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Abstract
The coupling of urban retrofitting with climate change adaptation and environmental conservation is impacting on current industrial activities such as electricity production based on fossil fuels. Therefore, new tools are required to support adaptive reuse towards the conservation of industrial facilities, in order to leave testament of their cultural and industrial heritage once their production activities cease to exist. Multi-Criteria Decision Analysis (MCDA) can help analyse complex interactions between industrial elements, society, culture and nature, providing key benefits when approaching heritage investigations. In this context, this research concerned the design of a Multi-Expert MCDA (ME-MCDA) methodology to support the selection of paramount heritage elements in power plants based on the collection and processing of the views of a panel of experts to result in consensus groups. This approach was tested using a case study in the As Pontes power plant (NW Spain), which will be dismantled in a near future. The results achieved pointed out to cooling towers, boilers, chimney and turbine hall as the fundamental elements to preserve due to their relevance across a set of technical, historical and sociocultural criteria. These outcomes proved the usefulness of the proposed approach in favouring the valorisation of industrial facilities as heritage areas protecting the social and cultural history of a territory.
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Introduction
Industrial activity has prompted a wide variety of technical elements over time. However, they were not valued as part of the cultural heritage of a place until the mid-twentieth century [1], as stressed by the International Committee for the Conservation of the Industrial Heritage (TICCIH) [2]. Industrial heritage encompasses the professional and cultural ties of industrial activities, emphasizing the valuation of elements from either a historical, technological, social, architectural or scientific standpoint [3].
However, the presence of industrial heritage in the Spanish governmental agenda is rather recent [4]. The main reference in this sense is the Spanish Industrial Heritage Plan [5], which emphasises the need for heritage conservation to avoid deterioration and the loss of key elements. According to Lin [6], industrial facilities can be converted into tourism assets with educational and heritage values, among others.
The role of fossil fuels as a primary contributor to climate change is preventing their use to generate electricity [7]. In consequence, there is a need for cleaner strategies and technical processes in the production of electricity. Hence, it is of great interest to leave evidence of electricity generation for future industrial heritage purposes, so that governments can design policies to appropriately preserve current facilities and machinery used in thermal power plants.
Another significant challenge to consider is to find sustainable new uses for industrial facilities [8]. Multi-Criteria Decision Analysis (MCDA) provides a comprehensive way of addressing the interactions between industrial elements, society and culture, thereby supporting the preservation of original elements of former industrial activities. These methods allow the integration of a wide range of economic, social, historical and environmental concerns, whilst considering the opinion of specialists in the process [9].
Moreover, MCDA-based reuse strategies for industrial heritage allow the preservation of the symbolic value of a place, while adapting former industrial processes towards new uses [10]. In this vein, Langston et al. [11] and Ferretti et al. [12] highlighted adaptive reuse approaches for buildings as key processes to transition towards new uses, incorporating sustainable dimensions related to the environment, society and economy.
Consequently, MCDA tools are useful in developing a methodological framework accounting for varying scenarios, ranging from their historical land use associated to their industrial activity up to their future potential use [13]. Hence, MCDA is suitable to support the selection of heritage elements, since it enables prioritizing their preservation according to a series of criteria. This conceptualization differs from that of machine learning algorithms such as artificial neural networks, which are based on fitting a response variable from a series of explanatory variables. In this case, the aim is rather to produce this response variable by aggregating the ratings of the elements with potential for preservation across the conservation criteria.
MCDA methods have been utilised in recent times in research involving UNESCO’s World Heritage places such as the Etna Park, Italy, where sustainable uses and environmental conservation required a robust assessment to guide policy makers [14]. Ferretti and Comino [15] also revealed the importance of developing an integrative framework based on MCDA to deal with the recovery of cultural and natural heritage systems for touristic purposes. Previous studies [13, 16, 17] showed that the Analytic Hierarchy Process (AHP) is one of the preferred MCDA tools for the preservation and adaptive reuse of industrial heritage.
There is an extensive literature in the analysis of MCDA in heritage buildings, which in many cases could be used in informing future heritage sites with strong industrial base. Dutta and Husain [18] used MCDA methods to integrate building heritage in urban planning strategies. Li et al. [19] pointed out that conservation strategies in architectural heritage should be based on minimal interventions, reversible actions, sustainability and liveability, noting that MCDA methods and questionnaires will be key in future research.
Nadkarni & Puthuvayi [20] highlighted the main fields of focus up to date such as adaptive reuse, priority order for renovation, building value, evaluation of alternative solutions, assessment of functional service life and contractor selection. This study marked the need for further development of MCDA in cultural landscapes. Former industrialised areas with high cultural footprint may be liable to be included in this conceptual framework. Morkünaité et al. [21] found that a combination of the AHP method and expert’s knowledge were the most utilised means to determine the strategies for building heritage. In addition, Pavlovskis et al. [22] concluded that modern technologies such as Building Information Modelling (BIM) should be used in combination with MCDA in the next years to come.
Turskis et al. [23] widened the scope for heritage structures renovation towards economic criteria such as project cost and implementation, as well as historical-cultural and social criteria. Haroun et al. [24] emphasised the importance to identify the strengths and weaknesses of structures to ensure an adequate evaluation of future uses of heritage buildings. Da Silva et al. [25] introduced new concepts and views in the analysis of potential heritage sites including safety features and priority locations, focusing in industrialised areas with long mining history.
Another focus was implemented by Eldiasty et al. [26], who develop a MCDA method which allowed the inclusion of features relevant to potential heritage sites with significant historical commercial activities. Legislative frameworks were also included in MCDA methods by Vehbi et al. [27] in their work to define new uses for an old administrative hospital in Cyprus. Finally, Salerno [28] proposed a method to assess the sustainability of redevelopment projects under examination through sensitivity analysis aiming at increasing heritage values.
These previous investigations focused on industrial and/or cultural heritage assets with a former activity, which is the common place for this sort of studies. However, more research is needed to address scenarios with current industrial activity in place prior to the end of its operational life. In addition, there is a lack of studies associated with power plants as potential heritage places, as well as the use of MCDA techniques to help identify key elements to preserve for future uses. Another gap in the literature lies in the use of MCDA to consider the production process in plants over the years as a potential core element in terms of industrial heritage.
The aim of this paper is to fill these gaps by designing a methodology to support the transformation of industrial facilities into heritage assets through the preservation of their key elements. The prioritization of which elements should be preserved was conducted using a MCDA model based on the collection and processing of the opinions of experts in industrial heritage to produce consensus groups. This approach was tested through the As Pontes case study, a thermal power plant in Galicia (NW Spain) that is in use nowadays but will be dismantled soon.
The use of MCDA is particularly suitable to achieve this aim, since it can structure a decision-making problem according to cognitive and normative dimensions [29], while enabling the involvement of multiple criteria [30] and stakeholders [31] of a different nature and the combination of quantitative and qualitative data [32]. One of the main drawbacks of MCDA relate to their capacity for eliciting the preferences of a reduced group of people [33]. Another problem with MCDA methods refers to their openness, since the criteria and alternatives are commonly pre-established and the role of participants is limited to stating judgments [34]. The persons involved in this study were required to be experts with proven experience in industrial heritage, which is not a very broad area of research. Moreover, the conservation criteria and elements were proposed based on existing governmental plans. As such, the impact of these flaws was expected to be limited.
The rest of the document is structured as follows: Sect. 2 outlines the case study of the As Pontes power plant, which serves to refer the proposed conservation criteria and elements to the description of the methodology to support its preservation in the next section. Section 4 presents and discusses the results achieved, with emphasis on highlighting the most important conservation criteria and the hierarchy of heritage elements recommended for preservation. The document ends by underlining the main findings and conclusions drawn from this study, as well as some lines of research to develop in the future.
Case study
The As Pontes power plant is in As Pontes de García Rodríguez, Galicia, NW Spain. Figure 1 depicts its geographic location and layout. Its aim was to generate electric power using fossil fuels, while establishing a thermodynamic water-steam cycle. It was originally built to make rational use of the lignite extracted from an open pit mine located in its vicinity.

[image: ]
Fig. 1Geographic location and layout of the As Pontes power plant


The plant began its activity in 1976 with the start-up of the first electric power generation group. Subsequently, three others were added until reaching a total of four groups in 1978 [35]. The highest rates of exploitation were achieved during the 90s, resulting in great economic impacts, including the generation of 3,000 jobs related to this facility [36]. The emission regulations set in Spain during the next two decades led the plant to use imported low-sulphur coal, causing the termination of all lignite mining activities in 2007.
Endesa, the multinational company the power plant belongs to, presented in 2019 a formal request to the Spanish Ministry of Ecological Transition to close the plant, alleging its lack of competitiveness due to the increased price of CO2 emissions. Finally, Endesa updated its strategic plan at the end of 2019 to remark that its coal-fired power plants are projected to disappear as of 2022 [37], which becomes the deadline for the As Pontes power plant.
The methodology explained below can be applied to any industrial facility in the world if it is represented using a series of conservation criteria and elements to preserve. This study is limited to the As Pontes power plant for two reasons: (1) it epitomizes the need to address the dismantling of industrial facilities due to their key contribution to climate change through coal emissions; and (2) there was thorough information available about the history and operation of this power plant, which is required to properly characterize their elements and, therefore, be in a position to invite experts to participate with their opinions about their preservation.
Methodology
The approach taken to conduct this study is depicted in Fig. 2. After introducing the case study of the As Pontes power plant (1), the criteria and elements proposed for its preservation were described (2). Then, a questionnaire was prepared to collect the opinions of a panel of experts in industrial heritage (3). Finally, a Multi-Expert Multi-Criteria Decision Analysis (ME-MCDA) methodology was built to process the judgments of the experts (4), which enabled identifying those elements whose conservation is suggested through their weighted rating (5).

[image: ]
Fig. 2Diagram of the approach taken for the conservation of the As Pontes power plant


Definition of conservation criteria
Seven criteria as listed in Table 1 were defined to support which elements of the As Pontes power plant deserved to be preserved. These criteria were set to account for all the dimensions encompassed by industrial heritage, including technical, historical, social, practical and visual considerations. They were defined to provide a representative picture of the valuation and selection criteria set in the Spanish Industrial Heritage Plan [5], including testimonial ([image: $${C}_{1}$$]), uniqueness ([image: $${C}_{2}$$]), architectural ([image: $${C}_{3}$$]), viability ([image: $${C}_{4}$$] and [image: $${C}_{5}$$]), social ([image: $${C}_{6}$$]) and technological ([image: $${C}_{7}$$]) considerations. Therefore, the original set of fifteen criteria proposed in this Plan was reduced to seven, in order to ease the participation of experts and minimize respondent fatigue [38, 39].

Table 1Criteria proposed to evaluate the conservation of the As Pontes power plant


	
[image: $${\varvec{C}}_{\varvec{j}}$$] 
	Criterion

	
[image: $${C}_{1}$$] 
	Importance in the electricity generation process

	
[image: $${C}_{2}$$] 
	Singularity

	
[image: $${C}_{3}$$] 
	Aesthetics

	
[image: $${C}_{4}$$] 
	Ease of preservation

	
[image: $${C}_{5}$$] 
	Adaptability to new uses

	
[image: $${C}_{6}$$] 
	Sociocultural interest

	
[image: $${C}_{7}$$] 
	Work and technology testimony




Production is essential in the field of industrial heritage due to its relevance to understand how the plant used to work. As such, [image: $${C}_{1}$$] was included in the list of criteria as a representative of the production process, whereby an input (carbon) goes through a boiler where water is transformed into steam, which in turn causes the rotation of a turbine to generate electric power.
Singularity ([image: $${C}_{2}$$]) stands for those elements whose design can be considered remarkable for different reasons. Hence, it may refer to items involving improvements in terms of production, maximum generation or transformation capacity. Also, this criterion can be related to components of large dimensions or other nonconventional characteristics that might justify the interest in safeguarding them.
Aesthetics ([image: $${C}_{3}$$]) accounts for factors associated with the aspect of the power plant and its integration in the landscape. Therefore, this criterion values the elements in the context of their surroundings or their mimicry in terms of colour or geometry, as well as the interaction of the facility with the environment in terms of land occupation, visual impact, layout distribution, etc.
The maintenance of the power plant with time is addressed by [image: $${C}_{4}$$], whose goal is to prioritise those elements less susceptible to experience degradation. Exposure of these elements to the environmental conditions may result in corrosion and decay depending on the constituent materials. Consequently, preservation must be compatible with new uses, which in turn cannot provoke the deterioration of the elements to be conserved.
New uses must not endanger the patrimonial value of the elements preserved, since this would be against industrial heritage. Thus, adaptability to new uses ([image: $${C}_{5}$$]) considers positive aspects such as the presence of open spaces or the capacity for coexisting with other activities; instead, complex and large components are difficult to accommodate to different purposes.
The sixth criterion ([image: $${C}_{6}$$]) values the degree of attraction for the society. It represents the perception of the dwellers in the region in respect of considerations such as the societal modifications in the urban environment entailed by the power plant, the new activities that might be developed once it is decommissioned, their position with regards to the preservation of the facility, etc.
Finally, the last criterion ([image: $${C}_{7}$$]) appraises the testimony of the activities undertaken in the power plant. On the one hand, it accounts for the evolution of production processes, computing and environmental conservation. On the other hand, this criterion also deals with changes in the daily activities of workpeople, the organization chart of the company, the relationships among the different types of employees, their salary or the existence of subcontractors.
Description of the elements to preserve
Due to the complexity of the process for generating electric power, the elements to be rescued in the As Pontes power plant are numerous and diverse. Their breakdown is also complicated due to the existence of interrelationships among them. Based on their characteristics and importance in terms of industrial heritage, a set of 16 elements as shown in Table 2 were shortlisted as potential candidates.
These elements stand for the thermal processing unit of the As power plant, thereby providing a coherent and representative sample of its industrial activity, as stated in the guidelines on industrial heritage currently in force in Spain [5]. In fact, these elements are included in the governmental resolution published by the Spanish Official State Gazette, whereby the As Pontes power plant is projected to be dismantled throughout 2022 [40].

Table 2Potential elements to be preserved in the As Pontes power plant


	
[image: $${\varvec{E}}_{\varvec{i}}$$] 
	Element
	Description

	
[image: $${E}_{1}$$] 
	Coal park
	The dimensions of this park, which was devoted to coal storage and homogenization tasks, were 160 m wide by 592 m long. It is formed of a series of prestressed metal arches with circular section, from which the roof cladding is suspended

	
[image: $${E}_{2}$$] 
	External coal park
	The coal used in the plant was transported by road and stored temporarily in an external park where it was accumulated in piles. Subsequently, the coal went through a tunnel and was poured it onto a conveyor belt by two machines

	
[image: $${E}_{3}$$] 
	Coal distribution system
	The coal passed through other conveyor belts in the distribution system, which also resulted in its magnetic separation and crushing. This element had two independent lines that ensured the continuous fuel supply to the boiler

	
[image: $${E}_{4}$$] 
	Air intake system and precipitators
	The gases derived from combustion went through air preheaters that transmitted their thermal energy to the air used for combustion. In turn, these gases were separated from solid particles to prevent their release to the atmosphere by means of electrostatic precipitators

	
[image: $${E}_{5}$$] 
	Boiler
	The boiler had a natural circulation system and was prepared for the combustion of lignite and subbituminous coal. Its height amounted to 90 m, with a double line of forced and induced draft fans and 6 columns of burners tangentially arranged

	
[image: $${E}_{6}$$] 
	Chimney
	The chimney is a unique structural element whose presence allowed the evacuation of combustion gases. It is 356.5 m high and contains four metal conduits in a concrete shaft with diameters of 36.5 m at the base and 18.9 m at the top

	
[image: $${E}_{7}$$] 
	Ash and slag extraction system
	Wastes derived from the combustion of coal were collected in the form of slags and fly ash. The extraction system was continuous and discharged into the so-called ashtray, where slags and fly ash were extracted and subsequently evacuated

	
[image: $${E}_{8}$$] 
	Ash and slag landfill
	Slags and fly ash were disposed at a non-hazardous waste landfill specifically designed for their elimination. It was in a hillside area within the facilities of the thermal power plant. Until 2011, theses wastes were reused by the cement industry

	
[image: $${E}_{9}$$] 
	Turbine hall
	The turbine hall highlights by its occupation and technological complexity, including four turbines and their corresponding alternators. The hall comprises both metal and reinforced concrete frames, which work as a linkage with other areas in the park

	
[image: $${E}_{10}$$] 
	Cooling towers
	The cooling towers enabled the power plant working according to a closed thermodynamic cycle. The cooling process consisted of releasing water in the form of rain and exposing it to the air current that is inside. The flow processed amounts to 38,000 m3/h, with a thermal leap of 11 ºC

	
[image: $${E}_{11}$$] 
	Transformer substation
	There were 4 transformers corresponding to the output of each of the generation groups. These transformers served to change the nominal voltage of the alternators from 18 kV to 410 kV, which corresponds to the voltage of the high-power grid

	
[image: $${E}_{12}$$] 
	Sewage treatment plant
	The entire plant needed potable water for different general uses, such as production, human consumption, hygienic services, etc. The system had a clarification capacity of around 200 m3/h, as well as ozonation, demineralization and filtration systems

	
[image: $${E}_{13}$$] 
	River water collection station
	Water was extracted from the Eume river, which is very close to the power plant. It was collected by means of a pumping machine and then circulated to the water treatment plant

	
[image: $${E}_{14}$$] 
	Fuel oil and gas oil storage tanks
	There were 2 fuel oil tanks with a capacity of 4000 m3 and 3 diesel tanks with a capacity of 100 m3 each. This enabled having sufficient energy available for the complicated start-up processes

	
[image: $${E}_{15}$$] 
	Effluent treatment plant
	This plant treated effluents between 0.1 and 3.0 m3/s meeting the regulations in terms of authorization of discharges. The treatment phases included roughing filtration, neutralization, grinding, flocculation, decantation, homogenization and sludge reuse

	
[image: $${E}_{16}$$] 
	Environmental monitoring infrastructures
	The plant had different monitoring stations for environmental control. These included the analysis of the Eume river water, the evaluation of noise outside the perimeter of the facilities and a temporary deposit for hazardous wastes




Multi-Expert Multi-Criteria decision analysis (ME-MCDA)
The prioritisation of the elements to be preserved in the As Pontes power plant was undertaken with the support of ME-MCDA. The data used as inputs stemmed from a questionnaire prepared to gather the views of a panel of international experts in industrial heritage. The responses collected were processed using the Analytic Hierarchy Process (AHP) and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), which enabled determining the weights of the criteria and the ranking of elements.
Both methods were selected because of their wide acceptance and use in the field of heritage science [41–44], including applications in which they are coupled with expert elicitation [45, 46]. The AHP method is particularly suitable to capture linguistic judgments as those requested from the experts and transform them into numbers [47], whilst TOPSIS has been argued to outperform other ranking methods due to its capacity for representing the rationale of human choice, accounting for best and worst alternatives simultaneously and ease of computation [48].
These methods were complemented with cluster analysis and a Distance-Based Weighting (DBW) approach, whose combination served to handle the vagueness inherent to the answers provided by the experts. Their use served to adjust their responses in case of inconsistencies and group them systematically to result in a series of scenarios with different values for the weights of the criteria and the ratings of the elements. In this sense, the purpose of cluster analysis and DBW was similar to that of fuzzy logic [49] in other MCDA methodologies, which is often used to deal with uncertainty in decision-making processes [50–52]. All these methods were applied using the open source statistical package R [53].
Preparation of questionnaires
A two-phase questionnaire was elaborated using Google Forms to capture the preferences of a panel of experts (Fig. 3). Invitations were mostly sent to Spanish respondents, since they should have a better understanding of the specifics of the case study. Still, some international experts were addressed too to capture distant views about the preservation of As Pontes power plant. Most of the specialists consulted were academics, since industrial heritage is not a field very prone to technical and/or private work.[image: ]
Fig. 3Excerpts of the questionnaires prepared a Conservation criteria b Elements to be preserved


To facilitate their completion, both questionnaires were structured in several sections to limit the number of dropouts. All the invitations were sent by email, since there was certainty that this communication channel was regularly used by every potential participant. These emails, which served to briefly introduce the case study and provide the link to access the form, were personalized to each addressee and thus help increase response rates. These introductory and customization actions were aimed at reducing sampling and nonresponse biases, respectively.
The first questionnaire started with a detailed presentation of the case study, including explanations about the situation of the As Pontes power plant and instructions about the other sections in the form. Then, to further put the respondents in context, a detailed briefing on the elements and layout of the plant was provided. Next was asking the experts for setting pairwise comparisons about the relative importance of the conservation criteria (Table 1). Seven levels of importance were established, ranging from “much less important” to “much more important”.
Another section was included to collect information about the origins, profile, years of experience and expertise of the respondents. This step was made anonymous and left to the end, which contributed to controlling response and order biases. This form was first sent to a reduced sample of 5 people for pre-testing purposes, including an ending section to ask if the questionnaire was understandable and easy to fill out, while leaving space for making any suggestion to improve the form. Since their definition stemmed from governmental documents, there was not a specific space for proposing the addition or removal of either criteria or elements; however, any comment in this sense could be included in the blank space mentioned above.
The second questionnaire aimed at evaluating the elements described in Table 2 with respect to the conservation criteria. First, there was a section intended to act as a reminder of the purpose of the first questionnaire. Then, a graphical representation of each element was provided to clarify the characteristics of the As Pontes plant. The core of this questionnaire consisted of asking the participants to rate the proposed heritage elements across the conservation criteria.
In this case, the qualitative valuation was carried out according to a Likert-type scale containing the following levels: very low, low, medium, high, and very high. These linguistic judgments were then transformed into semiquantitative values ranging from 1 (very low) to 5 (very high) for subsequent analyses. Again, anonymous information about the respondents was requested as described in the first form.
Weighting of conservation criteria
The criteria in Table 1 were weighted with the support of the AHP method [54], which uses pairwise comparisons to determine the relative importance between two criteria (Table 3). The original scale proposed by Saaty, which consists of nine comparison levels [55], was reduced by removing the most extreme values (1/9 and 9) to facilitate the choice of options by the experts. This modification also helped limit extreme responding bias.

Table 3Reduced comparison scale to set the importance of the conservation criteria


	Relative importance of [image: $${\varvec{C}}_{{\varvec{j}}_{1}}$$] with respect to[image: $${\varvec{C}}_{{\varvec{j}}_{2}}$$]
	Value

	Much less important
	1/7

	Less important
	1/5

	Slightly less important
	1/3

	Equally important
	1

	Slightly more important
	3

	More important
	5

	Much more important
	7




The linguistic comparisons provided by the experts were arranged in the form of a matrix to enable evaluating their coherence using the Consistency Ratio ([image: $$C.R.$$]). This term was computed based on the size and maximum eigenvalue of the matrix and the consistency of a series of random matrices. Hence, comparisons were considered consistent when [image: $$C.R.\le 0.1$$].
Those responses resulting in values of [image: $$C.R.&gt;0.1$$] were made consistent using the method proposed by Jato-Espino et al. [56], which consists of modifying the values in an inconsistent matrix until [image: $$C.R.\le 0.1$$]. This is expressed as the minimisation of the Root Mean Square Error (RMSE) of the inconsistent ([image: $${x}_{{j}_{1}{j}_{2}}$$]) and consistent ([image: $${x}_{{j}_{1}{j}_{2}}^{\prime}$$]) comparison values provided by an expert in relation to criteria [image: $${j}_{1}$$] and [image: $${j}_{2}$$] (Eq. 1).[image: $$Minimize \sqrt{\frac{1}{n}{\sum}_{j=1}^{n}{\left(\text{ln}{x}_{{j}_{1}{j}_{2}}-\text{ln}{x}_{{j}_{1}{j}_{2}}^{{\prime}}\right)}^{2}}$$]

 (1)


[image: $$\begin{aligned}subject\, to: &amp; C.R.\le 0.1 \\ &amp; \text{ln}{x}_{{j}_{1}{j}_{2}}^{L.B.}&lt;\text{ln}{x}_{{j}_{1}{j}_{2}}^{^{\prime}}&lt;\text{ln}{x}_{{j}_{1}{j}_{2}}^{U.B.} \end{aligned}$$]




where [image: $${x}_{{j}_{1}{j}_{2}}^{L.B.}$$] and [image: $${x}_{{j}_{1}{j}_{2}}^{U.B.}$$] are the lower and upper bounds of [image: $${x}_{{j}_{1}{j}_{2}}$$] as indicated in Table 3 (e.g., if [image: $${x}_{{j}_{1}{j}_{2}}=3$$], then [image: $${x}_{{j}_{1}{j}_{2}}^{L.B.}=1$$] and [image: $${x}_{{j}_{1}{j}_{2}}^{U.B.}=5$$]). Equation (1) was solved using the Generalized Reduced Gradient (GRG) algorithm [57], leading to a consistent comparison matrix whose values were as close as possible to the original responses given by the experts. The inputs provided by an expert were considered invalid if they failed to meet the restrictions set in Eq. (1). This meant that their opinions were too inconsistent to enable solving the minimization problem without introducing substantial variations in their original judgments.
In the end, this adjustment was intended to attenuate the difficulties found by the addressees to choose between similar linguistic terms as those included in Table 3. Equation (1) is an alternative to the traditional solution used to deal with inconsistencies, whereby experts must perform reassessments until the required value of [image: $$C.R.$$] is met. This process can force the experts to adjust their original judgments for the sole purpose of being consistent, which may lead to important distortions with respect to their initial beliefs [58]. Instead, the proposed approach is much more respectful with the assessments provided by the experts, since its constraints guarantee that the variations in their inputs were reduced at the minimum amount.
Rating of elements to preserve
The rating of heritage elements across the conservation criteria was carried out using the TOPSIS method [59], which helped determine how close the elements under consideration were to be ideal in terms of heritage values. TOPSIS was applied according to the following steps:

	Obtaining consensual ratings [image: $${r}_{ij}$$] for each element [image: $${E}_{i}$$] across the conservation criteria [image: $${C}_{j}$$] from the opinions provided by the experts.

	Normalising [image: $${r}_{ij}$$] through vector normalisation to result in [image: $${n}_{ij}$$].

	Determining the normalised weighted ratings ([image: $${v}_{ij}$$]) by multiplying the normalised ratings [image: $${n}_{ij}$$] by the weights [image: $${w}_{Cj}$$] achieved using the AHP method.

	Calculating the positive ([image: $${A}^{+}$$]) and negative ([image: $${A}^{-}$$]) ideal heritage elements as the maximum and minimum values of [image: $${v}_{ij}$$] per criterion.

	Measuring the distances ([image: $${d}_{i}^{+}$$] and [image: $${d}_{i}^{-}$$]) from each element under consideration to [image: $${A}^{+}$$] and [image: $${A}^{-}$$].

	Computing the Relative Closeness ([image: $$0\le {RC}_{i}\le 1$$]) from each element to the ideal element in terms of heritage values through Eq. (2). The higher the value of [image: $${RC}_{i}$$] achieved by an element, the more preferred its conservation was[image: $${RC}_{i}=\frac{{d}_{i}^{-}}{{d}_{i}^{+}+{d}_{i}^{-}}$$]

 (2)







Cluster analysis
Cluster analysis was used to partition the opinions provided by the experts according to their similarity. It was applied to the two phases of the questionnaire to demonstrate how sensitive the results achieved were to changes in either the weights of the criteria or the ratings of the elements. This technique has been previously used to group participants based on survey responses [60], due to its capacity for revealing opinion diversity properly and preventing minorities from being lost [61].
This technique was conceived by Tryon [62] based on the idea that the items included in a group are similar to each other and different from those included in the remaining clusters. Its application started by determining the optimal number of clusters (k) from the responses derived from the two phases of the questionnaire. This was double checked with the support of the Elbow criterion and the Calinski-Harabasz index.
The Elbow criterion is based on calculating the sum of squares of the items within each cluster [63]. This is plotted against the number of clusters, so that the amount of information gained as the latter increases drops at certain point, indicating the optimal number of clusters. The Calinski-Harabasz index is measured as a ratio of between-cluster variance and overall within-cluster variance [64]. Suitable numbers of clusters correspond to high values of this ratio.
Knowing the number of clusters is the first requisite to apply the k-means algorithm, which seeks to minimize the sum of squared Euclidean distances between the items and the centroid of their corresponding cluster [65]. This algorithm consists of the following steps:

	Select k random items from the dataset to perform as initial centroids.

	Assign the remaining items to its closest centroid according to their Euclidean distance.

	Update the mean value of each cluster every time a new item is added to it.

	Determine whether some items might need being relocated to a different cluster or not.

	Repeat the last three steps until cluster assignments remain constant.




The resulting clustering combinations for conservation criteria and heritage elements yielded a set of scenarios representing different preservation priorities depending on the highest values of [image: $${RC}_{i}$$] (Eq. 2). To support the selection of key elements to preserve, the third quartile (Q3) of these values of [image: $${RC}_{i}$$] was calculated, serving as a threshold to highlight the most preferred 25% elements under each scenario.
Distance-based aggregation
Although cluster analysis served to partition the opinions received from the experts, there was still a need to aggregate all the responses associated with each group into a single and synthetized view. This was achieved using the DBW method [56], which enabled capturing the consensual perspective of each cluster of experts regarding the conservation criteria and elements.
The DBW method is based on giving more importance to those experts whose responses are more alike to the others. This was accomplished by determining the weight ([image: $${w}_{{e}_{p}}$$]) of each expert [image: $${e}_{p}$$] according to the Euclidean distance ([image: $${d}_{{e}_{{p}_{i}}{e}_{{p}_{j}}}$$]) of his/her responses to those provided by the others. For a number of experts [image: $$q$$], [image: $${w}_{{e}_{p}}$$] can be formulated as shown in Eq. (3).[image: $${w}_{{e}_{p}}=\frac{{1/{\sum }_{p=1}^{q}{d}_{{e}_{{p}_{i}}{e}_{{p}_{j}}}}}{{\sum }_{p=1}^{q}\left(1/ {{\sum }_{p=1}^{q}{d}_{{e}_{{p}_{i}}{e}_{{p}_{j}}}}\right)}$$]

 (3)



Then, the geometric mean of the opinions of the experts in a cluster ([image: $${o}_{{CL}_{i}}$$]) was calculated according to their weighted responses (Eq. (3)) with respect to a certain criterion or element ([image: $${x}_{{e}_{p}}$$]), in order to represent the consensus of such cluster. Hence, Eq. (4) was used to compute the aggregated values obtained for either the conservation criteria or the elements to be preserved.[image: $${o}_{{CL}_{i}}={\prod }_{p=1}^{q}{\text{ln}{x}_{{e}_{p}}}^{{w}_{{e}_{p}}}$$]

 (4)



Results and discussion
This section summarizes and discusses the main outputs obtained through the application of the proposed ME-MCDA approach to the analysis of the As Pontes power plant. The results are arranged according to the main parts into which the methodology was divided: processing of questionnaires, weighting of conservation criteria and rating of elements to be preserved. The section ends with the discussion of the implications of the results achieved.
Overview of questionnaires
The pre-testing of the first questionnaire was successful, since the five experts involved in this stage valued the understandability of the form positively. Despite there was room for suggesting changes of any kind in the questionnaire, none of the addressees made any specific comment to improve it. Since these experts were selected because the authors were aware of their solid career in the field of industrial heritage, the form was concluded to be ready for further dissemination.
The first phase of the questionnaire was responded by 26 experts, which means a response rate of 54.17% in relation to the original sample of addressees. This figure decreased to 18 in the second phase, a fact that demonstrates the difficulty to maintain cooperation as the number of rounds increases [66]. The correspondence between both phases was not exact, so that some experts only replied to one out of the two questionnaires and some others participated in both. Still, the response rate in the second round (37.5%) was higher than the values commonly found in the literature for email surveys, which are in the range of 25–30% [67].

  Considering the participants were limited to experts and the extension of industrial heritage as an area of research, these results were deemed satisfactory. Overall, the number of respondents involved in the investigation amounted to 33. Figure 4 summarizes the characteristics of the participants. Given the location of the power plant, most addressees were from Spain (54.55%). Other regions with more than one participant were United Kingdom (4), Italy (3) and Brazil (2).[image: ]
Fig. 4Summary statistics of the experts addressed a Region of origin b Profile c Degree of expertise d Experience (years)


The vast majority of respondents belonged to the academia, especially in the role of researchers (almost 70%). Their experience in industrial heritage ranged from 3 to 40 years, with a mean value of 17 years. In line with these values, more than three quarters of experts considered their expertise in the field to be medium-high or high.
The breakdown of the participants according to their profile revealed a predominance of academics. This could result in a more idealistic vision of the problem, compared with the more pragmatic and pressured angles provided by the private industry and governments. However, having a more balanced sample was difficult because of the specifics of industrial heritage. It is not a usual business area in private companies and its inclusion in governmental agendas is still scarce.
Weighting of conservation criteria
The comparisons provided by the experts to evaluate the criteria were transformed into numerical values according to the AHP scale (Table 3). Then, these values were further processed to obtain a vector of weights for each respondent. The validity of these results was checked according to the [image: $$C.R.$$], which revealed that only 5 out of the 27 experts were consistent ([image: $$C.R.\le 0.1$$]). This fact supported the simplified scale represented in Table 3, since the consideration of two additional levels would probably have led to greater inconsistency [68].
Those comparisons reaching values of [image: $$C.R.&gt;0.1$$] were processed using the GRG algorithm. Thanks to this, all the comparisons were made consistent except for one, whose inconsistency was so high ([image: $$C.R=0.58$$]) that failed to meet the restrictions of [image: $$C.R.\le 0.1$$]. Table 4 exemplifies the process whereby an inconsistent comparison matrix ([image: $$C.R.=0.19$$]) became consistent ([image: $$C.R.=0.1$$]).

Table 4Inconsistent and consistent comparison matrices and weights obtained before and after applying the Generalized Reduced Gradient (GRG) algorithm


	
[image: $${\varvec{C}}_{\varvec{j}}$$] 
	Original inconsistent comparison matrix
	Consistent comparison matrix (after GRG)

	
[image: $${\varvec{C}}_{1}$$] 
	
[image: $${\varvec{C}}_{2}$$] 
	
[image: $${\varvec{C}}_{3}$$] 
	
[image: $${\varvec{C}}_{4}$$] 
	
[image: $${\varvec{C}}_{5}$$] 
	
[image: $${\varvec{C}}_{6}$$] 
	
[image: $${\varvec{C}}_{7}$$] 
	
[image: $${\varvec{C}}_{1}$$] 
	
[image: $${\varvec{C}}_{2}$$] 
	
[image: $${\varvec{C}}_{3}$$] 
	
[image: $${\varvec{C}}_{4}$$] 
	
[image: $${\varvec{C}}_{5}$$] 
	
[image: $${\varvec{C}}_{6}$$] 
	
[image: $${\varvec{C}}_{7}$$] 

	
C1 
	1
	1.000
	5.000
	5.000
	0.333
	1.000
	0.333
	1
	1.053
	4.422
	4.634
	0.361
	0.928
	0.374

	
C2 
	 	1
	3.000
	5.000
	0.333
	0.333
	0.200
	 	1
	2.765
	4.354
	0.344
	0.353
	0.233

	
C3 
	 	 	1
	5.000
	0.200
	0.200
	0.200
	 	 	1
	3.649
	0.201
	0.206
	0.207

	
C4 
	 	 	 	1
	0.200
	0.200
	1.000
	 	 	 	1
	0.189
	0.194
	0.643

	
C5 
	 	 	 	 	1
	1.000
	1.000
	 	 	 	 	1
	1.025
	1.030

	
C6 
	 	 	 	 	 	1
	1.000
	 	 	 	 	 	1
	1.003

	
C7 
	 	 	 	 	 	 	1
	 	 	 	 	 	 	1

	
W 
	0.136
	0.099
	0.060
	0.056
	0.227
	0.199
	0.223
	0.136
	0.099
	0.056
	0.047
	0.235
	0.206
	0.222





  An overview of the consistent vectors of weights revealed that the perspectives of the experts differed notably from one another. In response, cluster analysis was applied to group them according to their similarity. The flattening in the curve in Fig. 5a suggested that the optimal number of clusters might be 3, whereas the highest value according to the Calinski-Harabasz index confirmed this notion (Fig. 5b).[image: ]
Fig. 5Optimal number of clusters to group the opinions of the experts regarding the conservation criteria a Elbow criterion b Calinski-Harabasz index


In case of discrepancies between the number of clusters suggested by both methods, the internal logic of the resulting groups should be reasoned to determine a single outcome. A more comprehensive alternative would consist of creating two sub-scenarios, one for each number of clusters suggested by each method. However, this solution might be cumbersome because of the exponential increase in scenarios to consider.
The three groups obtained using the k-means algorithm were rather balanced in size, since they were formed by 11, 6 and 8 experts, respectively. The aggregation of weights for these groups using the DBW approach led to the values contained in Table 5. The first cluster (CL) focused on the attractiveness of the elements, emphasizing their reusability ([image: $${C}_{5}$$]), sociocultural interest ([image: $${C}_{6}$$]) and preservation of the testimony of the power plant ([image: $${C}_{7}$$]). This is in line with the main trends found in the literature, in which industrial landscapes are deemed to constitute a testimony of the cultural, social and economic conception of a place [69, 70].
Other authors coincide with the second cluster of experts in preferring a more pragmatic angle to address industrial heritage, pointing out to the importance of production processes ([image: $${C}_{1}$$]) in comparison with modern practices [71] and ease of conservation ([image: $${C}_{4}$$]) [72]. The relevance of the operation in the plant ([image: $${C}_{1}$$]) was also underlined by the third cluster, whose other main priority laid on the uniqueness of the elements ([image: $${C}_{2}$$]). The singularity and representativeness of industrial elements as an indicator of scientific and technological progress has also been considered a priority in some recent investigations in the field [73, 74].

Table 5Weighting clusters obtained after aggregating the comparisons provided by the experts


	Cluster
	Criterion

	
[image: $${\varvec{C}}_{1}$$] 
	
[image: $${\varvec{C}}_{2}$$] 
	
[image: $${\varvec{C}}_{3}$$] 
	
[image: $${\varvec{C}}_{4}$$] 
	
[image: $${\varvec{C}}_{5}$$] 
	
[image: $${\varvec{C}}_{6}$$] 
	
[image: $${\varvec{C}}_{7}$$] 

	1 (n = 11)
	0.105
	0.146
	0.057
	0.085
	0.171
	0.204
	0.177

	2 (n = 6)
	0.182
	0.144
	0.054
	0.230
	0.138
	0.071
	0.122

	3 (n = 8)
	0.229
	0.217
	0.085
	0.075
	0.074
	0.105
	0.159




Rating of potential elements to preserve

  The responses received to the second questionnaire resulted in 18 matrices including the rating of the 16 elements considered (Table 2) across the 7 criteria (Table 1). Hence, cluster analysis could not be applied straightforwardly in this case. Instead, the mean ratings allocated by the experts to each element were determined as a previous step. Then, the optimal number of clusters was calculated from these mean values. Again, both the Elbow criterion and the Calinski-Harabasz index indicated that this number was 3, as depicted in Fig. 6.[image: ]
Fig. 6Optimal number of clusters to group the opinions of the experts regarding the elements to be preserved a Elbow criterion b Calinski-Harabasz index


The resulting groups obtained by applying the k-means algorithm were unevenly distributed, to the extent that the third cluster was formed by only one expert. These groups were arranged depending on how the experts rated the contribution of the elements to fulfilling each criterion, from high (CL1) to low (CL3). Table 6 compiles the weighted values corresponding to each cluster after aggregating the original ratings provided by the experts using the DBW method.

Table 6Weighted ratings per cluster obtained after aggregating the comparisons provided by the experts


	Element
	Criterion / Cluster (CL1 → n = 5; CL2 → n = 12; CL3 → n = 1)

	[image: $${C}_{1}$$]
	[image: $${C}_{2}$$]
	[image: $${C}_{3}$$]
	[image: $${C}_{4}$$]
	[image: $${C}_{5}$$]
	[image: $${C}_{6}$$]
	[image: $${C}_{7}$$]

	CL1
	CL2
	CL3
	CL1
	CL2
	CL3
	CL1
	CL2
	CL3
	CL1
	CL2
	CL3
	CL1
	CL2
	CL3
	CL1
	CL2
	CL3
	CL1
	CL2
	CL3

	[image: $${E}_{1}$$]
	3.7
	3.0
	1.0
	3.6
	2.8
	1.0
	3.6
	2.3
	1.0
	3.6
	2.4
	1.0
	3.6
	3.3
	1.0
	4.1
	2.8
	2.0
	4.0
	2.9
	2.0

	[image: $${E}_{2}$$]
	3.4
	2.4
	1.0
	2.9
	2.4
	1.0
	2.7
	1.8
	1.0
	3.7
	2.2
	1.0
	3.0
	2.3
	1.0
	3.7
	2.2
	2.0
	3.7
	2.4
	2.0

	[image: $${E}_{3}$$]
	4.3
	3.0
	2.0
	3.3
	3.0
	1.0
	3.1
	2.8
	1.0
	3.2
	2.4
	2.0
	2.6
	2.0
	1.0
	4.1
	2.6
	2.0
	4.5
	3.2
	2.0

	[image: $${E}_{4}$$]
	3.9
	2.8
	2.0
	2.9
	2.7
	1.0
	2.7
	2.9
	1.0
	3.0
	2.5
	2.0
	2.3
	1.8
	1.0
	3.8
	2.4
	1.0
	4.0
	2.6
	2.0

	[image: $${E}_{5}$$]
	4.8
	3.4
	3.0
	4.0
	3.0
	1.0
	3.9
	3.1
	2.0
	3.2
	2.5
	3.0
	3.5
	2.3
	2.0
	4.6
	2.8
	2.0
	4.8
	3.3
	3.0

	[image: $${E}_{6}$$]
	4.8
	3.8
	3.0
	4.2
	3.4
	1.0
	4.6
	3.5
	1.0
	3.7
	2.9
	3.0
	3.2
	1.9
	3.0
	4.6
	3.2
	3.0
	4.6
	3.1
	3.0

	[image: $${E}_{7}$$]
	3.7
	2.9
	2.0
	2.9
	2.2
	1.0
	2.7
	2.2
	1.0
	3.2
	2.2
	2.0
	1.9
	1.6
	2.0
	3.9
	2.2
	2.0
	4.1
	2.8
	2.0

	[image: $${E}_{8}$$]
	3.3
	2.1
	1.0
	2.7
	2.0
	1.0
	2.5
	1.9
	1.0
	3.5
	2.3
	1.0
	3.1
	1.7
	1.0
	3.5
	2.2
	2.0
	3.3
	2.4
	2.0

	[image: $${E}_{9}$$]
	4.8
	4.0
	2.0
	4.2
	3.3
	1.0
	4.4
	3.6
	1.0
	3.7
	2.8
	2.0
	4.5
	3.0
	2.0
	4.6
	3.2
	3.0
	4.8
	3.6
	3.0

	[image: $${E}_{10}$$]
	4.8
	3.7
	3.0
	4.3
	3.3
	1.0
	4.8
	3.6
	3.0
	3.4
	2.8
	2.0
	3.7
	3.0
	3.0
	4.8
	3.2
	3.0
	4.4
	3.6
	3.0

	[image: $${E}_{11}$$]
	4.4
	2.9
	2.0
	3.4
	2.8
	1.0
	3.1
	2.7
	1.0
	4.2
	2.3
	2.0
	1.9
	1.9
	3.0
	3.9
	2.4
	2.0
	4.6
	2.8
	3.0

	[image: $${E}_{12}$$]
	3.2
	2.6
	1.0
	2.7
	2.4
	1.0
	2.6
	2.0
	1.0
	3.3
	2.2
	1.0
	2.0
	1.8
	1.0
	3.0
	2.2
	1.0
	3.4
	2.9
	2.0

	[image: $${E}_{13}$$]
	3.9
	3.1
	1.0
	2.5
	2.8
	1.0
	3.4
	2.7
	1.0
	3.2
	2.7
	1.0
	2.8
	2.3
	1.0
	3.3
	2.8
	1.0
	3.9
	3.1
	2.0

	[image: $${E}_{14}$$]
	4.0
	2.7
	1.0
	3.3
	2.2
	1.0
	3.5
	2.5
	2.0
	4.0
	2.3
	2.0
	3.1
	2.0
	2.0
	3.8
	2.3
	1.0
	4.0
	2.7
	2.0

	[image: $${E}_{15}$$]
	3.0
	2.7
	1.0
	2.6
	2.2
	1.0
	2.8
	2.2
	1.0
	3.6
	2.1
	1.0
	2.1
	2.0
	1.0
	3.2
	2.5
	1.0
	3.4
	2.9
	2.0

	[image: $${E}_{16}$$]
	2.7
	2.2
	1.0
	2.4
	2.2
	1.0
	2.6
	2.1
	1.0
	3.2
	2.4
	2.0
	3.1
	2.4
	1.0
	2.9
	2.2
	1.0
	3.9
	2.4
	2.0




The joint consideration of weighting and rating clustering yielded 3 groups each, leading to 9 scenarios of results (3 * 3) that stemmed from applying the TOPSIS method from the values in Table 6. Then, each normalized weighted matrix was multiplied by the 3 vectors of weights shown in Table 5. Finally, after the calculation of the distances to the ideal solutions, Eq. (2) was applied to determine the relative closeness ([image: $${RC}_{i}$$]) of the elements. Figure 7 illustrates the results achieved through this process, broken down according to weighting and rating clusters.

[image: ]
Fig. 7Values of Relative Closeness ([image: $${\varvec{R}\varvec{C}}_{\varvec{i}}$$]) achieved for each rating and weighting cluster (CL) under consideration


The calculation of the third quartile (Q3) of the values of [image: $${RC}_{i}$$] for each scenario indicated the most preferred 25% elements under all clustering combinations. As shown in Table 7, [image: $${E}_{10}$$] (cooling towers) was the only element above Q3 in all cases, followed by [image: $${E}_{5}$$] (boiler), [image: $${E}_{6}$$] (chimney) and [image: $${E}_{9}$$] (turbine hall), which were one of the four elements selected in eight out of the nine scenarios under study.

Table 7Key elements to preserve depending on the combination of rating and weighting clusters


	Rating CL
	Weighting CL
	Third quartile (Q3)
	Elements above Q3

	1
	1
	0.623
	
[image: $${E}_{5}$$], [image: $${E}_{6}$$], [image: $${E}_{9}$$], [image: $${E}_{10}$$]

	 	2
	0.589
	
[image: $${E}_{5}$$], [image: $${E}_{6}$$], [image: $${E}_{9}$$], [image: $${E}_{10}$$]

	 	3
	0.620
	
[image: $${E}_{5}$$], [image: $${E}_{6}$$], [image: $${E}_{9}$$], [image: $${E}_{10}$$]

	2
	1
	0.561
	
[image: $${E}_{1}$$], [image: $${E}_{5}$$], [image: $${E}_{9}$$], [image: $${E}_{10}$$]

	 	2
	0.596
	
[image: $${E}_{5}$$], [image: $${E}_{6}$$], [image: $${E}_{9}$$], [image: $${E}_{10}$$]

	 	3
	0.590
	
[image: $${E}_{5}$$], [image: $${E}_{6}$$], [image: $${E}_{9}$$], [image: $${E}_{10}$$]

	3
	1
	0.603
	
[image: $${E}_{6}$$], [image: $${E}_{9}$$], [image: $${E}_{10}, {E}_{11}$$]

	 	2
	0.519
	
[image: $${E}_{5}$$], [image: $${E}_{6}$$], [image: $${E}_{10}, {E}_{11}$$]

	 	3
	0.489
	
[image: $${E}_{5}$$], [image: $${E}_{6}$$], [image: $${E}_{9}$$], [image: $${E}_{10}$$]




These four elements formed the shortlisted combination of items to be preserved in six scenarios, which highlighted the solidity and convergence of the results achieved. The consideration of the scenarios derived from the clustering of experts was enlightening, since their coincidence guaranteed the robustness of the proposed approach. Potential decisions to be made in relation to the dismantling of the As Pontes power plant could benefit from the convergence of these results, which can support the strategic safeguard of high priority elements under all scenarios. If the results were not so convergent as in Table 7, a solution may consist of circulating a reduced questionnaire where the elements reaching low positions in the different scenarios are removed. This might facilitate achieving consensual responses due to the limited number of options to assess by the experts.
Discussion
The elements obtaining the best ranking were in line with the criteria valued with the highest mean weights by the experts (Table 5), which concerned the technical ([image: $${C}_{1}$$]) and historical ([image: $${C}_{7}$$]) importance of the elements, as well as their singularity ([image: $${C}_{2}$$]). As shown in Fig. 4, most of the experts were academics with extensive experience in industrial heritage. This also supports the ranking of the elements in Table 7, which are of great interest in terms of research because of their complexity and magnitude, as illustrated in Fig. 8. Instead, water treatment plants ([image: $${E}_{15}$$] and [image: $${E}_{17}$$]) were the least valued elements under all scenarios. The low ranking of these elements may lie on the fact that they are not particularly representative of the operation of a power plant.[image: ]
Fig. 8a General view of the As Pontes power plant elements shortlisted for preservation. Details of the b boilers and c turbine hall


The relevance of the four elements depicted in Fig. 8 was also supported by the literature. According to the US Environmental Protection Agency (EPA) [75], thousands of industrial facilities use large volumes of water to control temperature, for which cooling towers provide a cost-effective and energy efficient solution. As in the case of the As Pontes power plant, the size of these elements can make them impactful in visual terms [76], which also justifies their interest for conservation. Landscape, scenery and panorama also play a key role in cultural and industrial heritage through the socio-cultural footprint left by these activities. This research found that visual impact is substantial in the decision-making process, which follows up from Nadkarni and Puthuvayi [20] and Kraetzig et al. [76].
The preponderance of the boiler and turbine hall provide further evidence of the importance of managing the different states of water in thermal power plants, for which safeguarding elements with great value in terms of technological processing and production is crucial [77, 78]. Instead, the ranking achieved by the chimney might be rather justified by its impressive magnitude, which in this case amounted to more than 350 m height. As emphasized by Ali and Al-Kodmany [79], humans have always admired tall structures since ancient times, so that conserving large elements might help attract more visitors [80].
The As Pontes power plant currently has four cooling towers ([image: $${E}_{10}$$]), of which only one is proposed to be preserved. The conservation suggestions for this element concern its use as an exhibition space for culture (high ventilation in summer) or plastic arts (painting, sculpture, etc.). The turbine hall ([image: $${E}_{9}$$]) may perform as a future interpretation centre, including evidence of the control systems, computers and other relevant devices for the production process of the plant.
The chimney ([image: $${E}_{6}$$]) could be safeguarded as a heritage icon, such that it might be used as an elevator with panoramic view or an environmental station. [image: $${E}_{5}$$] consists of 4 boilers, of which one is proposed to remain in its original condition and the others to be used as a business incubator. This would entail an auxiliary structure to create different floors and opening holes in the walls to be used as windows.
The other elements highlighted in Table 7 were the coal park ([image: $${E}_{1}$$]) and the substation transformer ([image: $${E}_{11}$$]). The proposed conservation items for [image: $${E}_{1}$$] are the suspended structure, a stacker-picker machine and part of the conveyor belts, enabling potential uses such as biomass-related industrial activities or open-space for holding events of great magnitude. As for [image: $${E}_{11}$$], substation transformers are elements whose adaption to new uses is complicated. As such, their conservation is proposed as a testimony of their contribution to the generation and transmission of electrical energy.
These proposals received the approval of the controller of the city council, who confirmed the interest of the major in safeguarding the As Pontes plant through new uses. Both looked favourably upon the proposed measures due to their potential for developing new activities. In this sense, a few employees of the plant might be relocated to new jobs related to these new uses, serving as tour guides in charge of explaining different parts of the production process in the plant. The involvement of former workers for heritage purposes would entail social benefits by providing visitors with a sense of rootedness with the area and the important role played by the plant in its historic and cultural development.
Although these employments would be limited in number, this approach may work better than dismantling the plant and try attracting new industries, since the main interest of this area has traditionally been a lignite mine that was closed 15 years ago. In this vein, Da silva et al. [25] showed the path towards the cultural exploitation of old mines by implementing other views such as safety features and priority locations.
This research helps in paving the way to further industrial heritage practice by using MCDA questionnaires in order to identify paramount interventions for conservation in industrial heritage, following to this end the suggestions from previous investigations implemented in the affine area of building heritage [18, 19]. These preceding works stressed the need to prioritize minimal interventions, reversible actions, sustainability and liveability [19].
Overall, these results, which stem from expert evaluation and research, provide the first step towards the conversion of engineering-related sites into heritage assets. As such, they can be valuable if adopted by governmental bodies at local, regional and national levels to design developmental strategies and policies for regulating industrial heritage. Otherwise, democratizing the valorisation of industrial facilities would be difficult. Furthermore, previous investigations pointed out that a combination of expert’s knowledge and MCDA were the preferred methodology to select the best strategy to follow in building heritage [21]. The implementation of these practices can entail important benefits across the three pillars of sustainability, since the environmental benefits derived from the closure of industrial facilities might be combined with economic and social developments through local employment creation and increased tourism.
Conclusions
The outcomes of this study support the preservation of industrial facilities according to their heritage values. The proposed methodology enabled processing the feedback provided by a panel of international experts regarding the criteria and elements involved in the conservation of the As Pontes power plant, whose closure is forecasted to take place in 2022. The variety of responses received led to a series of conservation scenarios that were evaluated separately to ensure the robustness of the results achieved.
All these scenarios coincided in pointing out to four elements that should be preserved to leave testimony of the As Pontes power plant: cooling towers, turbine hall, chimney and boilers. Their predominance laid on their primary role in the production process of coal-fired electricity generation, ease of conservation, sociocultural interest or potential to be adapted for new uses. In this vein, the potential uses proposed for these elements are as follows: business incubator, exhibition area for cultural or plastic arts, interpretation centre or panoramic elevator. The preponderance of these elements could also be related to the concept of liveability in building heritage, since it can be correlated to building functionality from a social perception.
These results can be helpful for the decision-makers of the region where the As Pontes plant is located. The owner of the plant has presented a demolition project that is currently under review. In view of the difficulties in establishing new industrial activities in this area due to increasing environmental and energy requirements, the potential uses proposed in this investigation provide alternatives for valorising a facility with which the community has a strong sense of connection due to its presence and importance in the region for almost 50 years.
This link with the community goes beyond the importance of the facility in terms of employment and economic activity. The space where the lignite mine used to be has been flooded and converted into a lagoon, whilst its waste dump has been remodelled and revegetated, favouring the presence of a variety of ecosystems in the area. This process of revitalization has contributed to strengthening the bonds of the people with the area. As such, the valorisation of the plant for heritage purposes would further increase the value of the area by combining historical, cultural, industrial and natural values.
Overall, the outputs obtained can aid decision-making processes related to the conservation of industrial assets at an urban planning level. Increasing regulatory demands in terms of CO2 emissions are leading to the closure of many industrial sites. The adoption of support tools such as the proposed methodology provides an alternative to the dismantling of these facilities. This favours their valorisation in the form of heritage areas intended to leave testimony of the industrial and economic activity of a region, which are in turn linked to its social and cultural history.
Still, the scope of these outputs is narrowed by certain limitations. Although the conservation criteria were set following governmental recommendations, involving the experts in this step too might have been enriching. In fact, participation may have been approached differently to include other stakeholders (authorities, citizens, etc.) and, therefore, have a more representative picture of the interests of all the parties involved. This could also facilitate having a larger sample of participants, which is another aspect with margin for improvement.
Although the mathematical models used were combined to result in a flexible methodology, more emphasis might be placed on handling the opinions collected from participatory processes. In this sense, fuzzy logic might be a useful tool to better capture the vagueness inherent in linguistic opinions. Furthermore, the format of the participatory process may also be revised to explore the inclusion of two or more rounds to facilitate reaching consensus.
In consequence, future efforts to continue this line of research should focus on the refinement of conservation criteria according to the appreciations of experts, whose participation in this step might help better characterize the situation. Another course of action may focus on testing the proposed methodology with other industrial facilities involving different conservation criteria and elements. Its usefulness and applicability might also be enhanced if automated as a web-based tool. In what concerns the case study, future approaches could focus on organizing workshops to share the results of this investigation with the community. This would enable measuring the acceptance of the proposed measures and adapting them according to the public opinion, while collecting ideas regarding their implementation.
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