (Cao et al., 2018; Gu et al., 2019). Mobile e-waste collection on
demand has the potential to be developed in highly populated countries
like China or India where the waste collection rate is low (Agrawal and



Fig. 9.Waste equipment collection sequence for Simulated Annealing algorithm (visualization on mapcustomizer.com).
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Fig. 10. Waste equipment collection sequence for Harmony Search algorithm (visualization on mapcustomizer.com).
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Table 6
The results of Wilcoxon Signed-Rank Test for the analysed case study.

M1\M2 GrA SA TS HS

GrA N/A 1 1 1
SA 1.23E-07 N/A 2.09E-06 1
TS 1.24E-07 0.999998 N/A 1
HS 1.21E-07 4.11E-07 1.24E-07 N/A
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Mittal, 2017; Wang et al., 2018). This study proposes further develop-
ment of mobile collection and collection on-demand of e-waste includ-
ing improved theHS algorithmand a novel collection vehicle to increase
collection of secondary rawmaterials in the circual economy approach.

In this paper, we have presented HS supporting the information sys-
tem designed for route planningwith timewindows for collection vehi-
cles. The results indicate the potential usability of HS with possible
output being shorter routes and increased number of visited locations.
The HS algorithm allowed to improve vehicle routing, and the number
of visited points can be increased by 1.2%–6.6% depending on the com-
pared algorithms: GrA, TS, and SA. The total efficiency of the collection
depends on the amount of collected waste equipment, loading the pay-
load capacity of a vehicle, and the costs of vehicle use and labor (Dat
et al., 2012; Kang and Schoenung, 2006; Moussiopoulos et al., 2012).
Therefore, in vehicle route planning it is important to include the con-
tainer loading problem. A proposal of a such model was presented in
the study including both approaches (Nowakowski, 2017). The research
results of the vehicle routing problemwith timewindows and container
loading problems indicate the higher importance of loading as a priority
in a cost efficient supply chain (Bortfeldt and Homberger, 2013;
Bortfeldt and Wäscher, 2012). To solve the container loading problem,
it is necessary to include the precise dimensions of each piece of waste
for loading into a vehicle - the mobile collection plan may change due
to uncertainty. This may occur when a resident provides the wrong
data about the equipment category or dimensions, or a resident has ad-
ditional equipment for the collection, or an accepted location is unavail-
able for waste pickup (rejection of the waste collection or absence of a
resident). This causes significant problems in the accuracy of model cal-
culation and can increase collection costs significantly. This was con-
firmed after personal communication with representatives of the
collection companies in Poland as one of the most important obstacles
to efficient vehicle use in mobile collection on demand. Therefore, it al-
lowsmuch easier loading than in any conventional lorry or van (mostly
from the rear). It brings the flexibility of parking the vehicle during han-
dling and loading the waste equipment. Therefore, the payload volume
of the vehicle can be maximized. In the described pseudorandom tasks
total mass of waste equipments was increased by 6.62% comparing to
the GrA solution.

Another factor contributing to the inefficiency of this method is the
difficulty in loading equipment in densely populated areas with high
traffic volumes and parking limitations. In such case, a vehicle has lim-
ited time for parking and limited space for handling and loading the
waste equipment. We proposed a novel vehicle body construction
with flexible loading capability. The WEEE can be loaded from the left
and right side of the vehicle. At the rear, the vehicle is equipped with
a hydraulic lift for loading large and heavy equipment. The rollers as-
sembled in the floor of the vehicle enable easy moving or rotating the
equipment, so it can be rearranged in a short time.

A combination of HS supporting the mobile collection information
system together with a novel construction of the collection vehicle can
contribute to improving the efficiency of total mass of collected second-
ary rawmaterials from e-waste. The results of our study indicate bene-
fits for the waste collection companies. It is possible to shorten loading
time and unloading the vehicle in a collection company base.

The novel vehicle's capability of maximizing the number of e-waste
items improves the economic efficiency of the waste collection. It also
allows for securing the load. The supporting construction of vehicle's
body is equipped with a special grate for easy securing and fastening
of the loaded equipment. It applies for each item as the access is allowed
from each side of the vehicle. The requirements of the European Stan-
dardization Organization included in the relevant standards for WEEE
includes guidelines for transportation and logistics companies
(CENELEC, 2013). The European Committee for Electrotechnical Stan-
dardization (CENELEC) 50625 series standards focus on proper
recycling and secure handling and transportation of the waste equip-
ment to prevent contamination of the natural environment against haz-
ardous substances. It can occur if e-waste is improperly loaded or
broken in transit. It applies for the categories of waste equipment such
as temperature exchange equipment, monitors and television sets
both cathode ray tubes and flat panel displays. When considering load-
ing and transportation of thewaste items from any category ofWEEE by
the novel vehicle it is possible to secure all items by with the aid of ten-
sioning straps. Additionally, minor items can be placed in special small
containers attached to the grate inside the novel collection vehicle.
6. Conclusions

Improving the efficiency of the circular economy approach in e-
waste collection is crucial for securing a high recycling rate of valuable
resources and secondary raw materials. Properly conducted e-waste
collection contributes to lowering the impact of hazardous substances
on the natural environment and human health. This paper presented
an integrated approach with an improved information system designed
to support the mobile collection of e-waste on demand. The HS algo-
rithm used for solving the VRPTW problem gives better results than
other algorithms presented in previous studies. Applying artificial intel-
ligence algorithms can improve waste collection and the total mass of
the secondary rawmaterials. The number of collection points calculated
by theHS algorithm could be higher from 1.2% to 6.6% depending on the
compared algorithm. At the same time, a potential profit from the sec-
ondary raw materials from the waste collection for the HS algorithm
could be higher 5.1% to 13.2% and the total mass of collected waste ap-
pliances up to 7%.

However, in the real world, it is difficult to predict all events and de-
tails concerning the dimensions and number of pieces of equipment to
be collected. Therefore, as an additional contribution, we presented a
novel design for a vehicle body that enables easy loading of the waste
equipment and simplified rearrangement inside a vehicle. It facilitates
loading and reduces the parking time of a collection vehicle, especially
in densely populated areas with high traffic volumes.

Future work will focus on evaluating the information systems and
novel body design of vehicles to compare loading and handling times
for various categories of e-waste. For this purpose, it is necessary to in-
cludemodeling of loading and unloading costs and its impact on the col-
lection efficiency.
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