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Abstract

:

The aim of the article is to analyze the method of determining the maintenance costs of buildings based on the method proposed in Polish legal regulations. The analysis of the sensitivity of the method shows that the assumed number of product use cycles during the calculation period has the greatest impact, while the adopted warranty period has the lowest impact. A multi-functional building combining housing, office, service and commercial was analyzed in order to obtain a broader picture of the model’s operation. The results of the analyses allow us to conclude that despite the higher price of materials, the most durable solutions, which are the most expensive to purchase, turn out to be the most advantageous in the entire life cycle of the building. The method proposed in Polish law regulations has certain limitations. In order to level them, it was proposed to extend the method by using NPV (Net Present Value) for calculations and extending the life cycle of the building to 80 years.
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1. Introduction


The costs associated with a construction object are influenced by many factors. In the broadest scope, these costs are captured as LCC—Life Cycle Costs.



Life cycle costing interests EU bodies. The EU document regulating the application of the idea of life cycle costs is the Directive 2014/24/UE of the European Parliament and the Council of 26th February 2014 on public procurement and repealing [1]. Article 67 of the Directive concerning criteria states that the most economically advantageous tender from the point of view of the contracting authority is determined based on the price or cost, using a cost-effectiveness approach such as life cycle costing in art. 68. Article 68 indicates that life cycle costing in an appropriate range shall cover some or all of the following costs during the life cycle of a product, service, or works:



	(a)

	
Costs incurred by the contracting authority or other users, such as:




	
Acquisition-related costs;



	
Costs of use, such as consumption of energy and other resources;



	
Maintenance costs;



	
End-of-life costs, such as demolition and recycling costs;









	(b)

	
Costs attributed to environmental externalities associated with a product, service or work over their life cycle, provided that their monetary value can be determined and verified; such costs may include greenhouse gas and other pollutant emission costs and other climate change mitigation costs.







According to the Directive, when contracting authorities estimate costs using a life cycle costing approach, they specify in the procurement documents the data that bidders should provide and the method that the contracting authority will use to determine the life-cycle costs based on these data.



There are various forms of implementation of the Directive in the European Union countries. In reference to the EU provisions, provisions regarding the calculation of life cycle costs have been included in the Polish Public Procurement Law (PPL). As a consequence of the provisions of the Public Procurement Law, on 13 July 2018, the Regulation of the Minister of Investment and Development of 11 July 2018, on the method of calculating the life cycle costs of buildings and the method of presenting information on these costs was published [2].



One of the components of life cycle costs, which are particularly difficult to determine, are the costs incurred during the operation of the building, in particular the costs of building maintenance. They are related to the natural process of decreasing the utility value of an object over time and the need to carry out construction works that restore the technical and functional features of construction objects [3].



The article analyzes the calculation of some chosen building maintenance costs (i.e., windows, doors, roofing and flooring) based on the method proposed in the regulation. The purpose of this paper was the attempt of finding weaknesses in the regulation method based on calculations given for some chosen products. The second authors’ goal was the implementation of some novelties which possibly could be useful in broadening the models’ implication possibilities. The influence of the input data on the results was analyzed, and the possibility of extending the method by NPV calculation as well as the calculation period extension up to 80 years.




2. Literature Summary


Proper maintenance of the building aims to ensure that it is maintained in a good technical and aesthetic condition throughout the entire life cycle of the building. For this purpose, the building owner/facility manager undertakes a number of activities, mainly consisting of the maintenance and repair of individual building elements.



The owner of the building, apart from the obligatory activities related to maintaining the proper technical condition of the building, resulting from the applicable regulations, has a choice of many options for repairing and improving the standard of the building. Each of them is associated with the corresponding costs. Therefore, one of the basic issues affecting the costs incurred at the operational stage of the facility is defining the building maintenance strategy.



The ISO standard 15686-5:2017 Buildings and constructed assets –Service life planning Part 5: life cycle costing [4] and standard EN 13306:2017-Maintenance-Maintenance terminology characterizes [5] synthetically two main types of maintenance. The first of the given strategies is called preventive maintenance, and the next one is called corrective maintenance. In the literature [6,7,8,9], other variants with a wider range of maintenance types can be found.



Making decisions regarding the maintenance of buildings requires taking into consideration many factors. Therefore, this problem is often solved using MCDM (Multiple Criteria Decision Making) methods [10,11,12,13,14,15,16,17,18]. Peach and Visser [19] analyze the problem of including human factors in maintenance. Much of the articles are devoted to the proper planning schedule repairs [20,21,22].



There are many attempts in the literature to develop models that would estimate the cost of building maintenance. Kim et al. [23] propose a model that determines the maintenance and repair costs by means of a statistical analysis of actual cost data. The authors conducted a study of maintenance and repair expenses in educational establishments to determine key performance indicators (KPIs) and to develop an integrated facility management cost estimation model. The study used a multiple regression analysis method to generate a model for determining maintenance and repair costs.



The authors also used the example of a university. Farahani et al. [24], to investigate the problem, presented a case study on the maintenance phase of four university buildings on the campus of the National Taiwan University. Using historical data on maintenance and repair over 42 years, a life cycle cost prediction (LCC) model was determined using three different methods: simple linear regression (SLR), multiple regression (MR), and finally, backpropagation artificial neural network (BNP). In [25], the benefits of proper monitoring of the building’s condition on the example of roofing material have been presented.



The proposed models for determining the maintenance costs of building objects use both a simple and a complex mathematical apparatus. A brief overview of simple models supporting the estimation of the budget for maintenance of buildings we can find, for instance, in [26]. The slightly more complex models include the one developed by Kwon et al. [27] based on case-based reasoning and genetic algorithm. Fregonara and Ferrando [28] developed the Stochastic Annuity Method for Supporting Maintenance Costs Planning. Determining the costs of building maintenance is often based on incomplete and imprecise data, which is well represented by fuzzy sets and neural networks [29,30,31,32]. Models in this area also often capture the risk [33]. There have also been attempts to use BIM technology to solve this problem [34,35,36,37].




3. Calculation of Maintenance Costs in Accordance to Polish Regulations


One of the options for calculating the building maintenance costs is presented in the Regulation of the Minister of Investment and Development of 11 July 2018, on the method of calculating the life cycle costs of buildings and the method of presenting information on these costs. This regulation is based on the Directive 2014/24/EU. According to the ordinance, the life cycle costs of a building are calculated as the sum of the costs of purchasing, using and maintaining a building according to the formula:


   C g  =  C n  +  C  u z   +  C  u t    



(1)




where: Cg—life cycle costs during a 30-year life cycle of the building, called “calculation period”, Cn—acquisition costs, defined based on the offer price, Cuz—costs of use, Cut—maintenance costs.



The cost of maintenance included in Formula (1) is primarily the costs of repairs and ongoing maintenance, which allow the building to maintain in a proper technical and aesthetic condition.



These costs should be calculated according to the formula:


   C  u t   =  ∑   (   A i  −  B i   )   



(2)




where: i—every further product, Ai—maintenance cost of ith product in the calculation period, Bi—producers’ warranty value of the ith product.



Maintenance costs of the ith product:


   A i  = I × K × N  



(3)




where: I—number of product units, K—cost of replacement of the product unit, N—number of product use cycles during the calculation period.



Producers’ warranty value of the ith product:


   B i  =    A i  ×  O g    30    



(4)




where: Og—warranty period of the ith product given in years.



According to the regulation, the calculation of the life cycle cost of the building is calculated as the sum of the costs of acquisition, use and maintenance. Thirty years of building life is adopted as a calculation period. The cost of maintenance is calculated as the sum of the unit cost of maintaining products during the calculation period reduced by the contractor’s guarantee value for a given product. The unit costs of maintaining products are designated as the multiplication of the number of individual units, the costs of replacing the product unit, and the number of product use cycles during the calculation period.



In accordance with the regulation, the contracting authority specifies, among others, types of products taken into account in determining the maintenance costs paying attention to their impact on the functioning of the building and the estimated cost of products including assembly. Products listed in the regulation are: windows; doors; flooring; installations (plumbing, gas, electricity, air conditioning, etc.); elevators; façade; roofing and other products recognized by the contracting authority as valid.



The product use cycle is the period after which the product should be replaced. When specifying the number of life cycles of the product, not only the physical life of the product may be taken into consideration but also its expectations related to the need for its more frequent or rare exchange due to the nature of the building. The number of use cycles for products specifies the Annex to the Regulation. For most products, a cycle varies between 1–3 but, for example, for PVC panels floors 3–5 cycles; for roofing 2–4 cycles.



The contractor determines the product warranty period. It can apply to the whole product (e.g., a whole window or its elements; for example, a warranty for the profile is 5 years, and for the whole window only 3 years).




4. Model Sensitivity Analysis


The basic data to be assumed for the calculation of maintenance costs are therefore: I—number of product units, K—cost of replacement of the product unit, N—number of product use cycles during the calculation period as well as Og—warranty period of the ith product given in years. The authors decided to perform a simple sensitivity analysis. It shows how the adopted data influence the final results.



The following data were assumed:




	
I = 2500 m2;



	
K = 200 EUR;



	
N = 2;



	
Og = 3 years.








In the following variants, one of the input data (independent variable) was changed, the remaining data were taken as constants, and its influence on the obtained Cut values (dependent variable) was examined. The scope of the adopted variables and the final results are presented in Table 1. The obtained results in each variant are presented in the charts shown in Figure 1, Figure 2, Figure 3 and Figure 4.



The presented results of the sensitivity analysis show that the influence of all variables is linear. The variable N has the greatest impact. Increasing it by one cycle causes an increase in the value of the cost of living by about 25%. A change in the number of units of a product by 100 affects the end results as much as a change in the cost of replacing a unit by 10 EUR, which equals 5%. The adopted warranty period has the least impact. Extending the warranty period by 1 year reduces costs by less than 4%.




5. Model Analysis on the Example of A Multi-Functional Building


In real circumstances, dependencies in the analyzed formula, allowing the determination of maintenance costs, are more complex. For example, higher purchase costs and, at the same time, replacing a given element generate higher durability translating into a smaller number of exchange cycles and often also a longer warranty period provided by the manufacturer. It shall also be noted that the regulation does not consider the refurbishment of some items, such as, for instance, doors or windows, which require periodic maintenance to maintain their condition and operability. The formula limitations may arise from the fact that the model given in the regulation that is analyzed was designed only for a comparison of given offers and shall help in the decision of which offer is the best during public auctions.



In order to obtain a broader image of the model action, the building presented in BCO (Bulletin of Building Prices) for the first quarter of 2021, building 1122-407 on the name “Housing, office and service apartment building”, was chosen. The building has 15 stories with a 3-story underground garage. It is a multi-functional building combining housing and office functions located on the overground floors as well as service and commercial parts on the ground floor section. The property also has three underground floors where parking spaces in the garage space and technical infrastructure are located. The object is placed on a reinforced concrete foundation slab. Concrete monolithic structural walls (in the underground made in diaphragm wall technology) and all slabs are also reinforced, and monolithic concrete inverted flat roof is designed.



The analysis included four elements of the building, i.e., windows and external doors, internal doors, floors with terracotta and roofing. For each of the analyzed elements, the number of product use cycles was established during the calculation period, consistent with the compartment given in Annex 1 to the Regulation of the Minister of Investment and Development from 11 July 2018. Specified solutions were adopted for these elements, and the necessary data were established to determine the costs of living in accordance with the Regulation.



It must be noted that the analyses took into account only selected elements of the building that the contracting authority may take into account in the analysis of the maintenance costs. It is practically impossible to determine the total maintenance costs in accordance with the ordinance. As was already mentioned, the formula provided in the regulation takes into account only the cost of replacing building elements without taking into account the costs of their ongoing maintenance. For this reason, following the regulation, it is difficult to determine the maintenance costs of elements, such as pumps, elevators, HVAC equipment, escalators, lamps or water and fire devices. The assumption adopted in the regulation allows, for instance, for the inclusion of the maintenance costs of elevators, but only in the case of their replacement 1–3 times. In practice, such actions do not take place with a building’s 30-year life cycle.



5.1. Windows and External Doors


The overall surface of the windows and external doors in the analyzed building equals 5 315 m2. Four different solutions were found for windows and external doors, in which both the number of product use cycles during the calculation period, as well as the warranty period, has been changed depending on the assumed solution. For various variants, prices were found in the range of 128 EUR/m2–628 EUR/m2, and they were PVC windows, wooden windows as well as aluminum windows. Details of data adopted in specified variants are presented in Table 2.



Figure 5 shows the costs of maintaining the presented element for four solutions. The cheapest maintenance costs were obtained for the most durable solution, and thus the most expensive; however, the least durable solution did not turn out in this case, the most expensive solution from the maintaining cost point of view an element throughout the entire computing period of the building. It turned out that medium-lasting solutions are the least cost-effective, presumably due to the fact that they are more expensive than the least-durable variant, and at the same time, the number of product use cycles during the calculation period is not sufficiently reduced to comply with higher purchase costs.




5.2. Internal Doors


The overall surface of the internal doors in the analyzed building equals 2 496 m2. Three different solutions for internal doors were found. For various variants, prices were found in the range of 192 EUR/m2–322 EUR/m2. In this case, the economic profitability of the proposed solutions increases with increasing the durability of the element and thus the increase in the purchase price. Details of data adopted in these variants are presented in Table 3.



The internal doors maintenance costs during the whole life cycle are shown on the Figure 6.




5.3. Roof


The overall surface of the roof in the analyzed building equals 3823 m2. Three different solutions for the roof were designed. For various variants, prices were found in the range of 135 EUR/m2–174 EUR/m2. For the solutions adopted for the roof as well as the floors, similar conclusions can be drawn as for interior doors. In the case of a roof, the most durable solution turns out to be the most cost-effective considering the maintenance costs of this structure element over the entire life cycle calculation period. Details of the data adopted in these variants are presented in Table 4.



The roof maintenance costs during the whole life cycle are shown on the Figure 7.




5.4. Flooring


The overall surface of the flooring in the analyzed building equals 34,459 m2. Two different solutions for the terracotta flooring were designed. The difference between these variants was the durability of the flooring. The cheaper variant assumed one change of flooring in the building during the calculation period, whereas the more expensive one, as well as more durable one, assumed one flooring during the whole buildings’ life cycle. The first option was priced at 28 EUR/m2, while the second one was estimated at the point of 41 EUR/m2. Taking into account the prices, the number of product life cycles in the calculation period as well as the warranty periods, the more durable option turned out to be the more cost-effective one throughout the life cycle. Details of the data adopted in the two designed variants are presented in Table 5.



The flooring maintenance costs during the whole life cycle are shown on the Figure 8.




5.5. The Solutions Analysis


The analyses carried out in the article allowed determining the impact of variables on the maintenance costs and to select the variants generating the highest and the lowest cost values. The summary of these results is presented in Figure 9.



Figure 9 allows concluding that, despite the higher price of materials at the beginning of production, the most beneficial solutions in the entire life cycle of the facility turn out to be the most durable solutions, which are the most expensive to purchase. This trend has worked well for all four cases considered.




5.6. Share of Maintenance Costs in The Total Life Cycle Costs


The calculated maintenance costs of the facility during the calculation period were also analyzed in relation to the entire life cycle costs of the building over the 30-year lifetime of the building. For this purpose, acquisition costs were assumed in the amount of construction costs specified in the BCO and operating costs based on the average demand for utilities per m2 of the facility. On the basis of the calculated values, it was found that when using solutions with a lower durability, the share of calculated building maintenance costs in the total costs incurred in 30 years of use is about 5% higher compared to higher durability solutions. The conclusions described above are presented in Figure 10.





6. Extension of the Method Adopted in The Regulation


The method which is applied in the regulation is a simple method—does not take into account changes in the value of money over time. Another limitation is also the 30-year life cycle that has to be imposed.



6.1. NPV Addition


In the first stage, the obtained results were compared to the method determining the present value of NPV.



The basic calculation formula is as follows:


  L C N P V =   ∑   i = 0   E S L     C  F i       (  1 + r  )   i     



(5)




where: CFi—cash flow in ith year, ESL—estimated service life in years, i—subsequent year, r—discount rate.



Figure 11 and Figure 12 show the results for the maintenance costs of windows and external doors determined by the simple and NPV methods, assuming different interest rates. The same cost assumptions as for the simple method and the 5-year warranty period for all variants were adopted.



The results presented above show that the most durable variant is the most profitable, assuming that the NPV discount rate is equal to 7%. Besides the calculation method choice, the most durable option turned out to be the most profitable option each time, while the least profitable one is the one assuming 3 product life cycles during the assumed calculation period.



Figure 13 presents the average percentage results for all materials included in the study. The presented results also show that the most durable materials turn out to be the cheapest to maintain, taking into account the entire life cycle of the facility.



Figure 14 shows the results of the analysis for the total maintenance costs of the facility in the calculation period in relation to the entire life cycle costs of the building over the 30-year lifetime of the building. The list was prepared for the NPV variants with the assumption of a 3%, 5% and 7% discount rate.



On the basis of the calculated values, it was found that when using solutions with a lower durability, the share of calculated building maintenance costs in the total 30 years life cycle is always higher than when using solutions with higher durability. However, this difference is smaller than in the case of calculations performed in accordance with the regulation and decreases with the increase in the discount rate. Assuming a discount rate of 3%, the difference equals 2.56%, assuming a 5% discount rate, the difference equals 1.05%, while assuming a 7% discount rate, the difference equals only 0,88%.




6.2. The Life Cycle Equals 80 Years


An attempt to extend the life cycle was also made. The 30-year life cycle of the building (imposed by the regulation) was extended to 80 years.



Figure 15 shows the results for the maintenance costs of windows and external doors. The same cost assumptions were adopted as for the simple method, and the number of product life cycles in the calculation period was assumed proportionally greater than the designed life cycle period.



The presented data show that in the case of windows and external doors, assuming an 80-year life cycle of the building, the least durable solution is the cheapest solution (11 life cycles of the product were assumed). Intermediate solutions are the most expensive, and the most durable option is the second most economically profitable option.



Other elements, i.e., internal doors, roof and floors, remain the cheapest in the case of choosing the most durable solutions and the most expensive in the case of choosing the least durable. Figure 16 shows the results described above.





7. Discussion


The article analyzes the determination of building maintenance costs based on the method proposed in Polish legal regulations. It should be noted here that the method proposed in Polish regulation has certain limitations. The formula is fixed, and some variables are not easy to implement in a realistic way. One of the main limitations is taking into account only the costs of replacing individual elements without the possibility of calculating refurbishment costs, which, in many cases, constitute a significant piece of the maintenance budget. The assumption made in the regulation regarding the calculation of maintenance of some elements is directly contrary to real conditions. For instance, the inclusion of the maintenance costs of elevators requires their replacement 1–3 times, and such actions do not take place in real conditions with a building’s 30-year life cycle. The method used for calculations does not take into account changes in the value of money over time. Another limitation is also the life cycle has to be designated as 30 years.



Another limitation is, for instance, that the warranty period is fixed to one period of time for the whole product calculation, which does not take into account the possibility that, in the whole calculated period, products with different warranty periods will be implemented.



The formula limitations may arise from the fact that the model analyzed, which is given in the regulation, was designed only for the comparison of given offers and shall help in making a decision of which offer is the best during the public procurement procedure. The restrictions imposition is aimed at adopting the same assumptions by all tenderers, which facilitates the evaluation of tenders by the procurer, giving a picture of how the higher initial cost translates into savings during the operation of the building. However, all the above-mentioned limitations make it practically impossible to determine the total maintenance costs in accordance with the regulation. For this reason, the authors decided to carry out a maintenance cost calculation, limited to the cost of replacement, of the selected building elements.




8. Conclusions


One of the components of the life cycle costs of a building, which is particularly difficult to determine, is its maintenance costs incurred during its operation. The article analyzes the determination of building maintenance costs based on the method proposed in Polish legal regulations.



The method’s sensitivity analysis shows that the assumed number of life cycles has the greatest impact. An increase by one cycle increases the value of the maintenance cost by about 25%. The adopted warranty period has the least impact. These are certain dependencies that should be taken into account when considering the obtained results.



In order to obtain a broader picture of the model’s usefulness, a multi-family residential, office and service building was analyzed. The results of the analyses allow us to conclude that, despite the higher price of materials, the most durable solutions, which are the most expensive to purchase, turn out to be the most advantageous in the entire life cycle of the building. It was found that when using solutions with a lower durability, the share of calculated building maintenance costs in the total costs incurred in 30 years of use is about 5% higher than when using solutions with higher durability.



In the extension of the method, the use of NPV for calculations was proposed. From the obtained results, it can be concluded that the most durable materials turn out to be the most profitable to apply, taking into account the entire life cycle of the facility. On the basis of the calculated values, it was found that when using solutions with a lower durability, the share of calculated building maintenance costs in the total costs incurred in 30 years of maintenance is always higher than when using solutions with higher durability. However, this difference is smaller than in the case of calculations in accordance with the Polish regulation and decreases with the increase in the discount rate. Extending the life cycle of a building to 80 years is primarily associated with increasing the number of product life cycles, which largely translates into the obtained results. In the case of windows and external doors, assuming an 80-year life cycle, the cheapest solution is the least durable solution (11 product life cycles were assumed). Intermediate solutions are the most expensive, and the most durable option is the second most economically profitable option. Other elements, i.e., internal doors, roof and floors, remain the most reasonable from the costing point of view for the choice of the most durable solutions, and the least durable appears to be the most expensive ones.



The formula proposed in the regulation is intended for specific purposes (comparison of tenders) and contains many generalizations and simplifications. However, in the authors’ opinion, it can be used to estimate the maintenance costs of selected building elements.



The changes proposed by the authors may enable the model given in the Polish regulation, which is used nowadays only in public procurement areas in Poland, to extend the implementation possibilities both for other areas in Poland as well as in other countries.
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Figure 1. Obtained results for variant I. 
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Figure 2. Obtained results for variant II. 
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Figure 3. Obtained results for variant III. 
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Figure 4. Obtained results for variant IV. 
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Figure 5. Summary of the assumed solutions for the widows and external doors. 
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Figure 6. Summary of the assumed solutions for the interior doors element. 
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Figure 7. Summary of the assumed solutions for the roof element. 
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Figure 8. Summary of the assumed solutions for the terracotta flooring element. 
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Figure 9. The most and least preferred solutions summary. 
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Figure 10. Percentage life cycle costs summary of the most and the least preferred solutions summary for the maintenance costs. 
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Figure 11. Cost breakdown for windows and external doors element for each variant calculated using simple and NPV methods. 
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Figure 12. Percentage life cycle costs summary of each variant of windows and external doors element calculated using simple and NPV methods. 
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Figure 13. Percentage average results summary of all materials calculated using simple and NPV methods. 
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Figure 14. Percentage life cycle costs summary of the most and the least preferred solutions summary for the maintenance costs. (NPV). 
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Figure 15. The cost breakdown for each variant of windows and external doors element assuming 80-year life cycle period. 
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Figure 16. Cost breakdown for each element assuming 80-year life cycle period. 
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Table 1. Assumed variants and results presentation.
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	Variant
	Independent Variable
	Range of the Variables
	Interval
	The Dependent Variable Difference (EUR)





	I
	I (m2)
	1800–2200
	100
	144,000



	II
	K (EUR)
	180–220
	10
	144,000



	III
	N (cycle)
	1–4
	1
	1,080,000



	IV
	Og (lata)
	1–4
	1
	8000
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Table 2. Data given for the windows and external doors.
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	Variant
	K (EUR/m2)
	N
	Og (Years)
	Cut (EUR)





	PVC windows (1)
	128
	4
	2
	2,549,421



	PVC windows (2)
	260
	3
	3
	3,733,015



	wooden windows
	318
	2
	5
	2,821,026



	wooden coated aluminum windows
	628
	1
	10
	2,224,956
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Table 3. Data given for the interior doors.






Table 3. Data given for the interior doors.





	Variant
	K (EUR/m2)
	N
	Og (Years)
	Cut (EUR)





	interior doors (1)
	192
	3
	2
	1,339,891



	interior doors (2)
	230
	2
	3
	1,033,640



	interior doors (3)
	322
	1
	5
	669,953
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Table 4. Data given for the roof.
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	Variant
	K (EUR/m2)
	N
	Og (Years)
	Cut (EUR)





	roofing
	135
	3
	5
	1,293,088



	green roof (1)
	162
	2
	7
	951,713



	green roof (2)
	174
	1
	10
	444,065
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Table 5. Data given for the floors.






Table 5. Data given for the floors.





	Variant
	K (EUR/m2)
	N
	Og (Years)
	Cut (EUR)





	flooring (1)
	28
	2
	2
	1,788,560



	flooring (2)
	41
	1
	6
	1,124,347
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