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Abstract
Vehicle routing has become an important part of the maintenance scheduling mainly in case of the
systems consisting of geographically dispersed facilities. In this paper we describe the efficient way to
set the schedule of visits for technicians ensuring the preventive maintenance of heating networks. Our
model consists of geographic information system, Clarke and Wright savings algorithm to obtain a
single route by solving travelling salesman problem and discrete-event simulation to convert the single
route to the schedules of visits. Our solution is suitable for applications in large scale systems where the
regular preventive maintenance of a facility is required but the frequencies of visits of facilities are
hazily specified and randomly distributed over the time. Based on the outputs coming from the
simulation of a real heating network consisting of 550 heating facilities located in Prague, Czech
Republic and adjacent suburban areas we discuss how the schedule of visits leading to the long-term
service of a consolidated territory can positively affect the operational efficiency of the maintenance.
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1. INTRODUCTION
Heating networks can be defined as systems of remote heating to serve a neighbourhood or city,
which uses the heat produced from a thermal power plant, a cogeneration plant or a geothermal
source [1]. In such system heat is distributed to buildings through pipes that carry hot water or
steam [2]. The heart of the system is composed of one or more exchanges that can serve
buildings located also to a few kilometres away [3].
Maintenance planning and scheduling is shown today as an essential part of any economic
segment, requiring the use of increasingly skilful and effective processes. This concept has led
maintenance to assume a new strategic posture, not only focusing on repairing equipment, but
also defining strategic plans that aim to reduce the probability of an interruption in the offer of
products or services and additional costs for companies [4-6]. The absence of maintenance or
even an inefficient maintenance plan favours the process to point out unexpected variations and
failures, demanding that those responsible must implement maintenance management models
that are adequate to their reality, to ensure the quality of service provision [7, 8].
The maintenance policies can be divided into two basic groups: (1) corrective maintenance,
and (2) preventive maintenance [9]. Corrective maintenance (CM) can be defined as the work
that must be done after an item has failed or worn out in order to restore it to functioning order
[10]. After an item fails, CM entails replacing or repairing it. CM tasks identify the problem
and fix it so that the equipment can be repaired and the facility's production can resume. CM is
often less expensive since it can be done with fewer resources and maintenance infrastructure,
such as tools, technologies, and experience. However, it is inefficient and, in the long run, it
can be quite costly because failures almost always result in serious outcomes. Preventive
maintenance (PM) on the other hand can be described as a set of operations that predict the
item's health status and identify when the appropriate time is to undertake the maintenance
intervention to improve the item's reliability and availability [11]. PM is the technique of
https://doi.org/10.2507/IJSIMM21-2-590
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repairing or replacing components or subsystems before they break in order to maintain system
availability or avert harmful or inconvenient failures. PM is planned based on prior system
behaviour, component wear-out mechanisms, and knowledge of which components are critical
to the system's continuous operation. In many cases, it is more cost-effective to replace parts or
components at predefined intervals rather than waiting for a failure that could cause a costly
interruption in operations.
Vehicle routing has become an important part of the maintenance scheduling mainly in case
of the systems consisting of geographically dispersed facilities [12, 13]. Vehicle Routing
Problem (VRP) is a combinatorial optimization whose main objective is to find routes, from a
starting point (e.g. a warehouse or a depot), with equal vehicles, with the lowest possible cost
to meet the demand of customers [14, 15]. Many variations of VRP such as capacitated VRP,
VRP with time windows or VRP with multiple starting points are described in the scientific
literature including applications in various fields of industry, see e.g. [16-18]. Traveling
Salesman Problem (TSP) represents VRP with a single route and no vehicle capacity limitation
[19]. As both VRP and TSP are NP-hard problems with a limited size of a problem that can be
solved using mathematical programming or combinatorial optimization, heuristics such as
genetic algorithm [20], tabu search [21], particle swarm optimization [22] or Clarke and Wright
savings algorithm (CWS) [23] tend to be more appropriate when dealing with real life VRPs.
Due to its ease of implementation and quick computation speed, CWS is the most
extensively used heuristic for solving capacitated VRP [24]. It's also being used as a basic
algorithm in a lot of commercial routing software [25]. However at some situations it needs to
be improved to prevent solutions that are too far from optimal one [26]. We suggest discreteevent simulation to be a great method to increase the performance of savings algorithm.
Discrete-event simulation enables modelling a system as a discrete sequence of events using a
computer [27]. Simulation provides a variety of advantages over other operational research
approaches, including the capacity to speed up or slow down time to study a system over a
longer period of time or to investigate its behaviour more closely [28].
The goal of this paper is to describe the efficient way to set the schedule of visits for workers
ensuring the preventive maintenance of heating networks. Our model consists of geographic
information system, Clarke and Wright savings algorithm to obtain a single route by solving
travelling salesman problem and discrete-event simulation to convert the single route to the
schedules of visits. Our solution is suitable for applications in large scale systems where the
regular preventive maintenance of a facility is required but the frequencies of visits of facilities
are hazily specified and randomly distributed over the time. Based on the outputs coming from
the simulation of a real heating network consisting of 550 heating facilities located in Prague,
Czech Republic and adjacent suburban areas we discuss how the schedule of visits leading to
the long-term service of a consolidated territory can positively affect the operational efficiency
of the maintenance.

2. SIMULATION FOR PREVENTIVE MAINTENANCE SCHEDULING
OF HEATING NETWORKS WITH A SINGLE SERVICE DEPOT
2.1 Model description
Our model can be divided into 3 parts (see Fig. 1).
The first part called Geographic Information System (GIS) contains MS Excel custom
function described in [29] to obtain road distances among heating facilities and a service depot.
The code of the used custom function is shown in Appendix 1. The argument of the function
(i.e. Origin and Destination) is in the form of the string including a street name, a land registry
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number/a house number and a city. As a web map service the function calls Google Maps API
Directions platform preferring to return a distance representing the shortest route by a car.

Figure 1: Simulation model of a heating network maintenance system.

The output coming from GIS in the form of a matrix of distances serves as an input for
CWS that is applied to solve TSP. CWS is executed as Macro in MS Excel and consists of the
following steps (see [23]):
1. Calculate savings s(j, j') for each pair of heating facilities (j, j') with help of Eq. (1):
𝑠(𝑗, 𝑗′) = 𝑑(𝐷, 𝑗) + 𝑑(𝐷, 𝑗′) − 𝑑(𝑗, 𝑗′)

(1)

where D represents a service depot and d represents a distance between heating facilities
coming from the matrix of distances.
2. Sort savings s(j, j') in descending order.
3. For the maximal available saving s(j, j'), add (j, j') to a route, if:
a) Either, neither j nor j' is the part of a route, in this case new route is established with both
j and j'.
b) Or, one of j or j' is already the part of a route. In case that it is not placed within the route
(j, j') is added to the same route.
c) Or, both j and j' are the part of a route and none of these are placed within these routes,
in that case these routes are merged.
4. If a saving s(j, j') > 0 is still available go back to 3.
The output of CWS represented by the single route is subsequently imported from MS Excel
to simulation in Witness. Witness is a commercial simulation tool developed by Lanner Group
Ltd. [30] with many applications in decision-making in production and logistics that are
described in the literature, see e.g. [31, 32]. It contains pre-defined physical elements suitable
for modelling various both discrete and continuous logistics systems. CWS output is imported
via Initialize Actions and XLReadArray command together with information about required
frequency of maintenance, vehicle speed, maintenance duration, available time of workers
responsible for the maintenance and the matrix of distances. All input data in simulation is then
available through Witness pre-defined elements called Variables. Maintenance scheduling itself
is realized by 3 elements called Machine (see Fig. 2).
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Figure 2: Maintenance scheduling using Witness elements called Machines.

First machine called mAssignFacilityToWorker adds heating facilities in a schedule
according to their order in CWS route and required frequency of maintenance. If for example
CWS route contains Facility ID 2, 5 and 3 with required frequency of maintenance specified as
every day, once a week and 2 times a week and assuming one week to have 5 working days,
the machine called mAssignFacilityToWorker adds these ID‘s step by step to variable
representing Current maintenance schedule (see Fig. 2). When an ID is added to the schedule
two Machines called mTravelling and mMaintenance simulate scheduled travelling and
maintenance for each day and check whether the Time consumption in current schedule exceeds
the Available time of a worker or not. Time of travelling is affected by the Vehicle speed and
the distances among facilities. These distances are available in the Matrix of distances. Time of
maintenance is affected by the number of visited facilities and the Maintenance duration.
Whenever an ID added to the schedule causes an overrun of the Available time of worker the
Machine called mMaintenance decides to remove it. As the number of facilities in the Current
maintenance schedule and the utilization of the Available time of worker increase during the
simulation run more and more facilities are removed. This is because of the impossibility to
follow required frequency of maintenance, the prolonging distance that has to be travelled
among facilities or the excessive time spent on maintenance. If no facility can be added, the
Current maintenance schedule is exported to MS Excel via XLWriteArray command and the
utilization of a worker is calculated. The simulation ends up in case that all facilities are in a
schedule.
2.2 Simulation of a real system
The model described in previous chapter is applied to schedule the maintenance of a real heating
network. The network consists of 550 heating facilities located in Prague, Czech Republic and
adjacent suburban areas. For each heating facility the address accurately describing its location
and required frequency of maintenance are provided by the company executing regular
preventive maintenance of the system (see Table I).
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Table I: Location of heating facilities and required frequency of maintenance (sample).
Facility ID
2
15
62
63
321
323
511

Facility location
Janského 2367/97, Praha 13 - Stodůlky
Vodnická 422/45, Praha - Újezd
Náhorní 525/1, Praha 8 - Kobylisy
Mikuláše z Husí 1522/2, Praha 4 - Nusle
Novovysočanská 501/5, Praha 9 - Vysočany
U Starého stadionu 1585/9, Praha 16 - Radotín
Evropská 1973/56, Praha 6 - Dejvice

Required frequency of maintenance
once in two weeks
daily
once a week
once a week
once a month
once a month
twice a week

Based on required frequency of maintenance and assuming one week to have 5 working
days and one month to have 20 working days the probability distribution of a time between two
visits of a heating facility is set (see Fig. 3).
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Figure 3: Probability distribution of a time between two visits of a heating facility.

It can be seen that the majority of facilities (i.e. 65 %) are visited once a week. Based on the
longest time between two visits of a heating facility the scheduling period is decided to be 20
days. Available time of a worker responsible for the maintenance is 7,5 h/day assuming on shift
time to range from 8:00 to 16:00, from Monday to Friday. This is in accordance with the
company standards currently operating the maintenance system. Together with the locations of
facilities and required frequency of maintenance this company also provided the e-Logbook
with the history of heating facilities visits of 22 workers responsible for maintenance during
9/2021. Average maintenance duration in this period is 44,1 min/visit while total travelling time
of workers is 561 h/month. Service depot is located in Běhounkova 2452/6, Praha 13 –
Stodůlky. To obtain the matrix of distances Google Maps API Directions platform was queried
on 05. 10. 2021. Because the real average speed of vehicle depends highly on a current traffic
situation we simulate 9 different scenarios. In these scenarios the average speed of vehicle
ranges from 10 to 50 km/h with a step of 5 km/h. To carry out simulations MS Excel 16, Witness
14 and computer with the processor Intel Core i7 – 2,8 GHz, 16 GB RAM are used.
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2.3 Simulation results
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Fig. 4 shows required number of workers executing the maintenance of heating facilities and
the time spent on travelling among them.
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Figure 4: Simulation outputs – travelling time and number of workers.
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Figure 5: Simulation outputs – utilization of workers.
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For scenarios with the average speed of vehicle 10 and 15 km/h our model does not reach
any savings of workers when compared to current state (i.e. 22 workers). For average speeds
ranging from 20 to 50 km/h number of workers is reduced by 2 – 4. This is caused mainly by
the significant decrease of travelling time (i.e. 1-53 % for average speeds 20-50 km/h) but also
by the more efficient allocation of heating facilities among workers leading to their higher
utilization (see Fig. 5).
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Based on the outputs in Fig. 5 the utilization of the group of workers is stabilized around
90 %.
Table II shows an example of the maintenance schedule coming from the simulation
scenario with the average speed of vehicle 30 km/h.
Table II: Simulation outputs – example of maintenance schedule (average speed of vehicle 30 km/h).
Day Travelling [h] Maintenance [h] Distance [km] Visited facilities

Scheduled route - Facility ID’s

1

1,6

5,1

48

7

470 363 444 308 310 94 168

2

1,5

4,4

46

6

251 362 115 451 309 80

3

1,6

5,1

47

7

174 335 364 225 324 93 170

4

1,6

5,1

48

7

176 334 447 462 306 205 169

5

1,5

5,1

45

7

175 223 286 189 307 305 101

6

1,6

5,1

48

7

470 363 444 308 310 94 168

7

2,1

5,1

62

7

251 362 115 451 309 80 312

8

1,6

5,1

47

7

174 335 364 225 322 93 170

9

1,6

5,1

48

7

176 334 447 462 306 205 169

10

1,5

5,1

45

7

175 223 286 189 307 305 101

11

1,6

5,1

48

7

470 363 444 308 310 94 168

12

2,1

5,1

62

7

251 362 115 451 309 80 312

13

1,6

5,1

47

7

174 335 364 225 325 93 170

14

1,6

5,1

48

7

176 334 447 462 306 205 169

15

1,5

5,1

45

7

175 223 286 189 307 305 101

16

1,5

5,1

46

7

470 363 444 308 323 310 94

17

1,6

5,1

49

7

251 362 115 451 309 80 168

18

1,5

5,1

46

7

174 335 364 225 326 93 170

19

1,6

5,1

48

7

176 334 447 462 306 205 169

20

1,5

5,1

45

7

175 223 286 189 307 305 101

-

For each day the number of heating facilities to be visited by a worker (i.e. 6 or 7 in Table
II) and their order in a route are scheduled. It can be seen that the worker starts his/her route on
day 1 at the facility with ID = 470, then continues to the facility with ID = 363 and ends up the
day 1 route in the facility with ID = 168. The order of facilities in a scheduled route tends to be
correlated as much as possible to TSP solution obtained by CWS ensuring maximal savings of
the distance travelled. If a heating facility is added to the schedule outside the TSP solution it
is forced by the required frequency of preventive maintenance exceeding available time of a
worker while a next facility in order add-in is permitted leading to the maximization of a worker
utilization. Based on the number of facilities to be visited during a day total time spent on
maintenance is calculated (i.e. 4,4 – 5,1 h in Table II). Based on the route consisting of the
facilities to be visited during a day and the matrix of distances coming from GIS total distance
is calculated (i.e. 45 – 62 km in Table II) assuming to start and finish a route in the depot. The
total distance is recalculated to total time spent on travelling (i.e. 1,5 – 2,1 h in Table II) with
help of the average speed of vehicle. Based on the schedule shown in Table II the worker is
responsible for the maintenance of 39 facilities.
Fig. 6 shows the consumption of computational time to obtain the maintenance schedule.
The most demanding part of our simulation in term of the time consumption represents the
generation of the matrix of distances (almost 2 h). Searching for TSP solution using CWS takes
approximately 1 h. And finally one simulation run in Witness environment to obtain a
maintenance schedule and related outputs is quite efficient taking less than 0,5 min.
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Figure 6: Consumption of computational time in our simulation.

3. CONCLUSION
Maintenance scheduling has a significant influence on the reliability and availability of assets,
as unintentional failures are avoided. Geographically dispersed facility maintenance scheduling
has been studied in a competitive business area for the past decade because of the importance
of the subject for reducing costs and improving customer satisfaction. However, there is still an
urgent need to investigate the neglected aspects of these types of problems. The goal of this
paper is to describe the efficient way to set the schedule of visits for technicians ensuring the
preventive maintenance of heating networks. The results of the simulation of the real heating
network consisting of 550 heating facilities located in Prague, Czech Republic and adjacent
suburban areas prove that our model is suitable for the regular preventive maintenance
scheduling in the systems with geographically distributed assets where efficient vehicle routing
represents important part of optimization. We consider our solution to be innovative because
we solve VRP combining CSW to solve TSP with the simulation in Witness to convert the
single route to consolidated territories (i.e. one worker visits repeatedly the same set of objects
that are inflated in relatively tight geographical areas) in situations when the required
frequencies of regular preventive maintenance of facilities are hazily specified and randomly
distributed over the time. In maintenance scheduling, the above described approach to the
vehicle routing brings numerous advantages from the operational efficiency point of view.
Repeated visits of facilities deepen the knowledge about the traffic and parking situation in the
area, accelerates the access to objects and also reduces the time spent on the maintenance
because of previous experience with installed technology and resulting need for spare parts and
equipment. The territories are assigned to workers according to their confirmed place of stay
which is useful when the owners of facilities together with the preventive maintenance demand
emergency service during off-shift time (i.e. generally in night and during the weekend). In this
case the territories are usually merged into more extensive areas and workers take emergency
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turns guaranteeing required on call travel time to an object with the occurrence of random
failure. Moreover job accessibility in term of travel time is considered to be one of the
significant factors influencing the fluctuation of workers (see e.g. [33]) which can be crucial
especially if the unemployment rate is low.
From the consumption of computational time point of view our solution is powerful enough
and therefore suitable for frequent application in large-scale systems (hundreds or even
thousands of objects) and does not require any above standard hardware equipment.
Furthermore, CSW application avoids possible investments to a solver when VRP involves the
design of a mixed integer linear programming model. Matrix of the distances can be updated
continuously as new or contemporary maintained objects are added to or removed out of a
scheduled system leading to the significant reduction of queries sent to the web map service.
The relatively low number of physical elements used in the discrete-event simulation part has
a beneficial influence on the speed of its execution and can be simply moved to an alternate
simulation environment such as Simul8 [34], Arena [35], or even completely to spreadsheets,
avoiding the need to invest in simulation software.
We see the possible future development of our model in the integration of maintenance
scheduling with modelling and optimization of warehouse processes linked with receiving,
storing, picking and expedition of spare parts based on spare parts demand planning.
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Appendix 1
Function Function2(Origin As String, Destination As String) As Double
Dim myRequest As XMLHTTP60
Dim myDomDoc As DOMDocument60
Dim distanceNode As IXMLDOMNode
On Error GoTo exit
Origin = WorksheetFunction.EncodeURL(Origin)
Destination = WorksheetFunction.EncodeURL(Destination)
Set myRequest = New XMLHTTP60
myRequest.Open "GET", "https://maps.googleapis.com/maps/api/directions/xml?" _
& "&origin=" & Origin & "&destination=" & Destination & "&sensor=false" &
"&key=**************************************", False
myRequest.send
Set myDomDoc = New DOMDocument60
myDomDoc.LoadXML myRequest.responseText
Set distanceNode = myDomDoc.SelectSingleNode("//leg/distance/value")
If Not distanceNode Is Nothing Then Function2 = distanceNode.Text / 1000
exit:
Set distanceNode = Nothing
Set myDomDoc = Nothing
Set myRequest = Nothing
End Function

213

