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Abstract 
Introduction: Aerial firefighting is very expensive solution; therefore it isn’t useless to study it by the criteria of 

efficiency. But the meaning of efficiency for fire managers can be different from the meaning of efficiency for 

economists. Economic efficiency is stricter than technical efficiency. Method: this research created and used 

rectangular and concentric circles models, than made transport analysis and rate calculation. Results and 

discussion: The rectangular model shows the criteria of economic efficiency of aerial firefighting. The results 

from rectangular model can be transferred also to the concentric circles model. Based on the concentric circle 

model we can define both the economic efficiency of aerial firefighting and minimal criteria of successful 

suppression expressed by the elementary information we have regarding the actual fire. This paper points also 

at some principle mistakes often made by marketing to overrate the advantages of some aerial products, agents 

or procedures. Even if it is very difficult to take into consideration all circumstances and assumptions which are 

found during firefighting process but there are some theories that can help us to assess the economical 

effectiveness of aerial product, agent or procedure more precisely than rated nowadays by the marketing. 

 
Keywords: aerial firefighting, economic efficiency, rectangular model, concentric circle model, transport 

analysis 

 

 

 Introduction 

  

In this article author makes a difference between the professional and economical effectiveness that is 

efficiency. Efficiency is obviously stronger phenomena, in this case not just the professional 

effectiveness but the criteria of the efficiency must be satisfied. No doubt in the sphere of state 

protection (police, medical service, disaster management, fire service) it is very difficult to speak about 

efficiency, much easier about the political or social effectiveness. However author is sure there are 

ways to find the balance between useful actions and costs. Aerial firefighting is a very expensive 

extinguishing method; therefore it is not useless to look through some of its economic aspects.  

Firstly, author makes two models, which are rectangular and concentric circle model, to make it easier 

to understand some features of the economic aspects of firefighting. Naturally, the assumptions in both 

models are idealistic, meaning that they require more development. After models, author focuses on 

extinguisher materials such as pure water, foam and retardant and gives some different aspects of their 

effectiveness than usual.  

 

 Rectangular model  

 

First model examine a forested area limited by rectangular without concrete geometric data. 

Assumptions are idealistic, like homogenous forest, flat area; there is no wind, etc. In this model the 

fire front spreads linearly (Figure 1.). Author demonstrates this theory by more rectangular, placing 

them next to each other, which shows the fire development by geometric. Some part of this model is 

similar to the model used by Australian experts however not the same (Gould at al., 2009).  

After starting the suppression (B) the controlled line takes „” with the frame of this example edge 

(C). During the suppression this controlled line will continue till the opposite edge of the frame, 

meaning that the fire front is extinguished (D). Based on Pythagoras theory it is easy to understand  
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that the value of „” depends on the speed of fire spread (vfire) and the speed of suppression (vsuppression). 

The higher the speed of suppression related to speed of fire spread (R), the higher the angle „” is and 

vice versa.  

 


pression

fire

v

v
R

sup

 (2.1) 

 

Before the fire front forested area can be saved (Mforest), beyond it can be count as damages (Kforest). 

The main purpose of the suppression is that the value of saved forest be as high as possible or the 

damages be as low as possible. Author means, we search the end values of the positive options.  

maxforestM ; illetve minforestK  (2.2) 

 

Above statement can be accepted by the view of professional but since it doesn’t count with the cost 

of extinguishing the result can’t be the standard for the view of national economy.  

 

 

Figure 1. Rectangular model 

To maximize the end value of the professional effectiveness’ function can’t be justify in all cases at 

the view of national economy. At the latest one all costs of resources must be counted, such as technical 

and human resources but even the in-material value of the forest and the higher risk of citizens caused 

by absence of firefighters from urban area.  

If the cost of suppression is higher than the saved forest the action is uneconomical in view of national 

economy. Looking at the rectangular model the efficiency of national economy is valid till the saved 

forest is higher than the cost of suppression.  

 

1 NEAFFforest CM   (2.3) 

 

 Mforest  – value of the saved forest € 

 CAFF  – cost of aerial suppression € 

 NE – efficiency of the national economy - 

 

Using the notation of the rectangular model the first part of formula (2.3) can be expressed also in 

another way.  

AFFforest CLHP 
2

1
 (2.4) 
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 L – width of the forest area m 

 H – fire spread from the beginning of the suppression till the end of it m 

 Pforest  – unit value of the forest €m-2 

 

This model doesn’t count with the burnt area at the beginning of the suppression, not during the action 

or at the end of it. In this case the efficiency of the suppression in view of national economy doesn’t 

depend directly on the burnt area.  

Triangles with „L” width fire front, „” angles and „H” length in this model are same in any time of 

beginning the suppression and also same the costs belonged to these triangles.  

Based on the rectangular model we get the threshold limit in that case, if the cost of aerial firefighting 

is equal to the value of the saved forest. In cases of later beginning of the suppression, the cost of aerial 

firefighting remains the same however the value of the saved forest is reducing continuously till that 

where remains only the „L--H” featured triangle (E). It means the threshold limit of the efficiency 

geometrically.  

 

AFFforest
CM

CMf
AFFforest




)(lim  (2.5) 

 

In this case, if both the above threshold limit is realized and the efficiency of the aerial firefighting is 

valid, in any earlier beginning time of the suppression will satisfy the requirements of the efficiency 

too. The earlier is the beginning of the suppression, the higher the value of the saved forest is. The 

limit value gives just the minimum threshold of satisfying the criteria of the efficiency.  

The angle „” of the suppressed fire front depends on the rate of fire spread and the speed of aerial 

firefighting. Higher fire spread causes lower angle „” and longer time of suppression and vice versa. 

In view of higher efficiency the higher angle „” is required.  

 

 Concentric circles model  

 

The rectangular model counts with linear fire front however in the reality almost each fire starts from 

small ignition points. In case of ideal and positive spread conditions the fire front will spread radially.  

 

 Necessary but not yet sufficient condition for the efficient suppression 

Model counts with small ignition point, „vfire” speed of fire spread, „tfreely” time of freely fire spread, 

but other conditions are ignored. In this case the burnt area „Afire” (Figure 2: At1 – At3) can be given 

with the next formula:  

  
2

freelyfirefire tvA  (3.1) 

 

Following time units (sec, min, hour) burnt areas form concentric circles. This model got its name of 

these circles. Distance between the circles depends on the rate of fire spread. The „Kfront” fire front can 

be given by the formula (3.2) and the changing of it is by the formula (3.3). 

 

freelyfirefront tvK  2   (3.2)   firefront tvK 2   (3.3) 

 

In the formula (3.3) the extent of the „ΔR” radiation change can be given by the formula (3.4).  

tvR fire   (3.4) 
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The effectiveness of the suppression can be demonstrated by the length of the suppressed fire section 

per the time units, that is, the speed of fire front suppression.  

 

Figure 2. Concentric circles model 

Based on the above for demonstrating the capability of the aerial means suppressing fire front author 

introduce the term of speed of aerial firefighting („vAFF”). It means the length of the fire front 

suppressed by aircrafts.  

pression

pression

AFF
t

L
v

sup

sup
   (3.5) 

 

- vAFF – speed of aerial firefighting [ms-1; practically it can be mmin-1 or mhour-1]; 

- Lsuppression – length of the suppressed fire front [m];  

- tsuppression – time for suppression [s; practically min, or hour].  

 

To extinguish the fire successfully, the condition must be met that the interveners suppress fire spread. 

The firefighters have to extinguish the fire front, whose growth per unit of time is equal to the change 

in perimeter based on the concentric circles model. Thus, the success and effectiveness of the 

firefighters' work should not be related directly to the speed of fire spread but rather to the change in 

perimeter! At the beginning of extinguishment, the speed of the extinguishment of fire front, in this 

case the speed of aerial firefighting must reach and later exceed the speed of the change of the fire 

front, that is, the change of the fire front within a given unit of time. 

frontpression KL sup  (3.6) 

 

Using the formula (3.6) to extinguish successfully, the next criteria must be satisfied:  

 

pression

front

AFF
t

K
v

sup


  , or in other form: frontpressionAFF Ktv sup  (3.7) 

 

By ordering the above, it becomes clear that in practice the initial condition can be calculated in a 

simplified way, where we need to take the speed of fire spread multiplied by 2. 

 

fireAFF vv  2  (3.8) 

 

Above in-equality is necessary but not yet sufficient condition for the efficiency of the national 

economy. Based on mathematical formulas and the logical deductions regarding the concentric circles 

model author made the following statements: 
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1. If the speed of extinguishing the fire front – in this case the speed of the aerial firefighting - is 

below the speed of changing the fire front, the aerials are unable to extinguish the fire (initial 

attack).  

2. If the speeds above are identical, the length of fire front will remain but the burnt area will 

extend (beginning situation; later the balance follow 2Πrad). 

3. If the speed of extinguishing made by aerials is higher than the increase of the fire front, fire 

can be suppressed.  

 

Based on the above logical flow we can define both the economic efficiency of aerial firefighting and 

minimal criteria of successful suppression expressed by the elementary information we have regarding 

the actual fire. Naturally, the above statements are valid only at the time of beginning the suppression. 

Later, it modifies as changing the angle of suppressed fire front by the rules of 2Πrad.  

 

 Sufficient condition for the efficient suppression  

In the examination of the rectangular model, the conditions of efficient extinguishment in terms of the 

national economy have already been recorded. Based on them, the extinguishment can be regarded 

efficient if the amount of the saved value reaches the total costs of the extinguishment. Then, the 

condition of efficiency is met satisfactorily (2.3). It applies to both the rectangular and the concentric 

circles model. 

One feature of extinguishing forest fires is that regardless of the size of the forest burning, we tend to 

concentrate on the extinguishment of the fire front, which can be regarded as straight fire line 

suppression. It can be done or it can be accepted because in case of long-lasting uncontrolled fire 

spread, the curve of the fire front is hardly perceptible, in practice it can be ignored, so it's linear. If 

we concentrate on a very small section of fire front, the conclusions of the rectangular model can be 

applied here, too! 

Provided we accept the above statements – the adaptation of the limit values of efficiency set in the 

rectangular model (2.4) to the very small section of the concentric circles model (3.7) – the formula 

can be created in the following way: 

AFFforestpressionfireAFFforest CptKvCLHp  sup
2

1

2

1
 (3.10) 

 

Moreover, the limit value of the efficiency criterion of aerial firefighting out of formula (3.8): 

AFFfire vv 2   (3.9) 

 

By reversing the equation and substituting the form pertaining to the actual time of formula (3.3): 

forestpressionfirepressionfirepression

fly

AFF ptvtvtC supsupsup 2
2

1
  (3.10) 

 

 CAFF
fly  – unit costs of aerial firefighting €h-1; €min-1 

 

forestpression
AFF

pression

fly

AFF pt
v

tC 2

sup

2

sup
2

2
2

1










  (3.11) 

 

Ordering the above formulas and interpret it to a unit time, that is tsuppression = 1 min, we can get for the 

speed of the aerial firefighting the distance of suppression per a minute, that is vAFF =lAFF 1min-1.  

forest

fly

AFF
AFF

p

C
l




4
 (3.12) 
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Based on the above formula we can see that some data are enough for the statement of efficient 

suppression in view of national economy: as the length of suppressed fire front per unit (lAFF), the unit 

cost of aerial firefighting (CAFF
fly) and the unit costs of forest (pforest). Remake the formula and apply 

it to speed of fire spread:  
2

fireforest

fly

AFF vpC   (3.13) 

 

It has to take into account that the above values are limit values; satisfying them aerial firefighting will 

satisfy the criteria of efficiency in view of national economy too.  

 

 Investigating extinguisher materials  

 

 Extinguishing material is water – using external bucket for bombing 

The most common and simplest extinguisher material is water. Using water we count actually only the 

cost of logistics that is aerial means. In this case the cost of unit water is a quotient of the aircraft cost 

and water capacity. It can be expressed by the next formula:  

W

A
W

V

C
C   (4.1) 

 

- CW = cost of water capacity [€kg-1]; 

- CA = cost of aircraft per hour [€h-1]; 

- VW= volume of water capacity per hour [kgh-1]; 

- For example, in this article CW = 0.3 €kg-1  

 

Water, as the most common and simplest extinguisher material, can be taken to the others as a reference 

regarding extinguishing effects. Therefore author introduce the term of water equivalent per unit of 

any extinguishing material regarding extinguishing effects (Cx=W). Naturally, water has its own water 

equivalent that is cooling effect caused by the specific heat capacity. Moreover not just the 

extinguishing effects of water but also the cost of water equivalent can be taken as a reference 

(CW=CW=W). Since the water has its own water equivalent, in the above case it is not important to 

discuss it. However, later, it gets an important role and as a starting point of a series it belongs logically 

to water.  

Buckets can have significant losses of carried volume during the action, some observer estimate it 

more than 50 % (Jambrik, 2007; Imreh at al., 2009). Since the losses usually taken with high rate, in 

this examples author can’t ignore it, on average he counts with 25 %. Because of the high rate of losses, 

we have to take into account not the bucket capacity but the part of it which is dropped to fire front. 

Consequently, in view of efficiency we have to share the cost of transportation (aerial firefighting) 

with a reduced volume of the bucket capacity (effective part), resulting higher cost per effective unit 

water. It can be expressed by the next formula: 

 

B

W
effW

C
C


_   (4.2) 

 

- CW_eff = cost of unit water dropped to fire front [€kg-1]; 

- B = coefficient of the bucket effectivity []; 

- For example, in this article, in case of B = 0.75, CW_eff = 0.4 €kg-1  

 

Based on the above the effectiveness can be expressed by the next statement: the extinguishing 

capacity of 1 kg „water” at the beginning of the transportation (taking off) expressed by water 
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equivalent is equal to its own volume, it costs 0.3 €kg-1, regarding the effective part of the capacity at 

the end of the transportation (dropping to fire front) is 0.4 €kg-1.  

 

 

 Extinguishing material is foam – using internal tank  

In this case the cost of foam concentrate multiplied with the mixing rate has to be added to the quotient 

of the aircraft cost and water capacity. It can be expressed by the next formula: 

 

mixC

W

A
F RC

V

C
C   (4.3) 

 

- CF = cost of foam solution capacity [€kg-1]; 

- CC = cost of foam concentrate [€kg-1]; 

- Rmix= rate of mix [%]; 

- For example, in this article, in case of CCRmix = 0.1 €kg-1, CF = 0.4 €kg-1  

 

Author’s experiment shows that beside the cooling effect of foam, caused by the specific heat capacity 

of the water content, it also has an extra extinguishing effect caused by the structure of the foam that 

is isolation effect (Restas, 2012). This extra effect delays the ignition of the surface over time than 

reasonable just by the water content of the foam. This delay, as an extra extinguishing effect, can be 

expressed by water equivalent. It means, how much water quantity could equal the same delay that is 

caused by the structure of the foam.  

In case of foam author found that it is twice more effective than water (Restas, 2012) however other 

experts state it 3 times more (Theo, 2009); it generates a coefficient of foam equivalent to water effect. 

Author insists on his own data; it means 1 kg foam has as much extinguishing effect as 2 kg water 

(cooling effect) has. In case of cost of extinguishing effect of foam the coefficient also has to be taken 

into account. It can be expressed by the next formula: 

 

expY

C
C F

WF   (4.4) 

 

- CF=W = cost of foam solution capacity equivalent to water effect [€kg-1]; 

- Yexp = coefficient of foam solution equivalent to water effect []; 

- For example, in this article, in case of Yexp = 2, CF=W = 0.2 €kg-1  

 

Obviously the on-board installed tank has less transport losses than buckets, many times it is ignored. 

Author takes into account the losses of on-board tank about 10 %; it means the coefficient of the 

effectiveness is 0.9. The cost of the effective part of the foam solution dropped from the tank expressed 

by water equivalent can be given by the next formula: 

T

WF
effWF

C
C




 _  (4.5) 

 

- CF=W_eff = cost of useful part of foam solution capacity equivalent to water effect [€kg-

1]; 

- T = coefficient of on-board tank effectivity []; 

- For example, in this article, in case of T = 0.9 , CF=W_eff = 0.22 €kg-1  
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Based on the above the effectiveness can be expressed by the next statement: the extinguishing 

capacity of 1 kg „foam solution” at the beginning of the transportation (taking off) expressed by water 

equivalent is equal to 2 kg, it costs 0.4 €kg-1, regarding the effective part of the capacity at the end of 

the transportation (foam on surface) is 0.22 €kg-1.  

 

 Results and discussion regarding foam applications  

Based on the results of the practical example, we can deduct that failing to use foams is a professional 

mistake – if we presume the effectiveness of one unit is twice as much. Yet there is no practical 

evidence of frequent application of foams. Obviously, it might have numerous reasons. One of them 

must be the additional cost. It is a mistake to compare the extra cost of foam as an extinguisher to that 

of water. As water costs practically nothing, regardless of how cheap the foam concentrate is, it would 

be still significant compared to water. The mistake lies in comparing the costs of the extinguishers or 

those of the technical equipment (amortisation) instead of comparing the total costs of different 

extinguishing methods, including the operation cost of the aircraft. The latter one cannot be separated, 

since it represents a considerable amount within the total cost. 

In the above example the difference between the cost of 1 kg water and 1 kg foam solution is very 

drastic (0 €kg-1 => 0.1 €kg-1), but taking into account the cost of transportation (aircrafts) the difference 

is moderate (0.3 €kg-1 => 0.4 €kg-1), it means only 33%! If the effectiveness of the unit foam solution 

in water equivalent rise also just with 33%, it means, economic point of view there is no difference 

between the extinguishers. However, the coefficient of the effectiveness of the foam solution in water 

equivalent is 2, which means the effectiveness rose 100 %!  

We have to look for another excuse for failing to use it. In the author's opinion three basic things can 

hinder the application of foam concentrates. 

1. Logistics: The application of foam concentrates requires logistics support. Water is freely 

available and the loading of aircrafts can be carried out without any external help, so this is the 

simplest method. 

2. Tactics: In aerial firefighting the fire front is directly attacked with water, while in the case of 

foams the protection strip is targeted primarily. 

3. Psychology: The additional related costs the need for logistics support and the difficulties in 

the application of foams may generate negative prejudices without any professionally valid 

researches. 

 

Based on the above, in the example, the cost doesn’t rise by 33% but in water equivalent reduces by 

45% (0.4 €kg-1 = > 0.22 €kg-1) !  

 

 Extinguishing material is retardant – using internal tank  

In case of retardant the method is similar to the foam concentrate. The cost of retardant multiplied with 

the mixing rate has to be added to the quotient of the aircraft cost and water capacity. It can be 

expressed by the next formula: 

 

mixret

W

A
R RC

V

C
C   (4.6) 

 

- CR  = cost of retardant capacity [€kg-1]; 

- Cret = cost of retardant [€kg-1]; 

- Rmix = rate of mix [%]. 
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Retardant also has an extra extinguishing effect, therefore the effectiveness in water equivalent – 

similar to foam solution – have to be counted with coefficient too. It can be expressed by the next 

formula: 

R

R
WR

Y

C
C   (4.7) 

 

- CR=W = cost of retardant capacity equivalent to water effect [€kg-1]; 

- YR = coefficient of retardant equivalent to water effect []. 

 

The cost of the effective part of the retardant dropped from the tank expressed by water equivalent can 

be given by the next formula: 

T

WR
effWR

C
C




 _  (4.8) 

 

- CR=W_eff = cost of useful part of retardant capacity equivalent to water effect [€kg-1]; 

- T = coefficient of on-board tank effectivity []. 

 

The extinguishing effect of the foam based on water equivalent was determined by tests R-20F (Restas, 

2012) and R-10A (Restas, 2014). However, tests targeting the effectiveness of retardants have not been 

conducted yet so the author has not found any acceptable values to be compared in the specialist 

literature. Thus, to make practical calculations, I applied logical deductions, expert estimations and 

hypothesis analysis. 

 

 Results and discussion regarding retardant applications  

n the test, the basic conditions are the same as the previous ones. The effectiveness of the retardants is 

definitely higher than that of water. To determine it, the author makes the following logical deduction: 

1. The author accepts that retardants are able to provide protection against crown fire, that is, 

against fire intensity of 8.000 kWm-1; 

2. Nobody implies – and there is no practical evidence – that retardants are able to withstand any 

fire intensity. Its extinguishing effect is obviously lower than the one which is able to suppress 

extreme fire of 18.000 kWm-1 intensity;  

3. Based on the author’s logical reasoning, the extinguishing effect of retardants is higher than 

the effect able to suppress fire of 8.000 kWm-1 intensity, typical of crown fire, but lower than 

fire intensity of 18.000 kWm-1, which can be observed in extreme fires. 

4. Aerial firefighting can be effective up to 3.400 kWm-1 (Silva, 2002). In the comparison of 

effectiveness its value is 1. 

5. If the value of the effectiveness of water is 1 at 3.400 kWm-1, the value of required effectiveness 

has to be 2.35 at 8.000 kWm-1, and 5.3 at fire intensity of 18.000 kWm-1. 

 

Following from the above, the effectiveness factor of retardants can be considered „45” expressed in 

water equivalent, based on expert estimation. It implies that it can suppress a quite fierce fire of 

intensity 13.600 kWm-1 - 17.000 kWm-1, which is rather rare. This value takes into account the 

practical experience that retardants are not always able to provide effective protection against crown 

fires, though usually they are. For further calculations, the author has rounded the value of professional 

estimation up to 5, and it will be used for calculations. 

In the assessments of the effectiveness of extinguishers, the author has met the opinion several times 

that foams are 3 times, retardants are 9 times more effective than water (Theo, 2009; George, 2013). 

The series (water=1, foam=3, retardant=9) obviously reflects rather a logical relationship than actual 
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effectiveness. The author seeks to determine the effectiveness of retardants with his own hypothesis 

analysis – because of differing values in his own tests with foams. 

Based on the above, the author’s hypothesis is that the effectiveness factor of retardants given by the 

distributor or producer companies reaches the value of 9. It can be examined in several ways, aimed 

at the following: A) the amount of the extinguisher; B) the intensity of the fire; C) cost-effectiveness. 

Obviously, there would be a fourth method as well, when all the above are examined together, but it 

is justifies only in the case, when the hypothesis is affirmed in one of them at least.  

A) The producer suggests that the amount of extinguisher needed in one unit of surface is the maximum 

amount remaining on the foliage in the case of retardants, too. So, we do not meet increased 

effectiveness in terms of quantity. The hypothesis cannot be justified in terms of quantity. 

 

B) In terms of fire intensity, the effectiveness factor of 9 means that the same amount can suppress fire 

of intensity which is 9 times higher. It implies that retardants have to be able to suppress forest fires 

of 30.600 kWm-1 intensity. However, practice does not consider such extreme fire intensity. In 

addition, as it was mentioned before, there is no guarantee that it can suppress fire of 18.000 kWm-1 

intensity, which happens quite frequently. The hypothesis cannot be justified in this case either.  

 

C) The third way to examine the hypothesis requires a concrete efficiency analysis, which will be 

detailed below. The price of the retardants has to be at least twice of the price of the foam concentrate; 

it is not possible to find a product cheaper than 8 €kg-1. The mixing rate of retardants suggested by the 

producers and distributors is at least 25 %, so this percentage was considered in the calculations. 

The value of the effectiveness coefficient is counted with 5, given this value by expert estimation, that 

is YR = 5. It means, the effectiveness of the retardant is 2.5 higher than the effectiveness of foam. 

Using on-board installed tank in both cases, the losses are also the same. Example for the above:  

- Cret = 8 €kg-1 

- Rmix = 25 % 

- CR = 0.3 €kg-1 + 2 €kg-1 = 2.3 €kg-1 

- YR = 5 

- CR=W = 2.3 €kg-1 / 5 = 0.46 €kg-1 

- T = 0,9 

- CR=W_eff = 0.46 €kg-1 / 0,9 = 0.51 €kg-1  

 

Based on the above, the conclusion should be that the efficiency of the retardant expressed by water 

equivalent is less than that of the water itself. This result obviously can’t be logical if the practice uses 

retardants regularly as an effective extinguishing material. The solution is that the pure water itself is 

unable to suppress the fire above limited fire intensity (3400 kWm-1), however the retardant is. 

Therefore, even if water is a cheaper solution in case of higher fire intensity its value is basically 

nothing. Although retardant seems to be irrationally expensive expressed by water equivalent but the 

capability extent to such a dimension, where water objectively can’t be itself.  
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