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Abstract

:

Adapting historic buildings to new, modern forms generates not only financial benefits for developers but can also allow them to survive for future generations through proper remodelling. The variety of decision criteria related to the selection of a new function of a historic building makes this problem multidimensional. Many of these criteria are interrelated and have a non-linear nature which requires a comprehensive network-based rather than a classic hierarchical approach to conducting multi-criteria analysis. A comprehensive approach taking into account the specificity of the analysed problem was proposed. The study was supported by an example of the choice of building function as part of the adaptive reuse of a historic building located in Zakopane. The following variants have been analysed: a hostel (existing state), a five-star hotel, a folk art gallery and a conference and training centre. The final rating of alternatives indicates that the hotel best meets the adopted decision criteria.






Keywords:


historical buildings; sustainable development; multi-criteria analysis; fuzzy weighted influence non-linear gauge system—FWINGS; fuzzy sets; thermal comfort












1. Introduction


The majority of historic buildings do not fulfil their original functions, because the progress of civilization has forced changes in the way of using them for modern needs. Extending the life cycle of historical buildings by changing the way they are used can generate not only financial benefits for developers, but also other benefits like: societal benefits, environmental protection or cultural heritage benefits, which are important from the point of view of sustainable development [1,2]. This may apply to historic buildings under conservation, regardless of the function they currently perform (e.g., residential, commercial).



The selection of new forms of use for a historical building is difficult and complex because of the necessity to consider numerous factors (criteria) that are interdisciplinary in character. This complex process of multi-criteria decision-making requires decision-makers to work with data that is both measurable (e.g., technical and financial data associated with a historical structure), as well as difficult-to-measure information (e.g., the value of the cultural heritage of a historical site, benefits to society).



It should be noted that decisions always have the character of a number in order for a decision-maker to be able to choose a variant or a group thereof from a selection of appropriately numbered alternatives [3]. In light of the above, the aforementioned type of information about a building should be transformed into numerical values, despite the fact that we can find critical opinions among the conservation community concerning attempts to express the characteristics of a heritage site using numbers during its evaluation. However, in the field of architectural conservation there are many numerical systems used in assessing and rating heritage, of which an excellent example is the instruction by Vicq d’Azyr of 1793 [4]. The problem of making decisions as to the future fate of a historical building is a stimulus to search for objective methods of selecting values that describe heritage sites as well as methods of assessing them [3].



In the field of architectural conservation, numerous authors, e.g., [3] or [5,6] proposed using multi-criteria decision analysis methods (that are widely used in other fields as well) for this purpose [7,8]. These methods, based on expert opinions, make it possible to process data concerning the values of attributes and indicators describing a historical building, in addition to taking into consideration a set of possible decision alternatives with their own set of defined characteristics. All of these elements are presented in a synthetic manner as either a hierarchical or network-based dependence (relationship) model that determines the direction or the manner of analysis performance. This makes it possible to combine and simultaneously process qualitative and quantitative information. Some of the algorithms of these methods feature procedures that control the coherence of expert opinions and that make it possible to formulate group expert opinions, often on the subject of values that have an interdisciplinary character.



In the literature we can find decision-making models associated with: evaluating historical buildings [6] or [9], the need to classify them [10] or [11], with establishing priorities of financing and carrying out various types of work on historical structures, e.g., [12,13,14]. We can also find analyses that are associated with spatial planning in the context of protecting historical buildings ([9,15,16,17]) or decision-making models used for the purpose of selecting conservation technology and the type of conservation materials ([18,19,20,21]).



Considering multi-criteria analysis of a new form of use in the adaptive reuse of historical buildings was pointed out by [5], who studied historical building revitalisation in Vilnius, Lithuania. They proposed the use of the TOPSIS (technique for order preference by similarity to an ideal solution) method as a multi-criteria analysis tool for forms of use during adaptation. A fuzzy extension of the TOPSIS method for the aforementioned purposes was developed and continued in [22,23]. Fuentes [24] in turn used the weighted sum method in assessing the possibility of reusing four historical buildings in Spain. Wang and Zeng [25] analysed alternatives of forms of use in the adaptation of two historical structures in Taipei, Taiwan. They employed a structural modelling method known as ANP (analytic network process) as their multi-criteria analysis tool. Breil, Giove, and Rosato [26] and Giove, Rosato and Breil [27], focusing on selecting a new form of use for the Arsenal building in Venice, Italy, employed the “Choquet” integral to perform a multi-criteria analysis of this process. Ferretti, Bottero, and Mondini [28] proposed an interesting approach in investigating the possibility of using multi-attribute value theory (MAVT) in analysing preferences for historical buildings in Turin in terms of fulfilling a specific forms of use. Lately, Radziszewska-Zielina and Śladowski [29] proposed a fuzzy extension of the WINGS (weighted influence non-linear gauge system) method. Using this method, they addressed the imprecision, incompleteness and uncertainty of information to be processed by experts during the selection of a new form of use on the example of the Great Armoury, a historic building in Gdańsk, Poland.



The above-mentioned models and methods of multi-criteria analysis of a form of use alternative selection in the adaptation of historical buildings have significant limitations. First, most researchers in the aforementioned approaches do not account for the relationships between the criteria and decision alternatives, although the nature of the criteria often shows a relationship between them (e.g., financial aspects related to an a building’s adaptive reuse alternative affect aspects correlated with the energy efficiency and vice versa). Second, not adopting a hierarchical decision model structure in the form of use selection problems analysed in the literature did not allow bilateral relations (in the form of feedback) between criteria and decision alternatives to be accounted for. For example, the criterion of aspects of the protection of cultural heritage negatively impacts adapting the building to a hotel, as it can considerably hinder this function. The influence of this criterion on an art gallery will be different. Until now, only the influence of alternatives on criteria in the sense of the degree to which a given adaptation alternative fulfils the purpose defined by the criterion has been considered in the literature.



The hierarchical approach to the problem is, therefore, not universal and is rather a special case considering the frequently occurring relationships between criteria and decision alternatives. Therefore, a network-based problem structure should be the starting point for modelling the relationship between criteria and decision alternatives.



Third, none of the proposed approaches account for whether the relationship between the criteria themselves as well as the relationship between criteria and alternatives is positive or negative, which may have a significant influence on analysis results. For example, the criterion of cultural heritage protection negatively influences the financial criterion (profitability index), because increasing the degree to which cultural heritage is protected requires additional cost (e.g., more conservation work).



Fourth, it is necessary to develop more precise ways of modelling uncertain expert assessments as an input to the analysis and minimising their subjective character. To address these shortcomings, the authors of this article propose a new approach to the analysis of the decision problem of selecting a form of use for the adaptive reuse of historical buildings.



The purpose of the article is to present a proposal of an innovative multi-criteria approach to analyse the selection of forms of use for a historical building, which is useful at the stage of preliminary feasibility studies of their adaptive reuse. The multi-criteria approach developed by the authors includes:




	
proposing decision criteria compatible with the idea of sustainable development and typical for the analysed problem, while maintaining their universality (based on [29,30,31]);



	
specificity of relationships (network structure of the decision model) both within the criteria set (based on [29]) and the relationship between the said criteria with decision alternatives in the form of feedback (original work);



	
accounting for both the negative and positive nature of the aforementioned relationships (original work);



	
modelling the uncertainty of expert opinions on the input data for analysis (using fuzzy logic, based on [29]);



	
aggregation of fuzzy expert assessments to eliminate their subjective nature (original work);



	
operational verification of the approach on the example of the selection of a form of use in the adaptive reuse project of the “Stara Polana” historic building located in Zakopane (original work).








The multi-criteria decision problem:



Following the paradigms of sustainable development, the authors adopted the following assessment criteria, as illustrated in Figure 1 [30,32]:




	
energy efficiency (F1)



	
building quality (F2)



	
comfort of the building (F3)



	
the building’s environmental impact (F4)



	
financial aspects (F5)



	
social aspect (F6)



	
cultural heritage (F7)








The research problem solved by the authors is as follows: is it possible to obtain an optimal new form of use of a historic building that is to be modernised on the basis of the adopted model, a multi-criteria analysis, and the criteria assumed?




2. Materials and Methods


2.1. Method Proposal


In the literature we can find numerous modelling and structural analysis approaches that have been applied to a series of decision-making problems, the most well-known and effective of which are ANP (fuzzy analytic network process) [33], DEMATEL (decision-making trial and evaluation laboratory) [34] and WINGS developed by Michnik [8]. These methods use directed graphs to model dependencies between the elements of a system. In such graphs, vertices symbolise the elements of a system and arches determine the relationships (influence) between elements. The procedure of modelling the structure of a system and its analysis in all of the methods that have been mentioned is based on similar algebraic mechanisms. Input rating values are entered into a matrix, in which the sum of all exponents in the liminal sense returns input values in the analysed model. Considering that all of the aforementioned methods have the same formal foundations and lead to similar results, the essential factor that determines the selection of the method with which to perform the multi-criteria analysis of the problem presented in this work is their usefulness. In these terms, the DEMATEL and WINGS methods appear to be better because input rating values are introduced into the matrix directly, based on a special ratings scale [32,35] contrary to the labour-intensive and problematic procedure of pairwise comparisons used in the ANP method. Of note are also the technical capabilities of performing calculations, as in the case of the DEMATEL and WINGS methods we can use an ordinary spreadsheet. The problems with the liminal form of the super-matrix in the ANP method require that specialist software be used to perform the calculations. Ultimately, the authors chose the WINGS method (which is an extension of the classic DEMATEL method) in order to solve the problem in question. As mentioned, the tool used in the modelling of the dependencies between the elements of the system is the directed graph of direct influence, in which the graph’s vertices represent the elements of the system and the arches determine the direction and intensity of the influence of elements on each other, similarly as in the DEMATEL method. However, the advantage of the WINGS method over the classic DEMATEL method is that it also accounts for—apart from the aforementioned intensity of influence—element significance, as the final effect of the influence between the system’s elements is defined by a combination of both of these factors, instead of the intensity of influence alone, which is the case with the DEMATEL method [8]. Because of this, additional weights which describe the significance of the elements within the system were defined on the vertices of the aforementioned direct influence graph in the WINGS method.



Considering the aforementioned advantages of the WINGS method, the authors propose a network-based structure of the decision model as part of the extension of this method, which accounts for the importance of criteria    {   C 1  ,  C 2    ,  C 3  , …    C n   }   , interdependence between criteria and feedback in relations between criteria and decision alternatives    {   V 1  ,  V 2    ,  V 3  , …    V n   }   . Additionally, all relationships, in addition to their influence, also have a positive or negative nature (Figure 2).



The parameterisation of the network structure of the model will be based on collecting the opinions of experts and standardising them so that they take on numerical values determining criteria significance and the intensity and direction of the influence between the criteria and decision alternatives. Due to the imprecise and incomplete nature of the information that the experts must work with during the initial phase of the decision-making process, the authors proposed the use of the fuzzy logic to model the uncertainty of the experts’ opinions.



Additionally, the interdisciplinary character of the analysed problem and the subjective, preference-dependant and often divergent character of the opinions of experts requires the introduction of group evaluation followed by its aggregation.




2.2. New Extension of the Fuzzy Weighted Influence Non-Linear Gauge System (WINGS) Method Algorithm


The stages of the calculation procedure of the WINGS method in its version modified by the authors in relation to the fuzzy extension of this method that was proposed earlier by Radziszewska-Zielina, Śladowski in [29] have been presented below. The modification introduced by the authors applies to utilising a more precise method of aggregating expert opinions.



Stage 1: The elements of the network structure of the model are defined by determining the elements of the system under analysis (criteria and decision alternatives).



For this purpose, it was decided to use the knowledge of experts with engineering, sociological, economic and heritage conservation experience in the field of historic buildings. Determining the expert population is very difficult because of to the specificity of the problem of adapting historic buildings, which is why it was decided to purposefully choose a research sample. The targeted selection of experts was made arbitrarily based on knowledge of the studied topic and belief in the representativeness of the sample [36]. Based on face-to-face interviews with five experts, questionnaires were filled out and the structure of the system was determined (criteria and decision variants and their dependencies).



Stage 2: Experts perform an evaluation of the significance (weight) of each criterion and define inter-element influence direction within the system, as well as the character of the influence (positive or negative). For this purpose, experts use a linguistic rating scale presented in Table 1, with the ratings represented by triangular fuzzy numbers [37] as presented in Figure 3.



The linguistic assessment scale makes it possible to express opinions about phenomena that are difficult to measure in a natural manner, often in conditions of incomplete, imprecise and uncertain information [38]. The triangular shape of the membership function for the fuzzy number as the representation of the linguistic assessment scale is a basic shape used in fuzzy decision-making models [39]. Changes in membership between this function’s parameters take on the form of a linear interpolation, which corresponds to the intuitiveness of expert opinions [29]. Triangular fuzzy numbers are also easily implemented in basic arithmetical operations used in the proposed method. The aforementioned assessment scale uses four categories described by triangular fuzzy numbers, which define the space of possible ratings (Figure 4). This scale is based on the proposition presented in [40]. Before formulating their opinions, experts should familiarise themselves with the assessment scale and accept it.



The advantage of using triangular fuzzy numbers is the simple implementation of arithmetical operations used in the proposed method. Arithmetical operations on any two triangular fuzzy numbers     a ˜   11   =  (   l  11   ,  m  11   ,  u  11    )    and     a ˜   12   =  (   l  12   ,  m  12   ,  u  12    )    are thus as follows [29]:


    a ˜   11   ⊕   a ˜   12   =  (   l  11   +  l  12   ,  m  11   +  m  12   ,  u  11   +  u  12    )   



(1)






    a ˜   11   ⊖   a ˜   12   =  (   l  11   −  u  12   ,  m  11   −  m  12   ,  u  11   −  l  12    )   



(2)






    a ˜   11   ⊗   a ˜   12   =  (   l  11    l  12   ,  m  11    m  12   ,  u  11    u  12    )   



(3)






    a ˜   11   ⊗   a ˜   12   =  (   l  11    l  12   ,  m  11    m  12   ,  u  11    u  12    )   



(4)







Stage 3: Decomposition of the model structure into two subnetworks—one for positive relationships between system components and the other for negative relationships. The following steps are performed for each subnetwork.



Stage 4: Expert opinions are the basis for defining a set of fragmentary matrices     D ˜  k  =  {    a ˜   i j k    }   ,   i , j = 1 , … , n ,   k = 1 , 2 , … , K ,   of direct significance influence, for which     a ˜   i j k   =  (   l  i j k   ,  m  i j k   ,  u  i j k    )    are fuzzy numbers with a triangular membership function    μ    a ˜   i j k      ( x )  ∈  [  0 , 1  ]    expressing the fuzzy assessment of the relationship between element  i  and  j  expressed by expert   k = 1 , 2 , … , l   [29].




     D ˜  k  =  [            a ˜   11 k         a ˜   12 k           a ˜   21 k         a ˜   22 k          ⋯          a ˜   1 n k           a ˜   2 n k            ⋮   ⋱   ⋮            a ˜   n 1 k         a ˜   n 2 k          ⋯      a ˜   n n k        ]    









The main diagonal of matrix     D ˜  k    will contain elements     a ˜   i j k     ,   i , j = 1 , … , n ,   i = j ,   that define the significance (weight) of an element (a given decision criterion) within the system, while elements     a ˜   i j k     ,   i , j = 1 , … , n ,   i ≠ j ,   define the relationships and their intensity between system elements (criteria and decision variants).



Stage 5: Standardisation of the direct significance-influence matrix     D ˜  k    should be performed using the formula below [29]:


    C ˜  k  =  1   s k    ⊗   D ˜  k   



(5)




where the standardising factor    s k    should be determined in accordance with the formula below:


   s k  =   ∑   i = 1  n    ∑   j = 1  n   u  i j k    



(6)







As a result, every element of the standardised direct significance-influence matrix     C ˜  k    will take on the form of a three-dimensional vector:


    c ˜   i j k   =  (     l  i j k      s k    ,    m  i j k      s k    ,    u  i j k      s k     )   



(7)







Stage 6: The direct significance-influence matrix     C ˜  k    will be used to determine the resultant total significance-influence matrix (containing the direct and indirect relationships between the system’s elements)     T ˜  k  =  {    t ˜   i j k    }    for which     t ˜   i j k   =  (   l  i j k   ,  m  i j k   ,  u  i j k    )   , which is defined as follows [29]:


    T ˜  k  =   C ˜  k  ⊕     Δ T  ˜   k   



(8)




for which       Δ T  ˜   k  =   C ˜  k 2  ⊕   C ˜  k 3  ⊕ …   C ˜  k p    is the matrix of indirect significance-influence, which is the sum of the successive exponents of direct significance-influence matrices     C ˜  k   .



Because     lim   p → ∞     C ˜  k p  =    [ 0 ]    n x n    , ultimately, the matrix of total significance-influence can be calculated via using the dependency below:


    T ˜  k  =   ∑   p = 1  ∞    C ˜  k p  =   C ˜  k     (  Ι ⊖   C ˜  k   )    − 1    



(9)




for which:   Ι   is a unit matrix.



Stage 7: The total significance-influence matrix     T ˜  k  =  {    t ˜   i j k    }    that has been calculated constitutes a basis for obtaining the final results through determining the values of total influence    r  i k     of system element  i , as well as of its total susceptibility    c  i k     based on the following dependencies:


    r ˜   i k   =   ∑   j = 1  n    t ˜   i j k    



(10)






    c ˜   i k   =   ∑   j = 1  n    t ˜   j i k    



(11)







Stage 8: A group of k experts assesses the significance and influence of system elements, which results in a k-number of total influence r and total susceptibility c vectors with triangular fuzzy numbers described by    μ    r ˜   i k      ( x )  ∈  [  0 , 1  ]    and    μ    c ˜   i k      ( x )  ∈  [  0 , 1  ]    membership functions. To aggregate the assessments of all experts we should determine the averaged and standardised membership functions reflecting the total influence and total susceptibility of each of the elements according to the formulae below [41]:


   μ    r ˜  i     ( x )  =  1 K    ∑   k = 1  K   μ    r ˜   i k      ( x )   



(12)






   μ    c ˜  i     ( x )  =  1 K    ∑   k = 1  K   μ    c ˜   i k      ( x )   



(13)







Stage 9: During this step, a defuzzification of the vectors obtained through aggregation needs to be performed. It can be done using several methods, including the COG (center of gravity) defuzzification method [42,43], which the authors employed in their approach.


   r i  =     ∫  a b   μ    r ˜  i     ( x )  · x d x     ∫  a b   μ    r ˜  i     ( x )  d x    



(14)






   c i  =     ∫  a b   μ    c ˜  i     ( x )  · x d x     ∫  a b   μ    c ˜  i     ( x )  d x    



(15)




where:    r i    and    c i    are defuzzified values of an element of aggregated vectors r and c, while    μ    r ˜  i      and    μ    c ˜  i      are the values of the membership function of a fuzzy element of aggregated vectors r and c.



The value of    r  i      +    c i    is called the total engagement of system element  i , while    r i  −  c i    defines its role within the system. Positive results from this equation inform us that element  i  is a cause within the system, while a negative value indicates that it is an effect. The strength of the aforementioned causal (effectual) character of the element is indicated by the absolute value of the result of difference    r i  −  c i   . The values obtained in this manner can be graphically represented in a two-dimensional coordinate system creating an impact-relations map (IRM). The values of the difference    r  i     −  c i    are placed on the ordinate, while the values of the sum    r  i     +  c i    on the abscissa [29].



Stage 10. The following formulas will be used for the synthesis of results:




	
additive synthesis (negative)    w  p o s    (   r  i   p o s   +  c  i   p o s    )  −  w  n e g    (   r  i   n e g   +  c  i   n e g    )   



	
additive synthesis (reciprocal)    w  p o s    (   r  i   p o s   +  c  i   p o s    )  +  w  n e g   · 1 /  (   r  i   n e g   +  c  i   n e g    )   



	
multiplicative synthesis (norm.)    (   r  i   p o s   +  c  i   p o s    )  /  (   r  i   n e g   +  c  i   n e g    )   








where:    w  p o s   ,  w  n e g    - the weightings of positive and negative relationships between system components determined in accordance with the decision-maker preferences.





3. Case Study


Measurements necessary for multi-criteria analysis were carried out at a historic building located in the mountain tourist resort of Zakopane, Poland. In accordance with the principles of sustainable development, the measurements included both energy-efficiency tests, which report the consumption of energy resources, as well as measurements of the comfort of use of the building, a criterion that is very important from the user’s point of view. Economic and social criteria were taken into account in the analysis. Such a wide spectrum of research is unique when this scientific problem is concerned. All of the tests that were performed for the purposes of the multi-criteria analysis are listed below.



3.1. Criterion F1—Energy Efficiency


Energy efficiency is an important goal for both new buildings and buildings under renovation [44,45] or historic buildings, as stipulated in Directive 2018/844 [46]. Numerous studies are carried out with the aim of determining which methods can be used to achieve the intended energy efficiency of a building [47,48,49,50].



Criterion F1—energy efficiency, consists of two sub-criteria.



Sub-criterion F1/P1—energy efficiency; improvement of the thermal quality of the building envelope.



In the first sub-criterion, depending on the adopted criterion, the possibility of improving the heat transfer coefficient of the building’s envelope was analysed. The calculation method of the heat transfer coefficient for walls is included in the PN-EN ISO 6946 standard [51]. The calculations were performed based on the technical and construction-phase design of the Stara Polana building. The calculations account for the minimum requirements applicable in Poland, as stipulated in [52]. The calculated heat transfer coefficients for the walls, of course, does not fulfil the current requirements stipulated in [52]. The analysis assumed an improvement of thermal insulation of the envelope to the values required by applicable standards.



The second energy efficiency sub-criterion F1/P2 concerns the final energy indicator FE (Final Energy). This sub-criterion is related to the total energy consumption of the building to ensure an adequate level of comfort for users. Energy is used for the purposes of heating, cooling, ventilation and the operation of auxiliary equipment. The methodology for calculating final energy is contained in [53] and takes into account the total energy balance of the building.




3.2. Criterion F2—Quality of the Building Envelope


Sub-criterion F2/P1—quality of the building envelope; improving the tightness of the building envelope; detection of thermal bridges through thermography tests



The criterion regarding the quality of construction works is based on an analysis of the tightness of the building envelope using infrared methods to detect heat loss. Polish regulations do not impose the need for a leak test. The Ordinance of the Minister of Infrastructure concerning the technical conditions to be met by buildings and their placement [52] is the only document with a suggestion as to which air-tightness (heat leakage) the building envelope should have. For gravitational ventilation, the n50 leakage rate should be no higher than 3.0 air exchanges per hour. For further analysis, an “in situ” measurement of the actual leakage rate of the analysed building was carried out. The leak test was carried out based on the methodology outlined in the PN EN 13829 standard [54]. The test was performed on 8/05/2018, using the Retrotec Q5E device (with a capacity of 14 100 m3 / h). Figure 5 shows how the leak test was performed in the “Stara Polana” building.



The building envelope leak test was supplemented with thermal vision tests in accordance with the method stipulated in the standard [55]. The “in situ” test was carried out using a FLIR E-75 thermal imaging camera with a thermal sensitivity of 0.06 °C and a bolometric matrix resolution of 320 × 240. One of the thermal images taken during the tests is shown in Figure 6.




3.3. Criterion F3—Internal Comfort of Use


3.3.1. Subcriterion F3/P1—Room Comfort; Thermal Comfort


The criterion of ensuring the comfort of NZEB (nearly zero energy buildings) is one of the priorities, alongside ensuring the minimisation of energy consumption in low-energy buildings [56,57]. In this type of building with large windows, in particular, ensuring thermal comfort requires conscious design. The issue of ensuring thermal comfort has been the subject of many studies described in [58,59,60]. Thermal comfort tests were carried out based on the methodology stipulated in the PN-EN ISO 7730 (Fanger methodology) [61] and PN ISO 7726 [62] standards. In accordance with PN-EN ISO 7730 [61], the categories of thermal comfort of rooms are determined on the basis of the PMV (predicted mean vote) thermal comfort coefficient achieved. In situ tests were performed using a microclimate meter (Figure 7). The research was carried out from 22/05/2018 to 31/05/2018. Parameters for measurements were adopted based on the PN-EN ISO 9920: 2009 [63] standard. The parameters measured were: air temperature, relative humidity, air flow speed, infrared radiation. Data were collected with a frequency of 5 min.




3.3.2. Subcriterion F3/P2—Room Comfort; Vibration Comfort


Vibroacoustic comfort is another aspect of comfort that has been explored in the paper. This is a very important aspect of the comfort of buildings, discussed by numerous authors [64,65,66]. The building under analysis is located in a vibration source zone—a through street with heavy traffic. The building is in a dynamic influence zone [67]. In situ measurements were made on 8/5/2018. The testing devices used were accelerometers, with parameters consistent with [57,68]. The measuring points were located in the ground-floor lobby and in a first-floor guest room. Piezoelectronic accelerometers were placed in the middle of the floor, as outlined in [69] and vibrations were measured in three perpendicular directions: two horizontal and one vertical direction. The accelerometers were placed on a special disc which simulates the weight of a human body in accordance with [69] (Figure 8).



Vibration test results were used for human perception assessment via the RMS (Root Mean Square) procedure outlined in [69,70].




3.3.3. Criterion F3/P3—Room Comfort; Acoustic Comfort


Acoustic comfort is associated with vibroacoustic comfort. The measurement methodology used in this study has been described in [71,72,73,74,75,76,77,78] and based on European [78] and Polish standards [79]. The measurements were carried out on 8/5/2018 at 12:00 and 18:30. The tests were carried out for three zones in 28 rooms. The first zone, with the outer wall from the side of a busy street, the second zone inside the building and the third zone in the newest part of the building at the back, away from the street. The location of the control point is shown in Figure 9. In "in situ" tests, there were three sound level positions, at least 1 m away from interior walls and 1.5 m away from external walls with windows. The height of the microphone was 1.2 ± 0.1 m. The noise level measurements for each position took 4 min; the total measurement time for each room was 12 min. Apart from room noise levels, daytime and night-time street noise levels were measured as well.





3.4. Criterion F4—Impact on the Environment


Subcriterion F4/P1—Impact on the Environment; PE (Primary Energy) Coefficient (kWh/(m2y))


The criterion of the building’s impact on the environment was determined by the non-renewable primary energy (PE) indicator (kWh/(m2a)). The PE indicator largely depends on the energy sources used. The indicator is more favourable for buildings powered by renewable energy sources and determines the building’s environmental impact. Concerning calculation methodology, the PE calculations for the “Stara Polana” building were performed as stipulated in [53].





3.5. Financial Criterion F5


The financial criterion was based on the profitability index (PI) method described in [80]. Based on this method, it was determined whether the project was financially effective and, therefore, whether the developer’s financial gains from the building in a given period of time will be greater than the expenses incurred [81]. The higher the index value, the more profitable the new alternative. If the value for the given form of use is greater than 1 (PI > 1), the building adaptation is profitable for this alternative. The profitability indices have been obtained assuming 15-year period.




3.6. Criteria F6—Societal Benefits, and F7—Benefits from Preserving Cultural Heritage


The last criteria adopted for the analysis are: F6—Societal Benefits and F7—Benefits from Preserving Cultural Heritage. Both are associated with a sense of identity and national (cultural) integration. The criteria express the emotional ties of society with a historical structure, which is a testimony of historical eras, and the acceptance of the use of historic buildings for social purposes by society [82,83,84]. The assessment of each of the building’s adaptation alternatives was determined individually for each criterion. The factor significance assessment of a given criterion entailed the collection of opinions expressed by a small group of specialists in the field of each criterion. The expert assessment returned a group rating that allowed differences in the preferences that these opinions showed to be accounted for. Structural modelling was used in the analysis, with a set of different techniques applied to understand the properties of complex systems and decision problems [32].





4. Results


A range of tests and studies from different disciplines was used to determine the potential of the form of use alternatives under study, thereby defining rating values from the perspective of each criterion. A summary of the criteria and subcriteria for each variant has been presented in Table 2.



Figure 10, Figure 11 and Figure 12 present the relationships, that occur between the analysed criteria and decision alternatives, as per the assessment of the first expert. Green arrows indicate positive impact and red arrows negative. The thickness of the arrow determines impact intensity, while the size of the nodes representing the criteria corresponds to the importance of these criteria. In the case of alternatives, no weights were determined, hence the same node size. Figure 10 shows both positive and negative influences. Figure 11 and Figure 12 present the positive and negative influences separately, while Figure 13 presents the significance of individual criteria according to expert assessment.



As a result of processing the input data, the influences and susceptibilities of individual alternatives have been determined in both positive and negative relationships. Their fuzzy form is shown in Figure 14, Figure 15, Figure 16 and Figure 17.



The crisp values of influences, susceptibilities, as well as engagement and role related to the options considered are summarised in Table 3.



The results showing the final assessments of individual decision options made on the basis of the total engagement r + c values in the system are presented in Table 4. They concern the consideration of positive and negative relationships (columns 3, 4, 5) and the use of different synthesis formulas to aggregate positive and negative relationships (columns 6, 7, 8).



Variant ratings, performed on the basis of final assessments of positive and negative impacts, as well as various formulas for the synthesis of results is unchanging and indicates alternative 1 (hotel) as the one that best meets the adopted decision criteria. It has the greatest benefits within the adopted set of criteria and minimises the negative impact on these criteria. It can also be pointed out that the current form of use of the building under analysis was rated the worst among the considered options




5. Discussion


Poor assessment of the existing form of use of the buildings indicates the desirability of undertaking restoration measures aimed at improving the technical condition of the facility, its functional and utilitarian solutions, comfort of use and economic efficiency while maintaining cultural heritage and accounting for the impact of the building on the natural environment and the local community.



The results of the analysis clearly show that option 1, a hotel, is the solution which is rated the best in light of the adopted criteria set. This is the most favourable option, both in terms of maximising benefits and minimising negative impact on the analysed criteria. Therefore, each of the three formulas used to synthesise the final results also indicates the hotel as the most advantageous solution.



The analysis displayed a clear predominance of positive interactions between elements of the system (119.2 positive interactions on average, compared to 17.6 negative interactions on average). Figure 18 presents the influence map for individual criteria, while Figure 19 presents the influence map for individual variants. On the map of positive relations, it can be observed that the largest engagement in the system (r + c) is characterised by criteria related to the improvement of thermal conditions in the building (F1/P1—improvement of insulation of external envelope, F1/P2—improvement of the final energy indicator FE, F2/P1—quality of the building (tightness ), F3/P1—thermal comfort). This means that these criteria should be considered key criteria in the decision-making problem. Their improvement will also translate into lower heating energy consumption, environmental protection and lower operating costs. In the case of the considered alternatives, alternative V1—a hotel clearly stands out.



In the case of negative impacts, two criteria which differ from the others are clearly visible: F5—financial aspects (profitability index) and F7—aspects of cultural heritage protection. The first one is below the horizontal axis, so other elements of the system have a negative impact on this criterion that is greater than its own impact on other criteria. In the case of criterion F7, the opposite is true. Improving other criteria will often result in higher costs, while the wish to preserve cultural heritage will limit the solutions specific to commercial functions to the greatest degree. The base alternative on the map of negative relations is also separated from the others, which results from the fact that in its current form the building does not fulfil thermal requirements related to the comfort of use of the building and energy demand.




6. Conclusions


The proposed network-based approach to the analysis of the problem presented in the paper creates a wide field of possibilities to take into account the relationship between the analysed sets of criteria and decision alternatives. Adopting a fuzzy extension of the analysis, as well as the adopted method of aggregating expert assessments, in turn, allows for uncertain input data.



The assessments of both positive and negative impacts of the variants analysed, as well as the results synthesised with the use of various formulas, clearly indicate alternative 1, a five-star hotel—as the one that best meets the given set of criteria. The current form of use has been rated the worst among the considered alternatives.



The analysis presented in the article concerns a specific historical building, and its results cannot be treated as appropriate for every adaptation project. Although the set of decision criteria used may correspond well to the problem of selecting the form of use of an adapted building in many cases, it is always recommended to consider whether it is sufficient and fully reflects the objectives of the project. Also, the set of variants presented in the paper cannot be treated as a closed set. Each building, with its specificity, size, previously performed function, social and cultural significance as well as commercial potential will have different possibilities of future use. The developer’s expectations will always play a key role. Therefore, it is not possible to clearly define the sets of criteria and alternatives specific to each problem of adaptation of a historic building. Similarly, assessments of criteria, variants and interrelationships between them cannot be determined without specifying the problem first. Therefore, this paper is an example of how to proceed when selecting of the form of use of the adapted historical building in question. To a broader extent, it can be reproduced for buildings with similar characteristics to those presented. In the future, further operational verification of the presented approach is planned on other historic buildings with different characteristics. Further analyses also seem justified, assuming the possibility of the occurrence of several mutually complementary functions of buildings. This approach will require accounting for additional interdependencies between the decision alternatives themselves.
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Figure 1. Proposed criteria/sub-criteria and their mutual relationships, as defined for the purposes of choosing a new form of use for the ‘Stara Polana’ building, based on [31]. 
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Figure 2. Schematic diagram of the proposed interactions between elements in the network structure of the decision model of the choice of a form of use alternative in the adaptation of a historic building. 
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Figure 3. A representation of a linguistic opinion of an expert in the form of a triangular fuzzy set [29]. 
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Figure 4. Spaces for linguistic variables illustrating the significance/influence of a system element, based on [29]. 
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Figure 5. Leak test at the ‘Stara Polana’ hostel [30]. 
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Figure 6. Leak detection in the building envelope using a thermal imaging camera [30]. 
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Figure 7. Test device for measuring thermal comfort [30]. 
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Figure 8. Measurement discs located in the hall of “Stara Polana” [30]. 
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Figure 9. Location of measurement point in front of the building (2 m from the façade and 4 m above the ground) [30]. 
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Figure 10. Positive and negative relations that occur between the analysed criteria and decision alternatives according to the assessment of the first expert. 
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Figure 11. Positive relations that occur between the analysed criteria and decision alternatives according to the first expert’s assessment. 
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Figure 12. Negative relations that occur between the analysed criteria and decision alternatives according to the assessment of the first expert. 
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Figure 13. Significance of individual criteria according to expert assessment (E1, E2,…,E5 – experts). 
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Figure 14. Total influence r of alternatives when analysing positive relationships. 
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Figure 15. Total susceptibility c of alternatives when analysing positive relationships. 
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Figure 16. Total influence r of alternatives when analysing negative relationships. 
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Figure 17. Total susceptibility of c alternatives when analysing negative relationships. 
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Figure 18. Influence map for criteria. 
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Figure 19. Influence map for variants. 
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Table 1. Linguistic assessment of element significance and influence and their representation as triangular fuzzy sets, based on [29].
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Assessing Element Significance in the System

	
Assessing Element Influence in the System






	
Linguistic assessment

	
Triangular fuzzy numbers

	
Linguistic assessment

	
Triangular fuzzy numbers




	
No significance (NS)

	
(0, 0, 1)

	
No influence (NI)

	
(0, 0, 1)




	
Low significance (LS)

	
(0, 1, 2)

	
Low influence (LI)

	
(0, 1, 2)




	
Average significance (AS)

	
(1, 2, 3)

	
Average influence (AI)

	
(1, 2, 3)




	
High significance (HS)

	
(2, 3, 3)

	
High influence (HI)

	
(2, 3, 3)
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Table 2. Summary table [30].






Table 2. Summary table [30].





	
Criteria/Sub-Criterion No.

	
Alternative No.




	
Reference—Hostel (Extant State)

	
Alternative 1—Five-Star Hotel

	
Alternative 2—Folk Art Gallery

	
Alternative 3—Conference and Training Centre






	
Criterion F1

F1/P1 (coefficient U (W/m2K))

	
0.55

	
0–0.15—class A

0.16–0.22—class B

U ≥ 0.23—class C

	
0–0.15—class A

0.16–0.22—class B

U ≥ 0.23—class C

	
0–0.15—class A

0.16–0.22—class B

U ≥ 0.23—class C




	
Criterion F1

F1/P2 (FE (Final Energy), kWh/(m2a))

	
244.79

	
FE reduction:

> 60%—class A

> 50%—class B

> 40%—class C

	
FE reduction:

> 60%—class A

> 50%—class B

> 40%—class C

	
FE reduction:

> 60%—class A

> 50%—class B

> 40%—class C




	
Criterion F2

F2/P1 n50, (1/h)

	
For negative pressure n50 = 10.09

For overpressure n50 = 8.83

	
0–0.6—class A

0.6–1.5—class B

n50 ≥ 1.5—class C

	
0–0.6—class A

0.6–1.5—class B

n50 ≥ 1.5—class C

	
0–0.6—class A

0.6–1.5—class B

n50 ≥ 1.5—class C




	
Criterion F3

F3/P1 (PMV (-))

	
−0.7/0.25

	
−0.2–0.2—class A

−0.5–0.5—class B

−0.5 > PMV > 0.5 —class C

	
–0.2–0.2—class A

–0.5–0.5—class B

–0.5 > PMV > 0.5—class C

	
–0.2–0.2—class A

–0.5–0.5—class B

–0.5 > PMV > 0.5—class C




	
Criterion F3

F3/P2 (Frequency (Hz))

	

	
0–0.79—class A

0.8–1.19—class B

> 1.2—class C

	
0–1.19—class A

1.2–3.99—class B

> 4.0—class C

	
0–1.09—class A *

1.1–1.99—class B *

> 2.0—class C *




	
Criterion F3

F3/P3 LA,eq/LAF,max (dB)

	
40.5/50.3

	
≤ 20/27—class A

≤ 25/32—class B

≤ 30/36—class C

	
≤ 30/37—class A

≤ 35/42—class B

≤ 40/46—class C

	
≤ 20/27—class A*

≤ 25/32—class B *

≤ 30/36—class C *




	
Criterion F4

F4/P1

PE (Primary Energy)H+W (kWh/m2a)

	
86.24

	
0–20—class A

21–59—class B

PE ≥ 60—class C

	
0–20—class A

21–59—class B

PE ≥ 60—class C

	
0–20—class A

21–59—class B

PE ≥ 60—class C




	
Criterion F5

PI (Profitability Index)

	
1.03

	
1.06

	
0.05

	
0.56




	
Criterion F6

(%)

	
0.13

	
0.18

	
0.42

	
0.28




	
Criterion F7

(%)

	
0.16

	
0.22

	
0.38

	
0.23








* Conference rooms.
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Table 3. Crisp values of total influence r, susceptibility c, engagement r + c and the role r – c for the analysed alternatives and the nature of the relationship.
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Alternatives

	
Positive Relationships

	
Negative Relationships






	

	
r

	
c

	
r + c

	
r – c

	
r

	
c

	
r + c

	
r − c




	
V0

	
0.022

	
0.042

	
0.065

	
−0.020

	
0.049

	
0.019

	
0.069

	
0.030




	
V1

	
0.059

	
0.060

	
0.119

	
−0.001

	
0.016

	
0.020

	
0.036

	
−0.004




	
V2

	
0.033

	
0.042

	
0.075

	
−0.009

	
0.031

	
0.016

	
0.047

	
0.015




	
V3

	
0.043

	
0.049

	
0.092

	
−0.006

	
0.022

	
0.017

	
0.039

	
0.004











[image: Table] 





Table 4. Synthesis of results related to final assessments of the analysed alternatives.
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	Alternatives
	Rating
	Positive Relations (norm.)
	Negative Relations (norm.)
	Inverted Negative Relations (norm.)
	Additive Synthesis (Negative) (norm.)
	Additive Synthesis (Reciprocal)
	Multiplicative Synthesis (norm.)





	V0 hostel
	4
	0.184
	0.360
	0.163
	–0.424
	0.174
	0.115



	V1 hotel
	1
	0.339
	0.188
	0.313
	0.366
	0.326
	0.405



	V2 art gallery
	3
	0.215
	0.246
	0.239
	–0.076
	0.227
	0.195



	V3 Conference centre
	2
	0.262
	0.206
	0.285
	0.134
	0.273
	0.285











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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