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Abstract Modern industrial electricity production is embedded in a global paradigm shift associ-12 

ated with the end of fossil fuels due to climate change, which has led to increased interest in 13 

leaving testament of power plants. Multi-Criteria Decision Analysis (MCDA) can help analyse 14 

complex interactions between industrial elements, society, culture and nature, providing key ben-15 

efits when approaching heritage investigations. In this context, this research concerned the design 16 

of a Multi-Expert (ME) MCDA methodology to support the selection of paramount heritage ele-17 

ments in power plants based on the collection, processing and harmonisation of the views of a 18 

group of international experts in the field. This approach was tested using a case study in the As 19 

Pontes power plant (NW Spain), which will be dismantled in a near future. The results achieved 20 

pointed out to cooling towers, boilers, chimney and turbine hall as the fundamental elements to 21 

preserve due to their relevance across a set of technical, historical and sociocultural criteria. These 22 

outcomes proved the usefulness of the proposed approach in favouring the valorisation of indus-23 

trial facilities as heritage areas protecting the social and cultural history of a territory. 24 

Keywords Conservation; Expert elicitation; Industrial heritage; Multi-Criteria Decision Analy-25 

sis; Power plant; Technical processes 26 

1. Introduction 27 

Industrial activity has prompted a wide variety of technical elements over time. However, they 28 

were not valued as part of the wider cultural heritage of a place until the mid-twentieth century 29 

[1]. The International Committee for the Conservation of the Industrial Heritage (TICCIH) [2] 30 

stressed that these elements were not considered as industrial heritage, a concept that encompasses 31 

the professional and cultural ties of industrial activities, whereby each element must have certain 32 

value from either a historical, technological, social, architectural or scientific standpoint [3].  33 

This is in line with recent calls for broadening the approach taken to preserve heritage values, 34 

which should seek the reuse of elements as assets for economic and social progress [4], as well 35 

as for sustainable development [5]. Industrial activities and their relations to heritage are com-36 

monly evidenced through facilities of all kinds, machinery, generation and distribution of energy, 37 

fluids and materials, as well as the location where the industry develops its activities, which re-38 

lates to the sociocultural backbone of that territory.  39 

However, governmental concerns in Spain have arisen as a relatively recent phenomena [6]. 40 

Consequently, the Spanish Industrial Heritage Plan [7] sets out the need for protection and con-41 

servation of heritage based upon its high potential of deterioration and further loss of key elements 42 

during their operational life. According to Lin [8], industrial facilities can be converted into tour-43 

ism assets with educational and heritage values, among others.  44 

Climate change is one of the most significant challenges faced by present-day societies [9], 45 

whereby the use of fossil fuels will cease to be viable in order to generate electricity [10]. Ac-46 

cordingly, there is a need for cleaner strategies and technical processes in the industry around the 47 

production of electricity. Hence, it is of great interest to leave evidence of electricity generation 48 

for future industrial heritage purposes, so that governments can design policies to appropriately 49 

preserve current facilities and machinery used in thermal power plants. 50 

Another significant challenge to consider is to find sustainable new uses for industrial facili-51 

ties and elements [11]. Multi-Criteria Decision Analysis (MCDA) provides a comprehensive way 52 



of addressing these complex interactions between industrial elements, society and culture, be-53 

coming useful to propose the preservation and recovery of original elements of the former indus-54 

trial activity. These methods allow the integration of a wide range of options, elements and eco-55 

nomic, social, historical and environmental concerns, whilst considering the opinion of specialists 56 

in the process [12]. 57 

Moreover, adaptive reuse strategies for industrial heritage allow the preservation of the sym-58 

bolic value of a place, while adapting former industrial technical processes towards new uses [13]. 59 

In this vein, Langston et al. [14] and Ferretti et al. [15] highlighted adaptive reuse approaches for 60 

buildings as key processes to transition towards new uses, incorporating sustainable dimensions 61 

related to the environment, society and economy.  62 

Consequently, MCDA  tools are fundamental in developing a methodological framework in 63 

the lights of varying scenarios, ranging from their historical land use associated to their industrial 64 

activity up to their future potential use [16]. Previous studies [16–18] showed that the Analytic 65 

Hierarchy Process (AHP) is one of the preferred MCDA tools when conducting research related 66 

to the preservation and adaptive reuse of industrial heritage.  67 

MCDA methods have been utilised in recent times in research involving UNESCO’s World 68 

Heritage places such as the Etna Park, Italy, where sustainable uses and environmental conserva-69 

tion required a robust assessment, proving to be a useful guidance to policy makers according to 70 

Sturiale et al. [19]. Ferretti & Comino [20] also revealed the importance of developing an inte-71 

grative framework based on MCDA to deal with cultural and natural heritage systems to be re-72 

covered for touristic purposes. 73 

These previous investigations focused on industrial and/or cultural heritage assets with a for-74 

mer activity, which is the common place for this sort of research. However, more research is 75 

needed to address scenarios with current industrial activity in place prior to the end of its opera-76 

tional life. In addition, there is a lack of studies associated with power plants as potential heritage 77 

places, as well as the use of MCDA techniques to help identify the key elements to preserve for 78 

future uses. Another gap in the literature lies in the use of MCDA to consider the production 79 

process in the plant over the years as a potential core element in terms of industrial heritage. 80 

This paper aims to provide information around these gaps by designing a framework intended 81 

to support the conservation of industrial facilities into heritage assets through the preservation of 82 

their key elements. To this end, a MCDA methodology based on the collection, processing and 83 

harmonisation of the perspectives of a group of experts in industrial heritage was designed and 84 

applied to the As Pontes case study, a thermal power plant in Galicia (NW Spain) that is in use 85 

nowadays but will be dismantled in the near future.  86 

2. Methodology 87 

The approach taken to conduct this study is depicted in Figure 1. First, an overview of the As 88 

Pontes power plant is provided, working as a prelude to the definition of the criteria and elements 89 

selected for its preservation. Then, a Multi-Expert Multi-Criteria Decision Analysis (ME-MCDA) 90 

methodology was built to collect and process the judgments of a panel of experts in industrial 91 

heritage, thus enabling the identification of those elements whose conservation is suggested. 92 

 93 



 94 

Figure 1. Flowchart of the approach taken for the conservation of the As Pontes power plant 95 

2.1. Case study 96 

The As Pontes power plant is in As Pontes de García Rodríguez, Galicia, NW Spain. Figure 2 97 

depicts its geographic situation and layout. Its aim was to generate electric power using fossil 98 

fuels, while establishing a thermodynamic water-steam cycle. It was originally built to make ra-99 

tional use of the lignite extracted from the open pit mine located in its vicinity.  100 

 101 

 102 
Figure 2. Geographic situation and layout of the As Pontes power plant 103 

The plant began its activity in 1976 with the start-up of the first electric power generation 104 

group. Subsequently, three others were added until reaching a total of four groups in 1978 [21]. 105 

The highest rates of exploitation were achieved during the 90s, resulting in great economic im-106 

pacts, including the generation of 3,000 jobs related to this facility [22]. The emission regulations 107 

set in Spain during the next two decades led the plant to use imported low-sulphur coal, causing 108 

the termination of all lignite mining activities in 2007. 109 

 Endesa, the multinational company the power plant belongs to, presented in 2019 a formal 110 

request to the Spanish Ministry of Ecological Transition to close the plant, alleging its lack of 111 

competitiveness due to the increased price of CO2 emissions. Finally, Endesa updated its strategic 112 



plan at the end of 2019 to remark that its coal-fired power plants are projected to disappear as of 113 

2022 [23], which becomes the deadline for the As Pontes power plant. 114 

2.2. Definition of conservation criteria 115 

Seven criteria as listed in Table 1 were defined to support which elements of the As Pontes power 116 

plant deserved to be preserved. These criteria were set to account for all the dimensions encom-117 

passed by industrial heritage, including technical, historical, social, practical and visual consider-118 

ations. They were defined in accordance with the valuation and selection criteria set in the Spanish 119 

Industrial Heritage Plan [7], which includes testimonial (𝐶1), uniqueness (𝐶2), architectural (𝐶3), 120 

viability (𝐶4 and 𝐶5), social (𝐶6) and technological (𝐶7) considerations. 121 

Table 1. Criteria proposed to evaluate the conservation of the As Pontes power plant 122 𝑪𝒋 Criterion 𝐶1 Importance in the electricity generation process 𝐶2 Singularity 𝐶3 Aesthetics 𝐶4 Ease of preservation 𝐶5 Adaptability to new uses 𝐶6 Sociocultural interest 𝐶7 Work and technology testimony 

 123 

Production is essential in the field of industrial heritage due to its relevance to understand how 124 

the plant used to work. As such, 𝐶1 was included in the list of criteria as a representative of the 125 

production process, whereby an input (carbon) goes through a boiler where water is transformed 126 

into steam, which in turn causes the rotation of a turbine to generate electric power. 127 

Singularity (𝐶2) stands for those elements whose design involved important technical or sci-128 

entifical progress. Hence, it may refer to improvements in terms of production, maximum gener-129 

ation or transformation capacity. Also, this criterion can be related to components of large dimen-130 

sions or other nonconventional characteristics that might justify the interest in safeguarding them. 131 

Aesthetics (𝐶3) accounts for factors associated with the aspect of the power plant and its inte-132 

gration in the landscape. Therefore, this criterion values the elements in the context of their sur-133 

roundings or their mimicry in terms of colour or geometry, as well as the interaction of the facility 134 

with the environment in terms of land occupation, visual impact, layout distribution, etc. 135 

The maintenance of the power plant with time is addressed by 𝐶4, whose goal is to prioritise 136 

those elements less susceptible to experience degradation. Exposure to weather may result in cor-137 

rosion or other pathologies depending on the constituent materials. Consequently, preservation 138 

must be compatible with new uses, which in turn cannot provoke the deterioration of the elements 139 

to be conserved. 140 

New uses must not endanger the patrimonial value of the elements preserved, since this would 141 

be against industrial heritage. Thus, adaptability to new uses (𝐶5) considers positive aspects such 142 

as the presence of open spaces or the capacity for coexisting with other activities; instead, com-143 

plex and large components are difficult to accommodate to different purposes.  144 

The sixth criterion (𝐶6) values the degree of attraction for the society. It represents the per-145 

ception of the dwellers in the region in respect of considerations such as the societal modifications 146 



in the urban environment entailed by the power plant, the new activities that might be developed 147 

once it is decommissioned, their position with regards to the preservation of the facility, etc. 148 

Finally, the last criterion (𝐶7) appraises the testimony of the activities undertaken in the power 149 

plant. On the one hand, it accounts for the evolution of production processes, computing and 150 

environmental conservation. On the other hand, this criterion also deals with changes in the daily 151 

activities of workpeople, the organization chart of the company, the relationships among the dif-152 

ferent types of employees, their salary or the existence of subcontractors. 153 

2.3. Description of the elements to preserve 154 

Due to the complexity of the process for generating electric power, the elements to be rescued in 155 

the As Pontes power plant are numerous and diverse. Their breakdown is also complicated due to 156 

the existence of interrelationships among them. Based on their characteristics and importance in 157 

terms of industrial heritage, a set of 16 elements as shown in Table 2 were shortlisted as potential 158 

candidates.  159 

They stand for the thermal processing unit of the As power plant, thereby providing a coherent 160 

and representative sample of its industrial activity, as stated in the guidelines on industrial heritage 161 

currently in force in Spain [7]. Not in vain, these are the elements included in the governmental 162 

resolution published by the Spanish Official State Gazette, whereby the As Pontes power plant is 163 

projected to be dismantled throughout 2022 [24]. 164 



Table 2. Potential elements to be preserved in the As Pontes power plant 165 𝑬𝒊 Element Description 𝐸1 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. 𝐸2 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. 𝐸3 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. 𝐸4 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. 𝐸5 Boiler The boiler had a natural circulation system and was prepared for the combustion of 
lignite and subbituminous coal. Its height amounted to 90 meters, with a double line 
of forced and induced draft fans and 6 columns of burners tangentially arranged 𝐸6 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 𝐸7 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 𝐸8 Ash and slag 

landfill 
Slags and fly ash were disposed at a non-hazardous waste landfill specifically 
designed for their elimination. It was located in a hillside area within the facilities of 
the thermal power plant. Until 2011, theses wastes were reused by the cement 
industry. 𝐸9 Turbine hall The turbine hall highlights by its delimited 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. 𝐸10 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. 𝐸11 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. 𝐸12 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. 𝐸13 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. 𝐸14 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. 𝐸15 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. 𝐸16 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. 



2.4. Multi-Expert Multi-Criteria Decision Analysis (ME-MCDA) 166 

The prioritisation of the elements to be preserved in the As Pontes power plant was undertaken 167 

with the support of ME-MCDA. The data used as inputs stemmed from a questionnaire prepared 168 

to gather the views of a panel of international experts in industrial heritage. The responses col-169 

lected were processed using the Analytic Hierarchy Process (AHP) and the Technique for Order 170 

of Preference by Similarity to Ideal Solution (TOPSIS), which enabled determining the weights 171 

of the criteria and the ranking of elements.  172 

Both methods were selected because of their wide acceptance and use in the field of heritage 173 

science [25–28], including applications in which they are coupled with expert elicitation [29,30]. 174 

In this study, the AHP and TOPSIS methods were also complemented with cluster analysis and a 175 

Distance-Based Weighting (DBW) approach, whose combination served to synthetise the results 176 

obtained according to the similarity of thought exhibited by the experts. 177 

2.4.1. Preparation of questionnaires 178 

A two-phase questionnaire was elaborated using Google Forms to capture the preferences of a 179 

panel of experts. Invitations were mostly sent to Spanish respondents, since they should have a 180 

better understanding of the specifics of the case study. Still, some international experts were ad-181 

dressed too to capture distant views about the preservation of As Pontes power plant. Most of the 182 

specialists consulted were academics, since industrial heritage is a field very prone to technical 183 

and/or private work. 184 

After a detailed briefing on the plant and the collection of information about the experience 185 

of the respondents, the first phase asked the experts for setting pairwise comparisons about the 186 

relative importance of the conservation criteria (Table 1). Seven levels of importance were estab-187 

lished, ranging from “much less important” to “much more important”. 188 

 189 

 
(a) 
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Figure 3. Excerpts of the questionnaires prepared (a) Conservation criteria (b) Elements to be preserved 190 



The second questionnaire aimed at evaluating the elements described in Table 2 with respect 191 

to the conservation criteria. To this end, a graphical representation of each elements was provided 192 

to clarify the characteristics of the As Pontes plant. In this case, the qualitative evaluation was 193 

carried out according to a Likert-type scale: very low, low, medium, high, and very high. These 194 

judgments were then transformed into semiquantitative values ranging from 1 (very low) to 5 195 

(very high) for subsequent analyses. 196 

2.4.2. Weighting of conservation criteria 197 

The criteria in Table 1 were weighted with the support of the AHP method [31], which uses pair-198 

wise comparisons to determine the relative importance between two criteria (Table 3). The orig-199 

inal scale proposed by Saaty, which consists of nine comparison levels [32], was reduced by re-200 

moving the most extreme values (1/9 and 9) to facilitate the choice of options by the experts. 201 

Table 3. Reduced comparison scale to set the importance of the conservation criteria 202 

Relative importance of 𝑪𝒋𝟏  with respect to 𝑪𝒋𝟐 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 

 203 

The linguistic comparisons provided by the experts were arranged in the form of a matrix [𝑀] 204 

to enable evaluating their coherence using the Consistency Ratio (𝐶. 𝑅.). This term was computed 205 

as formulated in Eq. (1), which involves the size (𝑠) and maximum eigenvalue (𝜆𝑚𝑎𝑥) of [𝑀] and 206 

the consistency of a series of random matrices (𝑅. 𝐼.). Hence, comparisons were considered con-207 

sistent when 𝐶. 𝑅. ≤ 0.1. 208 

 209 

𝐶. 𝑅. = 𝜆𝑚𝑎𝑥 − 𝑠𝑠 − 1𝑅. 𝐼.  
(1) 

 210 

Those responses resulting in values of 𝐶. 𝑅. > 0.1 were processed to become consistent by 211 

using the method proposed by Jato-Espino et al. [33]. It consists of modifying the values contained 212 

in an inconsistent matrix [𝑀] until Eq. (1) is met, yielding a consistent comparison matrix [𝑀]′. 213 

This is expressed as the minimisation of the Root Mean Square Error (RMSE) of the inconsistent 214 

(𝑥𝑗1𝑗2) and consistent (𝑥𝑗1𝑗2′ ) comparison values provided by an expert in relation to criteria 𝑗1 and 215 𝑗2 (Eq. (2)). 216 



𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 √1𝑛 ∑ (ln 𝑥𝑗1𝑗2 − ln 𝑥𝑗1𝑗2′ )2𝑛𝑗=1  

(2) 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 𝐶. 𝑅. ≤ 0.1 

 ln 𝑥𝑗1𝑗2𝐿.𝐵. < ln 𝑥𝑗1𝑗2′ < ln 𝑥𝑗1𝑗2𝑈.𝐵. 
 217 

where 𝑥𝑗1𝑗2𝐿.𝐵. and 𝑥𝑗1𝑗2𝑈.𝐵. are the lower and upper bounds of 𝑥𝑗1𝑗2  as indicated in Table 3 (e.g., if 218 𝑥𝑗1𝑗2 = 3, then 𝑥𝑗1𝑗2𝐿.𝐵. = 1 and 𝑥𝑗1𝑗2𝑈.𝐵. = 5). Eq. (2) was solved using the Generalized Reduced Gra-219 

dient (GRG) algorithm [34], leading to a consistent comparison matrix whose values were as 220 

close as possible to the original responses given by the experts. In the end, this step was intended 221 

to attenuate the difficulties found by the addressees to choose between similar linguistic terms as 222 

those included in Table 3. 223 

2.4.3. Rating of elements to preserve 224 

The rating of heritage elements across the conservation criteria was carried out using the TOPSIS 225 

method [35]. In this context, this method was used to determine how close the elements under 226 

consideration were to be ideal in terms of heritage values. To determine this, TOPSIS was applied 227 

according to the following steps: 228 

 Obtaining consensual ratings 𝑟𝑖𝑗 of each element 𝐸𝑖 across the conservation criteria 𝐶𝑗 229 

from the opinions provided by the experts. 230 

 Normalising 𝑟𝑖𝑗 through Eq. (3) to result in 𝑛𝑖𝑗. 231 𝑛𝑖𝑗 = 𝑟𝑖𝑗√∑ 𝑟𝑖𝑗2𝑚1 , 𝑖 = 1, 2, … , 𝑚; 𝑗 = 1, 2, … , 𝑛 
(3) 

 Determining the normalised weighted ratings (𝑣𝑖𝑗) by multiplying the normalised ratings 232 𝑛𝑖𝑗 by the weights 𝑤𝐶𝑗 achieved using the AHP method. 233 

 Calculating the positive (𝐴+) and negative (𝐴−) ideal heritage elements as indicated in 234 

Eq. (4). 235 𝐴+ = {max𝑖 𝑣𝑖𝑗} ≡ {𝑣𝑗+| 𝑗 = 1, 2, … , 𝑛} 

(4) 𝐴− = {min𝑖 𝑣𝑖𝑗} ≡ {𝑣𝑗−| 𝑗 = 1, 2, … , 𝑛} 

 Measuring the distances (𝑑𝑖+ and 𝑑𝑖−) from each element under consideration to 𝐴+ and 236 𝐴− using Eq. (5). 237 



𝑑𝑖+ = √∑(𝑣𝑖𝑗 − 𝑣𝑗+)2𝑛
𝑗=1  

(5) 

𝑑𝑖− = √∑(𝑣𝑖𝑗 − 𝑣𝑗−)2𝑛
𝑗=1  

 Computing the Relative Closeness (0 ≤ 𝑅𝐶𝑖 ≤ 1) from each element to the ideal element 238 

in terms of heritage values through Eq. (6). The higher the value of 𝑅𝐶𝑖 achieved by an 239 

element, the more preferred its conservation was. 240 𝑅𝐶𝑖 = 𝑑𝑖−𝑑𝑖+ + 𝑑𝑖− (6) 

2.4.4. Cluster analysis 241 

Cluster analysis was used to partition the opinions provided by the experts according to their 242 

similarity. It was applied to the responses collected for the two phases of the questionnaire to 243 

demonstrate how sensitive the results achieved were to changes in either the weights of the criteria 244 

or the ratings of the elements. 245 

This technique was conceived by Tryon [36] based on the idea that the items included in a 246 

group are similar to each other and different from those included in the remaining clusters. Its 247 

application started by determining the optimal number of clusters (k) from the responses derived 248 

from the two phases of the questionnaire. This was double checked with the support of the Elbow 249 

criterion and the Calinski-Harabasz index. 250 

The Elbow criterion is based on calculating the sum of squares of the items within each cluster 251 

[37]. This is plotted against the number of clusters, so that the amount of information gained as 252 

the latter increases drops at certain point, indicating the optimal number of clusters. The Calinski-253 

Harabasz index is measured as a ratio of between-cluster variance and overall within-cluster var-254 

iance [38]. Suitable numbers of clusters correspond to high values of this ratio. 255 

Knowing the number of clusters is the first requisite to apply the k-means algorithm, which 256 

seeks to minimize the sum of squared Euclidean distances between the items and the centroid of 257 

their corresponding cluster [39]. This algorithm consists of the following steps: 258 

 Select k random items from the dataset to perform as initial centroids.  259 

 Assign the remaining items to its closest centroid according to their Euclidean distance.  260 

 Update the mean value of each cluster every time a new item is added to it. 261 

 Determine whether some items might need being reallocated to a different cluster or not.  262 

 Repeat the last three steps until cluster assignments remain constant. 263 

2.4.5. Distance-based aggregation 264 

Although cluster analysis served to partition the opinions received from the experts, there was 265 

still a need to aggregate all the responses associated with each group into a single and synthetized 266 



view. This was achieved using the DBW method [33], which enabled capturing the consensual 267 

perspective of each cluster of experts regarding the conservation criteria and elements.  268 

The DBW method is based on giving more importance to those experts whose responses are 269 

more alike to the others. This was accomplished by determining the weight (𝑤𝑒𝑝) of each expert 270 𝑒𝑝 according to the Euclidean distance (𝑑𝑒𝑝𝑖𝑒𝑝𝑗) of his/her responses to those provided by the 271 

others. For a number of experts 𝑞, 𝑤𝑒𝑝  can be formulated as shown in Eq. (7). 272 

 273 

𝑤𝑒𝑝 = 1 ∑ 𝑑𝑒𝑝𝑖𝑒𝑝𝑗𝑞𝑝=1⁄
∑ (1 ∑ 𝑑𝑒𝑝𝑖𝑒𝑝𝑗𝑞𝑝=1⁄ )𝑞𝑝=1  (7) 

 274 

Then, the geometric mean of the opinions of the experts in a cluster (𝑜𝐶𝐿𝑖) was calculated 275 

according to their weighted responses (Eq. (7)) with respect to a certain criterion or element (𝑥𝑒𝑝), 276 

in order to represent the harmonised perspective of such cluster. Hence, Eq. (8) was used to com-277 

pute the aggregated values obtained for either the conservation criteria or the elements to be pre-278 

served. 279 

 280 𝑜𝐶𝐿𝑖 = ∏ ln 𝑥𝑒𝑝 𝑤𝑒𝑝𝑞𝑝=1  (8) 

3. Results and discussion 281 

This section summarizes and discusses the main outputs obtained through the application of the 282 

proposed ME-MCDA approach to the analysis of the As Pontes power plant. The results are ar-283 

ranged according to the main parts into which the methodology was divided: processing of ques-284 

tionnaires, weighting of conservation criteria and rating of elements to be preserved. 285 

3.1. Overview of questionnaires 286 

The first phase of the questionnaire was responded by 26 experts, which means a response rate of 287 

54.17% in relation to the original sample of addressees. This figure decreased to 18 in the second 288 

phase, a fact that demonstrates the difficulty to maintain cooperation as the number of rounds 289 

increases [40]. The correspondence between both phases was not exact, so that some experts only 290 

replied to one out of the two questionnaires and some others participated in both.  291 

Overall, the number of respondents involved in the investigation amounted to 33. This value 292 

was in the order of magnitude of the values of sample size suggested in the literature [41]. Figure 293 

4 summarizes the characteristics of the experts who participated at least in one of the phases into 294 

which the questionnaire was divided. Given the location of the power plant, most addressees were 295 

from Spain (54.55%). Other regions with more than one participant were United Kingdom (4), 296 

Italy (3) and Brazil (2).  297 

The vast majority of respondents belonged to the academia, especially in the role of research-298 

ers (almost 70%). Their experience in industrial heritage ranged from 3 to 40 years, with a mean 299 



value of 17 years. In line with these values, more than three quarters of the experts considered 300 

their expertise in the field to be medium-high or high. 301 

 302 
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Figure 4. Summary statistics of the experts addressed (a) Region of origin (b) Profile (c) Degree of ex-303 
pertise (d) Experience (years) 304 



3.2. Weighting of conservation criteria 305 

The comparisons provided by the experts to evaluate the criteria were transformed into numerical 306 

values according to the AHP scale (Table 3). Then, these values were further processed to obtain 307 

a vector of weights for each respondent. The validity of these results was checked using Eq. (1), 308 

which revealed that only 5 out of the 27 experts were consistent (𝐶. 𝑅. ≤ 0.1). This fact supported 309 

the simplified scale represented in Table 3, since the consideration of two additional levels would 310 

probably have led to a greater degree of inconsistency [42]. 311 

Those comparisons reaching values of 𝐶. 𝑅. > 0.1 were processed using the GRG algorithm 312 

as formulated in Eq. (2). Thanks to this, all the comparisons were made consistent except for one, 313 

whose inconsistency was so high (𝐶. 𝑅 = 0.58) that failed to meet the restrictions of Eq. (2). Table 314 

4 exemplifies the process whereby an inconsistent comparison matrix (𝐶. 𝑅. = 0.19) became con-315 

sistent (𝐶. 𝑅. = 0.1).  316 

Table 4. Inconsistent and consistent comparison matrices and weights obtained before and after applying 317 
the Generalized Reduced Gradient (GRG) algorithm  318 𝑪𝒋 Original inconsistent comparison matrix Consistent comparison matrix (after GRG) 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑪𝟒 𝑪𝟓 𝑪𝟔 𝑪𝟕 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑪𝟒 𝑪𝟓 𝑪𝟔 𝑪𝟕 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 

 319 

An overview of the consistent vectors of weights revealed that the perspectives of the experts 320 

differed notably from one another. In response, cluster analysis was applied to group them ac-321 

cording to their similarity. The flattening in the curve in Figure 5(a) suggested that the optimal 322 

number of clusters might be 3, whereas the highest value according to the Calinski-Harabasz 323 

index confirmed this notion (Figure 5(b)). 324 

 325 

  
(a) (b) 

Figure 5. Optimal number of clusters to group the opinions of the experts regarding the conservation cri-326 
teria (a) Elbow criterion (b) Calinski-Harabasz index 327 



The use of the k-means algorithm yielded three groups rather balanced in size, since they were 328 

formed by 11, 6 and 8 experts, respectively. The aggregation of weights for these groups using 329 

the DBW approach led to the values contained in Table 5. The first cluster (CL) focused on the 330 

attractiveness of the elements, emphasizing their reusability (𝐶5), sociocultural interest (𝐶6) and 331 

preservation of the testimony of the power plant (𝐶7). This is in line with the main trends found 332 

in previous related literature, in which industrial landscapes are deemed to constitute a testimony 333 

of the cultural, social and economic conception of a place [43,44].  334 

Other authors coincide with the second cluster of experts in preferring a more pragmatic angle 335 

to address industrial heritage, pointing out to the importance of production processes (𝐶1) in com-336 

parison with modern practices [45] and ease of conservation (𝐶4) [46]. The relevance of the op-337 

eration in the plant (𝐶1) was also underlined by the third cluster, whose other main priority laid 338 

on the uniqueness of the elements under consideration (𝐶2). The singularity and representative-339 

ness of industrial elements as an indicator of scientific and technological progress has also been 340 

considered a priority in some recent investigations in the field [47,48].   341 

Table 5. Weighting clusters obtained after aggregating the comparisons provided by the experts 342 

Cluster 
Criterion 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑪𝟒 𝑪𝟓 𝑪𝟔 𝑪𝟕 

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 

3.3. Rating of potential elements to preserve 343 

The responses received to the second questionnaire resulted in 18 matrices including the rating of 344 

the 16 elements considered (Table 2) across the 7 criteria (Table 1). Hence, cluster analysis could 345 

not be applied straightforwardly in this case. Instead, the mean ratings allocated by the experts to 346 

each element were determined as a previous step. Then, the optimal number of clusters was cal-347 

culated from these mean values. Again, both the Elbow criterion and the Calinski-Harabasz index 348 

indicated that this number was 3, as depicted in Figure 6. 349 

 350 

  
(a) (b) 

Figure 6. Optimal number of clusters to group the opinions of the experts regarding the elements to be 351 
preserved (a) Elbow criterion (b) Calinski-Harabasz index 352 



The resulting groups obtained by applying the k-means algorithm were unevenly distributed, 353 

to the extent that the third cluster was formed by only one expert. These groups were arranged 354 

depending on how the experts rated the contribution of the elements to fulfilling each criterion, 355 

from high (CL1) to low (CL3). Table 6 compiles the weighted values corresponding to each cluster 356 

after aggregating the original ratings provided by the experts using the DBW method. 357 

Table 6. Weighted ratings per cluster obtained after aggregating the comparisons provided by the experts 358 

Element 

Criterion / Cluster (CL1  n = 5; CL2  n = 12; CL3  n = 1) 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑪𝟒 𝑪𝟓 𝑪𝟔 𝑪𝟕 

CL1 CL2 CL3 CL1 CL2 CL3 CL1 CL2 CL3 CL1 CL2 CL3 CL1 CL2 CL3 CL1 CL2 CL3 CL1 CL2 CL3 𝐸1 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 𝐸2 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 𝐸3 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 𝐸4 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 𝐸5 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 𝐸6 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 𝐸7 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 𝐸8 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 𝐸9 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 𝐸10 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 𝐸11 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 𝐸12 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 𝐸13 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 𝐸14 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 𝐸15 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 𝐸16 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 

 359 

The joint consideration of weighting and rating clustering yielded 3 groups each, leading to 9 360 

scenarios of results (3 * 3) that stemmed from applying the TOPSIS method from the values in 361 

Table 6. Then, each normalized weighted matrix was multiplied by the 3 vectors of weights shown 362 

in Table 5. Finally, Eqs. (4), (5) and (6) were applied to determine the relative closeness (𝑅𝐶𝑖) of 363 

the elements to an ideal solution. Figure 7 illustrates the results achieved through this process, 364 

broken down according to weighting and rating clusters. 365 



 

 

 

Figure 7. Values of Relative Closeness (𝑹𝑪𝒊) achieved for each rating and weighting cluster (CL) under 366 
consideration 367 

To support the selection of key elements to preserve, the third quartile (Q3) of the values of 368 𝑅𝐶𝑖 was calculated as shown in Table 7, serving as a threshold to highlight the most preferred 369 

25% elements under each scenario. As indicated in Table 7, 𝐸10 (cooling towers) was the only 370 

element above Q3 in all cases, followed by 𝐸5 (boiler), 𝐸6 (chimney) and 𝐸9 (turbine hall), which 371 

were one of the four elements selected in eight out of the nine scenarios under study. These four 372 



elements formed the shortlisted combination of items to be preserved in six scenarios, which 373 

highlighted the solidity and convergence of the results achieved. 374 

According to the US Environmental Protection Agency (EPA) [49], thousands of industrial 375 

facilities use large volumes of water to control temperature, for which cooling towers provide a 376 

cost-effective and energy efficient solution. As in the case of the As Pontes power plant, the size 377 

of these elements can make them impactful in visual terms [50], which further justifies their in-378 

terest for conservation. 379 

The preponderance of the boiler and turbine hall provide further evidence of the importance 380 

of managing the different states of water in thermal power plants, for which safeguarding elements 381 

with great value in terms of technological processing and production is crucial [51,52]. Instead, 382 

the ranking achieved by the chimney might be rather justified by its impressive magnitude, which 383 

in this case amounted to more than 350 m height. As emphasized by Ali and Al-Kodmany [53], 384 

humans have always admired tall structures since ancient times, so that conserving large elements 385 

might help attract more visitors [54].  386 

Table 7. Key elements to preserve depending on the combination of rating and weighting clusters 387 

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

1 1 0.623 𝐸5, 𝐸6, 𝐸9, 𝐸10 

 2 0.589 𝐸5, 𝐸6, 𝐸9, 𝐸10 

 3 0.620 𝐸5, 𝐸6, 𝐸9, 𝐸10 

2 1 0.561 𝐸1, 𝐸5, 𝐸9, 𝐸10 

 2 0.596 𝐸5, 𝐸6, 𝐸9, 𝐸10 

 3 0.590 𝐸5, 𝐸6, 𝐸9, 𝐸10 

3 1 0.603 𝐸6, 𝐸9, 𝐸10, 𝐸11 

 2 0.519 𝐸5, 𝐸6, 𝐸10, 𝐸11 

 3 0.489 𝐸5, 𝐸6, 𝐸9, 𝐸10 

 388 

The As Pontes power plant currently has four cooling towers (𝐸10), of which only one is pro-389 

posed to be preserved. The conservation suggestions for this element concern its use as an exhi-390 

bition space for culture (high ventilation in summer) or plastic arts (painting, sculpture, etc.). The 391 

turbine hall (𝐸9) may perform as a future interpretation centre, including evidence of the control 392 

systems, computers and other relevant devices for the production process of the plant.  393 

The chimney (𝐸6) could be safeguarded as a heritage icon, such that it might be used as an 394 

elevator with panoramic view or an environmental station. 𝐸5 consists of 4 boilers, of which one 395 

is proposed to remain in its original condition and the others to be used as a business incubator. 396 

This would entail an auxiliary structure to create different floors and opening holes in the walls 397 

to be used as windows. 398 

The other elements highlighted in Table 7 were the coal park (𝐸1) and the substation trans-399 

former (𝐸11). The proposed conservation items for 𝐸1 are the suspended structure, a stacker-picker 400 

machine and part of the conveyor belts, enabling potential uses such as biomass-related industrial 401 

activities or open-space for holding events of great magnitude. As for 𝐸11, substation transformers 402 

are elements whose adaption to new uses is complicated. As such, their conservation is proposed 403 

as a testimony of their contribution to the generation and transmission of electrical energy. 404 



Overall, these results, which stem from expert evaluation and research, provide the first step 405 

towards the conversion of engineering-related sites into heritage assets. As such, they can be val-406 

uable if adopted by governmental bodies at local, regional and national levels to design develop-407 

mental strategies and policies for regulating industrial heritage.  408 

Otherwise, democratizing the valorisation of industrial facilities would be difficult. The im-409 

plementation of these practices can entail important benefits across the three pillars of sustaina-410 

bility, since the environmental benefits derived from the closure of industrial facilities might be 411 

combined with economic and social developments through local employment creation and in-412 

creased tourism. 413 

4. Conclusions 414 

The outcomes of this study support the preservation of industrial facilities according to their her-415 

itage values. The proposed methodology enabled processing the feedback provided by a panel of 416 

international experts regarding the criteria and elements involved in the conservation of the As 417 

Pontes power plant, whose closure is forecasted to take place in 2022. The variety of responses 418 

received led to a series of conservation scenarios that were evaluated separately to ensure the 419 

robustness of the results achieved. 420 

All these scenarios coincided in pointing out to four elements that should be preserved to 421 

leave testimony of the As Pontes power plant: cooling towers, turbine hall, chimney and boilers. 422 

Their predominance laid on their primary role in the production process of coal-fired electricity 423 

generation, ease of conservation, sociocultural interest or potential to be adapted for new uses. In 424 

this vein, the potential uses proposed for these elements are as follows: business incubator, exhi-425 

bition area for cultural or plastic arts, interpretation centre or panoramic elevator.   426 

Overall, these outputs can aid decision-making processes related to the conservation of indus-427 

trial assets at an urban planning level. Increasing regulatory demands in terms of CO2 emissions 428 

are leading to the closure of many industrial sites. The adoption of support tools such as the pro-429 

posed methodology provides an alternative to the dismantling of these facilities. This favours their 430 

valorisation in the form of heritage areas intended to leave testimony of the industrial and eco-431 

nomic activity of a region, which are in turn linked to its social and cultural history. 432 

Future efforts to continue this line of research should focus on the consideration of additional 433 

conservation of criteria and their subsequent refinement according to the appreciations of experts, 434 

in order to increase the representativeness of results. Another course of action may focus on test-435 

ing the methodology developed in this study with other industrial facilities involving different 436 

conservation criteria and elements. Finally, the usefulness and applicability of the proposed ap-437 

proach might be enhanced if automated as a web-based tool. 438 
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