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Abstract: - Forest fires constitute one of the greatest risks for certain ecosystems services. Hence, the location 
planning of firefighting units based on forest fire hazard is a key point for the immediate containment of fire 
incidents before they become uncontrollable. The primary aim of the paper is the estimation and finding of the 
required number and positions (i.e. the exact geographical locations and the respective type of installation – fire 
hydrant etc.) of fire fleet to fully cover (in terms of travel time) the districts of fire services in Chalkidiki (Greece), 
taking into account the scalable fire susceptibility. The proposed location plans revealed the fact that most of the 
regions may adequately respond to the fire vulnerability with the current forces, whereas a few regions clearly 
need a reinforcement in order to sufficiently cover their territories. A future perspective may be related with the 
exploration of best locations through the entire study area, merging the current administrative boundaries. One 
more asset of the project constitutes the flexibility and applicability of the sub-modules to other geographic 
regions after the necessary adjustments to local conditions. 
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1 Introduction 
Forest fires constitute one of the greatest risks for 
certain ecosystems services that are related with the 
forest sector (forest timber; climate change regulation 
etc.) [1]. The complexity of forest fires phenomenon 
may be related with the interaction of predictability 
of such phenomena and the expected losses as well 
as with the impact of the adopted fire management 
activities [2]. Hence, the location planning of 
firefighting units based on forest fire hazard is a key 
point for the immediate containment of fire incidents 
before they become uncontrollable.  

The estimation of forest fire hazard is a crucial 
step, so that we can recognize the most vulnerable 
regions. Many researchers have proceeded to the 
exploration of key factors (e.g. vegetation, climatic, 
topographic and human-originated factors) that lead 
to increased fire hazard [3-6] as well as to the fire 
ignition detection [7-8]. 

The operational perspective is related with the 
immediate reaction of fire service through the 
minimization of travel time to reach any forest fire 
event. To this end, Dijkstra algorithm [9] has been 
widely used for the estimation of shortest route 
between given locations. The location planning for 

emergencies [10-12] is an issue of utmost 
importance, since it may prevent destructive events 
with multiple environmental and social 
repercussions.  

Our paper tries to expand the current state of the 
literature, calculating the required number and 
positions (i.e. the exact geographical locations and 
the respective type of installation – fire hydrant etc.) 
of fire vehicles in order to reach the most susceptible 
regions in the least possible time. In the same context, 
we have computed the needs for each administrative 
district with distinct operational responsibility, 
proposing the re-allocation of fire vehicles from fire 
services with high number of forces to the regions 
with inadequate number of fire vehicles.   

Thus, the objectives of the current analysis are: i) 
The estimation and finding of the minimum number 
of optimal locations of fire fleet to fully cover the 
study area, based on the typical characteristics of the 
road network (calculation of travel time based on the 
allowable maximum speed); 2) The determination of 
possible type of installation (e.g. fire hydrant; water 
tank, position without any type of installation etc.) for 
each selected position, where the fire trucks could 
temporarily park. The outcomes of the above sub-
modules will be based on the assessment of forest fire 
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vulnerability. The optimization will take place in the 
geographical districts of Chalkidiki in which the 
operational responsibility is distributed among 
different local fire services. 

 
 

2 Materials and Methods 
 
2.1 Study area 
The study area is the prefecture of Chalkidiki which 
is located in the north of Greece. The geographic 
coordinates of Chalkidiki Perfecture consist of: 
Geographic latitude 40°20′N and Geographic 
longitude 23°30′E. It is a coastal area which hosts 
very flammable material (forests and shrubs). The 
highest altitude is 1,162 m. [13]. The average 
temperatures with the highest records occur in July 
(28,1 oC) and August (27,7 oC). In the same context, 
the average humidity with the least records have 
occurred in July (49,4%) and August (52%). The 
mean rainfall for July is 23.8 mm and 16.2 mm. for 
August. The average wind speed for the same months 
are 11,9 and 10,8 km/h respectively [14]. In a 
timeframe of the recent 18 years, 5,500 ha of burned 
area have been recorded, whereas more than 90% of 
the above index are forests. 

 
 

2.1.1 Materials 
The primary geospatial data that participated in the 
analysis were: i) the fire agencies establishments and 
the number of fire fleet for each district [15]; ii) the 
geographic locations of fire infrastructure [15]; iii) a 
grid of random points derived from a systematic 
sampling (covering the entire study area); iv) the 
boundaries of operational responsibility for each fire 
agency [16]; v) the road network [17]; and vi) the fire 
susceptibility map [18]. The Figure 1 depicts the 
exact position of the study area in national and global 
perspective, as well as, the distinct zones of 
operational responsibility of each fire agency. 

 

 
Fig. 1. Study area – Districts of operational 
responsibility 
 

 

 

3 Methodology 
The foundation of the proposed methodology lies in 
the maximization of coverage with the least possible 
facilities, given the scalable degree of fire 
probability. The fire vulnerability map has been 
created and refined before the spatial optimization 
procedures take place [18]. In this paper, the 
proposed facilities will constitute the locations for the 
moving fire vehicles. The spatial optimization was 
conducted into a GIS environment. The core of this 
process is the development of optimal location plans 
of fire vehicles, so that these selected positions to 
primarily be in high proximity to the most vulnerable 
regions (i.e. high fire probability) within a predefined 
time threshold [19]. This time threshold should be 
defined based on the average response time for the 
study area. Hence, the mean time required by fire 
vehicles to reach any forest fire event is 27 minutes. 
At the same time, meeting the above requirement, we 
tried to minimize the number of these optimal 
locations [19] in order to save financial resources.  

It should be noted that the characteristics of the 
road network play a decisive role. The inaccessible 
road segments (footpaths etc.) have been removed 
from the spatial database. Finally, each road segment 
has been classified based on their functionality and 
geometric features (i.e. motorway; service road etc.). 
Every road category has been assigned an adjusted 
maximum travel speed respecting the institutional 
limits [12]. At the last stage, we calculated the travel 
time of each road segment, since the fire vehicles will 
be moving through these linear entities. 
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This section presents all the locational plans (optimal 
positions for all the fire vehicles) for each fire agency 
district with distinct operational responsibility. It 
should be mentioned that in all these schemes, there 
is always one fixed location (pre-requirement) which 
is the permanent fire service headquarters for each 
district. 

The Figure 2 depicts the geographical locations of 
7 additional selected positions which cover 99.9% of 
the total area of Polygyros district. The minimum 
number of optimal positions include 4 pre-existing 
fire hydrants and 3 new random points.  

We can see that the fire fleet is dispersed 
throughout the study area, whereas the fire agency 
headquarters (in red) is located in the middle of the 
district. 

 

 
Fig. 2. Selection of minimum number of locations 
maximizing the coverage of fire susceptibility area in 
Polygyros district, Chalkidiki 

 
The Figure 3 shows the geographical locations of 

2 additional selected locations which cover 100% of 
the total area of Kassandra district. The minimum 
number of optimal positions include 2 points of pre-
existing fire hydrants.  

Here, the area is smaller and the additional 2 
locations are primarily located next to forested areas 
(in the south). There are many agricultural fields in 
the north of this region, where there is less need for 
fire vehicles presence.   

 

 
Fig. 3. Selection of minimum number of locations 
maximizing the coverage of fire susceptibility area in 
Kassandra district, Chalkidiki 

 
The Figure 4 presents the geographical locations 

of 3 additional selected locations which cover 100% 
of the total area of Neos Marmaras district. The 
minimum number of optimal positions include 2 pre-
existing fire hydrants and one patrol position.  

Again, the selected positions can be found in the 
south of this region, where there is one of the most 
susceptible regions (forests of high flammability etc.) 

 

 
Fig. 4. Selection of minimum number of locations 
maximizing the coverage of fire susceptibility area in 
Neos Marmaras district, Chalkidiki 

 
The Figure 5 depicts the geographical locations of 

7 additional selected locations which cover 99.3% of 
the total area of Ierissos district. The minimum 
number of optimal positions include 3 pre-existing 
fire hydrants and 4 random points.  

The need for many fire vehicles to be allocated 
across this region is dictated by the geomorphology 
of the study area. Here, the terrain is rough, so the 
travel time can surprisingly be increased (steep 
slopes). 

 
4 Results and Discussion 
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Fig. 5. Selection of minimum number of locations 
maximizing the coverage of fire susceptibility area in 
Ierissos district, Chalkidiki 

 
The Figure 6 indicates the geographical locations 

of 6 additional selected locations which cover 95.8% 
of the total area of Arnaia district. The minimum 
number of optimal positions include 6 random points. 

The same remark, as the Ierissos district, applies 
here. The rough topography and the increased travel 
time require the demand for much more positions for 
the fire vehicles.  

 

 
Fig .6. Selection of minimum number of locations 
maximizing the coverage of fire susceptibility area in 
Arnaia district, Chalkidiki 

 

The Table 1 summarizes the results of location 
optimization in relation to the available fire fleet. As 
we can observe, three over five districts do not need 
to employ all of their forces. The first column 
presents the territories of operational responsibility. 
The second column depicts the required number of 
optimal locations for the maximization of 
geographical coverage (> 95%), whereas the second 
number shows the real number of available fire 
vehicles. The third column indicates the percentage 
of coverage when the required number of fire 
vehicles are employed. 

The Polygyros district needs seven over eight 
available fire vehicles to be allocated properly. This 

fact indicates that the selected locations of seven fire 
vehicles would yield to 99.9% of the geographical 
coverage of this specific district to be reached in no 
more than 27 minutes. In addition, there is one 
vehicle left - available to be exploited for other 
reasons and/or to reinforce the neighboring districts 
which face a greater need of fire vehicles in order to 
sufficiently cover their territory. The Kassandra 
district only needs two over seven available fire 
vehicles in order to fully cover its territory of 
operational responsibility within 27 minutes. In the 
same context, there are five vehicles left - available 
to reinforce the adjacent districts. The Neos 
Marmaras district requires three over four available 
fire vehicles in order to entirely cover its district 
within the predefined time limit. The remaining 
vehicle could stay in the fire agency headquarters for 
any other reason or to support the neighboring local 
fire agencies.  

On the contrary, there are two over five districts 
that do need to employ additional forces coming from 
other administrative units. The Ierissos district needs 
seven over three available fire vehicles in order to 
sufficiently cover its territory (i.e. 99.3%) within the 
established time threshold. On the other side, the 
Arnaia district needs six over two fire vehicles, so 
that it can adequately cover its area of operational 
responsibility (i.e. 95.8%) within the average time of 
response (i.e. 27 minutes).  

Hence there is a disproportion of fire vehicles 
distribution among the different administrative units. 
One reason for this is the limited fire history recorded 
in Arnaia and Ierissos districts, compared to the other 
districts. However, beyond that, we could have the 
possibility to employ the remaining seven available 
fire vehicles from the first three districts (which 
maximize the coverage of their territory with less fire 
forces than the available ones) to cover the deficit of 
eight locations for the last two administrative regions. 
The proposed allocation is derived if we take the 
remaining fire vehicles (abstraction of first number 
from the second one of the second column in the 
Table 1) and allocate them to the districts which need 
much more forces (abstraction of second number 
from the first one of the second column in the Table 
1) to maximize the coverage of their territory. 

 

Table 1. Required vs available number of optimal 
locations and ideal percentage of coverage for each 
district of operational responsibility  
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Districts of 
operational 
responsibilit

y 

Required 
versus available 
number of fire 

vehicles to meet 
maximization 

of coverage 

Percentage 
(%) of 

maximization 
of coverage 

Polygyros 7 / 8 99,9 

Kassandra 2 / 7 100 

Neos 
Marmaras 3 / 4 100 

Ierissos 7 / 3 99,3 

Arnaia 6 / 2 95,8 
 

Definitely, it should not be ignored the fact that 
the districts with the largest number of fire vehicles 
consist either the administrative capital of the 
Prefecture (Polygyros district) or the districts which 
have suffered the most in the past (Kassandra and 
Neos Marmaras). Beyond the above, the 
climatological characteristics and the human 
presence are differentiated among those regions. The 
districts located in the south are characterized by 
higher levels of drought compared to the northern 
regions which are located at higher altitudes. 
Moreover, the human presence has been quite intense 
the last decades primarily serving touristic purposes. 
Consequently, the interaction of climatic conditions 
and increased human activity inevitably escalates the 
frequency (more accidents) and severity of forest fire 
events.    

 

 

5 Conclusions 
The current study explored the best locational options 
of fire vehicles for immediate response of any forest 
fire event based on three critical factors, namely, the 
forces of each fire agency which have a distinct area 
of operational responsibility; the forest fire 
susceptibility; and the road network characteristics. 
The results revealed the fact that most of the regions 
may adequately address the fire phenomenon with 
the current forces, whereas a few regions clearly need 
a reinforcement in order to sufficiently cover their 
territories.  

One future perspective may be related with the 
exploration of best locations through the entire study 
area, merging the current administrative boundaries. 
Therefore, the re-allocation of the number of fire 

vehicles could be feasible, leading the most forces 
where there is truly great need.  

In this context, the applicability of the adopted 
model is feasible to other geographic regions, after 
exploring the local features that may contribute to 
increased forest fire hazard (e.g. climatic, 
topographic and anthropogenic dimensions) in 
relation to the current state of road network (travel 
time) and the capacity (number and type of fire 
machinery) of the local fire service. 
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