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Abstract 13 
 14 
A large amount of international public and private not-for-profit organizations strives to enhance the conditions of less 15 
developed economies under the flagship of sustainability throughout a wide range of infrastructure projects. However, 16 
the results are uncertain. Sustainable development in poorer countries requires effective frameworks to ensure the 17 
balanced consideration of social, economic and environmental dimensions. This paper discusses the application of the 18 
Sustainable Infrastructure Rating System for Developing Countries (SIRSDEC) to a mining infrastructure project located 19 
in Peru, in order to validate the methodology developed for this framework. The opinions returned from a questionnaire 20 
addressed to international experts according to the pairwise comparison scale of the Analytic Hierarchy Process (AHP) 21 
method were processed to obtain the weights of the elements forming the decision-making tree of SIRSDEC. The 22 
Integrated Value Model for Sustainable Assessment (MIVES) was introduced to assess infrastructure projects through 23 
the definition of value functions for each sustainability indicator, which enables the integration of variables measured in 24 
different units into a standardized value index. The weights obtained for SIRSDEC reflected the balance of the three 25 
pillars of sustainability, with a slight predominance of the social dimension. The case study highlighted the contribution 26 
of the new system to identify key sustainability issues which were omitted in the original project and posed several 27 
actions to improve community’s perception and facilitate the development of the project.  28 
 29 

Keywords 30 
 31 
Sustainability; Developing countries; Rating System; SIRSDEC; AHP; MIVES. 32 

 33 

1. Introduction 34 
 35 
This article complements the structured methodology for creating the Sustainable Infrastructure Rating System for De-36 
veloping Countries (SIRSDEC) (Diaz-Sarachaga et al., 2016a) as a decisive response to the urgent need to implement 37 
effective frameworks to support the principles of sustainable development worldwide. Existing rating tools for infrastruc-38 
ture do not involve a balanced consideration of social, economic and environmental aspects in the application of sus-39 
tainability principles in these nations. SIRSDEC emphasizes the role of social and economic issues as a priority for the 40 
achievement of sustainable development goals (Gibberd, 2005), because less developed economies cannot be focused 41 
on environmental concerns (Libovich, 2005). Furthermore, management has been included as an additional dimension 42 
in this framework, in order to ensure that international standards and best practices are also taken into account as key 43 
guidelines to foster sustainability (Hiremath et al., 2013). 44 
 45 
According to Belton and Steward (Belton et al., 2002), Multi-Criteria Decision Method (MCDM) is an umbrella term to 46 
describe a collection of formal approaches which seek to take explicit account of multiple criteria in helping individuals 47 
or groups to explore decisions that matter. The application of MCDMs provide decision-makers with effective frame-48 
works to confidently select the most suitable options and rank alternatives from best to worst (Greco et al., 2005). The 49 
Analytic Hierarchy Process (AHP) (Saaty, 1980) is used in this article due to its simplicity and flexibility to be combined 50 
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with other MCDMs such as the Integrated Value Model for Sustainable Assessment (MIVES) (ETCG, 2015), which 51 
enables standardizing different attributed indicators to easily compare a series of alternatives through a value index. 52 
 53 

2. SIRSDEC development framework 54 
 55 
2.1. SIRSDEC decision-making tree 56 
 57 
SIRSDEC is an overarching framework that appraises the contribution to sustainability of infrastructure projects through-58 
out their design, construction, operation, renovation and demolition/reuse stages. In accordance with the MIVES 59 
method, a decision-making tree was designed to structure SIRSDEC according to three hierarchical levels including 4 60 
requirements, 23 criteria and 29 indicators (see Table 1). The requirements were related to the three pillars of sustain-61 
ability (society, environment and economy) and management concerns, whilst the set of criteria and indicators derived 62 
from them were mostly selected after considering the objectives of Agenda 21 (UN, 1992), the Millennium Development 63 
Goals (MDGs) established in the United Nations (UN) Millennium Declaration (UN, 2000) and the Sustainable Develop-64 
ment Goals (SDGs) adopted by the UN General Assembly on 25 September 2015 (UN, 2015), which are the main 65 
guidelines for sustainable development worldwide. The set of 29 indicators included in SIRSDEC are graded in a range 66 
from 0 to 1 point each, according to the value functions assigned to them. If all 29 indicators are rewarded with 1 point, 67 
the maximum possible SIRSDEC score is 121. Hence, SIRSDEC differentiates three levels of performance: Pass (63), 68 
Silver (from 63 to 90) and Gold (>90).  69 
 70 

Table 1. SIRSDEC decision-making tree  71 
R# Requirement C #.# Criteria I #.#.# Indicator 

R1 Management 

C 1.1 International Standards 
I 1.1.1 ISO 9001 or equivalent 

I 1.1.2 ISO 14001 or equivalent 

C 1.2 Project Sustainability Management (PSM) plan I 1.2.1 Project Sustainability Management plan 

C 1.3 Sustainability Risk Management (SRM) plan I 1.3.1 Sustainability Risk Management plan 

C 1.4 Sustainable Procurement plan I 1.4.1 Sustainable Procurement plan 

C 1.5 Inspection & Auditing (I&A) plan I 1.5.1 I&A plan 

C 1.6 Reporting & Lessons Learned (R&LL) 
I 1.6.1 Periodic reports distribution 

I 1.6.2 Lessons Learned Log 

R2 Society 

C 2.1 Community & Stakeholders involvement I 2.1.1 Stakeholders involvement ratio  

C 2.2 Role of indigenous people and communities I 2.2.1 Indigenous involvement ratio 

C 2.3 Equitable development I 2.3.1 Gender average wage ratio (female/male) 

C 2.4 Social impacts & benefits 
I 2.4.1 Population impacted by project 

I 2.4.2 Settlements area disturbed 

  C 2.5 Cultural Heritage I 2.5.1 Local cultural assessment 

R3 Environment 

C 3.1 Natural Ecosystems conservation I 3.1.1 Impacted ecosystem area ratio 

C 3.2 Biodiversity Ecosystem I 3.2.1 Endangered species ratio 

C 3.3 Greenhouse gases emissions I 3.3.1 GHG emissions reduction rate 

C 3.4 Energy consumption 
I 3.4.1 Energy savings rate 

I 3.4.2 Renewable energy use rate 

C 3.5 Water management 
I 3.5.1 Fresh water consumption reduction 

I 3.5.2 Runoff water stored 

C 3.6 Flooding risk I 3.6.1 Floodplains area  

C 3.7 Air Quality I 3.7.1 Air pollutants reduction 

C 3.8 Waste management 
I 3.8.1 Waste production decrease 

I 3.8.2 Recycled/reused waste 

R4 Economy 

C 4.1 Combating poverty I 4.1.1 Local economic assessment 

C 4.2 Agriculture impacts I 4.2.1 Farmland area impacted 

C 4.3 Local materials consumption I 4.3.1 Local materials use rate 

C 4.4 Local employment I 4.4.1 Local employment rate 

 72 
2.2. Analysis of questionnaires 73 
 74 
An on-line questionnaire using Google Forms was addressed to 118 experts in the field of environmental and sustaina-75 
ble development, including professionals from public and private sectors such as development institutions, academia 76 
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and industry. Expert participation is a key element for developing a weighting system to be incorporated into a sustain-77 
able assessment method (Chandratilake et al., 2013). The survey was conducted over the entire month of January 78 
2016. 24 questionnaires were returned from experts belonging to 12 different countries as shown in Figure 1, which 79 
involves a response rate of 20.3%. There were no invalid answers because the questionnaire format forced experts to 80 
reply all questions linked to the pairwise comparisons among the requirements, criteria and indicators of SIRSDEC 81 
according to the AHP scale (see Table 2). All these respondents had been involved in sustainability-driven projects and 82 
are aware of sustainable frameworks. 23 of them had worked with sustainable rating tools, whilst only one had no 83 
experience in this matter. 11 respondents (45.8%) were academics, consultant and public sectors were represented by 84 
5 participants (20.8%) each and 3 experts (12.6%) belonged to the contractor industry. The set of entities to which these 85 
experts were related are listed below: 86 
 87 
BHP Billiton, Boluda Shipping Corporation and CWG Metro Riyad Joint Venture (Contractor industry); Waterloo Univer-88 
sity, Malaysia University Technology, Hamad Bin Khalifa University, University of Wisconsin-Madison, Coventry Univer-89 
sity, Colorado State University and Cardiff University (Academy); Qatar Green Council, AMEC Foster Wheeler, Tecnalia 90 
and Atkins (Consultancy); United Nations Office for Project Services (UNOPS), Agencia Española para Cooperación y 91 
Desarrollo (AECID), Qatar Foundation, International Organization of Supreme Audit Institutions Working Group on En-92 
vironmental Auditing (INTOSAI WGEA) (Public development institutions).  93 
 94 

 95 
Figure 1. Countries of origin of the experts who responded to the questionnaire 96 

 97 
Table 2. AHP pairwise comparison scale  98 

Qualitative evaluation Rating
Absolutely more important (AMI) 9 
Much more important (MMI) 7 
More important (MI) 5 
Slightly more important (SMI) 3 
Equally important (EI) 1 
Slightly less important (SLI) 1/3 
Less important (LI) 1/5 
Much less important (MLI) 1/7 
Absolutely less important (ALI) 1/9 

 99 
The survey also included three general questions to compare SIRSDEC with existing rating tools for infrastructures. 22 100 
respondents (91.7%) considered a sustainable infrastructure rating system focused on developing countries an effective 101 
framework for guiding development projects. 15 respondents (62.5%) thought that the three sustainable principles 102 
should be equally weighted in the design process of a rating system for developing countries. The addition of manage-103 
ment aspects to the sustainable Triple Bottom Line (TBL) was supported by 19 respondents (79.2%). Besides, the 104 
participants were invited to propose the removal and/or addition of some criteria and/or indicators to SIRSDEC. Disaster 105 
risk reduction for resilience, noise pollution plans and the consideration of the relationships with authorities were the 106 
three additional criteria suggested by the experts. Two new indicators were also proposed to be incorporated into the 107 
system: amount of land cleared and embodied energy in built infrastructure. Finally, some respondents showed their 108 
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preference to discard C1.3, I1.1.1 and I1.3.1. Since these parameters belong to the management requirement, which is 109 
deemed to be the fourth pillar of sustainability, they remained in the SIRSDEC decision-making tree to emphasize the 110 
role of this dimension. Table 3 shows the linguistic comparisons (see Table 2) provided by the experts with respect to 111 
each pair of elements in the decision-making tree.  112 
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 113 
 114 

Table 3. Experts’ judgments according to the elements in the decision-making tree  115 
Pairwise  

Comparison 
Expert Number 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

R1 vs R2  SLI LI MLI EI EI SMI MLI EI SLI EI MI EI SLI SLI LI SLI LI EI SLI EI SLI SLI MLI SMI 
R1 vs R3 SLI LI ALI EI EI LI MLI AMI SLI EI EI EI EI SLI EI SLI SLI EI SLI EI MLI MI MLI SMI 
R1 vs R4 SLI LI ALI EI EI LI ALI ALI SLI SLI EI SLI EI SLI EI SLI EI EI SLI SLI MLI SMI MLI SMI 
R2 vs R3 EI EI EI EI EI SLI MI EI EI SLI EI SMI EI EI MMI SLI EI EI EI SMI EI MI EI EI 
R2 vs R4 EI MI MI EI EI LI SLI EI EI EI EI SMI SMI SMI SMI SLI SMI EI EI SMI SMI MMI EI EI 
R3 vs R4 EI MI MI SMI EI MI LI LI EI EI EI SLI MI SMI LI SLI SMI EI EI EI MI MI EI EI 
C1.1 vs C1.2 SLI SLI EI SMI MLI EI MI LI LI LI SMI LI EI LI SLI EI LI LI LI EI ALI EI MI MMI 
C1.1 vs C1.3 SLI MLI SLI SMI MLI EI MI AMI LI SLI LI SMI LI LI MI EI MI SMI LI LI ALI MMI SMI MMI 
C1.1 vs C1.4  SLI MLI SMI SMI MLI MI MI MMI LI ALI EI SLI LI LI EI EI MI SLI LI SMI ALI MI MI SMI 
C1.1 vs C1.5 SLI MLI MLI SMI ALI EI SLI MI EI SLI MI SLI EI LI SMI EI LI EI SLI SLI ALI EI SMI MI 
C1.1 vs C1.6 SLI MLI LI SMI MLI MI MI LI LI LI MI SMI LI SLI EI SMI LI MI EI SLI ALI MMI EI SMI 
C1.2 vs C1.3 EI EI MI EI EI SMI MI SLI SMI EI MI SLI EI SLI SMI SMI SMI MI EI SMI EI MMI SLI MMI 
C1.2 vs C1.4 EI EI MMI EI EI SMI MI SLI SMI EI EI SLI MMI SLI EI EI MI SMI EI SMI EI MMI SLI SMI 
C1.2 vs C1.5 EI EI EI MI LI EI LI SLI EI EI MI SMI MMI SLI EI EI EI EI EI SMI EI LI SMI MI 
C1.2 vs C1.6 EI EI SMI EI LI EI MI EI SMI EI MI EI SMI EI MI EI EI MI EI SMI MI EI SLI SMI 
C1.3 vs C1.4 EI EI MI SLI SLI EI SMI EI SMI EI EI SLI MMI SMI EI EI SMI SLI SLI SMI EI SLI MI SMI 
C1.3 vs C1.5 EI EI EI SMI LI EI LI MI SLI SLI EI EI MI SLI EI EI SLI LI SMI SLI SMI MLI SMI MI 
C1.3 vs C1.6 EI SMI SLI SLI LI EI EI EI SLI EI MI SMI EI SLI LI EI SLI SLI EI SLI SMI LI SLI SMI 
C1.4 vs C1.5 EI MI SLI SMI LI EI SLI SLI LI SMI MI SMI EI SLI EI EI LI EI EI SLI SMI LI EI SMI 
C1.4 vs C1.6 EI EI SLI EI LI EI MI SLI LI EI EI SLI LI SLI LI EI LI SMI EI SLI EI SLI SLI SLI 
C1.5 vs C1.6 EI EI EI SLI EI EI MI EI EI SLI MI SMI LI SMI EI EI EI EI SLI EI EI MLI EI SMI 
C2.1 vs C2.2 EI SLI SLI SLI EI EI MMI SLI SMI LI MI SLI EI EI MI SLI EI EI SLI LI EI EI EI MI 
C2.1 vs C2.3 SMI SMI EI EI MI SMI SMI SLI SLI LI MMI EI EI EI EI SLI EI EI SLI SLI EI EI EI MI 
C2.1 vs C2.4 SLI LI SLI EI EI SMI SMI SLI EI EI MMI SLI LI LI LI EI SMI EI SLI SLI EI EI EI MI 
C2.1 vs C2.5 LI SMI SLI SMI EI SLI LI SLI EI SLI MMI SLI SLI SLI EI EI MI EI SLI MLI EI EI EI MI 
C2.2 vs C2.3 EI MI MI SMI MI EI SLI AMI SLI EI EI SMI EI SLI SMI SMI EI EI EI MI EI SLI SLI EI 
C2.2 vs C2.4 EI EI MI EI MI SMI LI AMI LI EI SMI SMI EI LI EI SMI EI EI EI SMI EI LI EI EI 
C2.2 vs C2.5 EI MI EI SMI EI EI MLI AMI SLI EI MI SLI SLI SLI EI SMI LI SMI SMI EI EI EI EI EI 
C2.3 vs C2.4 EI SLI EI EI EI SMI SMI MMI EI SMI MMI SMI SMI SLI LI EI EI EI EI SMI LI SMI MI SMI 
C2.3 vs C2.5 EI SMI EI SMI EI SLI SLI AMI SMI MI MI SMI SMI SLI EI EI MI MI SMI EI LI EI EI EI 
C2.4 vs C2.5 SMI MI MI EI EI EI SMI EI MI SMI MMI SLI SMI SMI EI EI MI MI SMI SLI EI EI EI SMI 
C3.1 vs C3.2 EI EI EI EI EI SMI MI MMI MI EI EI SMI MI EI EI EI EI EI EI EI EI EI EI EI 
C3.1 vs C3.3 EI SMI EI EI MI LI MI LI EI EI EI SLI EI SMI EI EI EI EI SMI SMI EI EI SLI EI 
C3.1 vs C3.4 EI SMI MI EI MI LI MMI MI EI EI EI SMI SMI SMI MI MMI EI MI EI SMI EI MMI EI MI 
C3.1 vs C3.5 EI EI SMI EI EI LI MMI AMI EI EI EI SMI SMI SMI LI SMI EI MI EI SLI EI EI SLI SMI 
C3.1 vs C3.6 EI SMI MMI EI EI LI MI AMI EI EI EI MI MI SMI SLI SMI SMI EI SLI SLI EI LI SMI SMI 
C3.1 vs C3.7 EI SMI EI SLI MI LI MI LI EI EI MI SMI SMI SMI EI SMI SLI EI EI SMI EI SLI SLI SMI 
C3.1 vs C3.8 EI SMI SLI SLI SMI LI MI LI EI EI MI MI SMI SMI LI SMI SMI MI EI SMI EI SLI EI MI 
C3.2 vs C3.3 EI EI EI SLI MI LI MI AMI SLI SLI MI MI SMI SMI MI SMI EI EI SLI LI EI LI LI EI 
C3.2 vs C3.4 EI EI EI EI MI LI MI AMI SLI EI MI MI MI SMI MI SMI SMI MI SLI SLI MI LI EI MI 
C3.2 vs C3.5 EI EI EI EI EI LI SMI AMI SLI EI MI LI MI SMI EI SMI EI SMI AMI SMI EI EI SLI SMI 
C3.2 vs C3.6 EI EI SMI EI EI LI MI AMI SLI EI MI SMI MMI SMI LI SMI EI MI SMI SMI MI SLI EI SMI 
C3.2 vs C3.7 EI EI EI EI MI LI MI ALI SLI EI MI SMI MI SMI LI SMI EI SMI EI SMI SMI SLI EI EI 
C3.2 vs C3.8 EI EI SMI EI SMI LI SMI AMI SLI EI MI MI SMI SMI LI SMI SMI MI EI SMI EI EI SMI SMI 
C3.3 vs C3.4 EI EI MI EI EI MI LI EI EI EI EI MMI LI SMI MLI SLI EI SMI LI EI EI EI MI MI 
C3.3 vs C3.5 EI SLI SMI EI LI SMI LI AMI EI EI EI MI EI SMI MLI SLI SLI EI SLI EI EI EI SMI EI 
C3.3 vs C3.6 EI EI MI SLI LI MMI SLI AMI EI EI EI MI MI SMI ALI EI SLI EI SLI SMI MI MI SMI EI 
C3.3 vs C3.7 EI EI EI EI EI AMI SLI EI EI EI MMI EI EI EI LI EI SLI EI SLI SMI MI MI EI EI 
C3.3 vs C3.8 EI EI SMI EI LI MI LI EI EI EI MI EI EI EI MLI EI MI MI SLI SMI EI MI MI SMI 
C3.4 vs C3.5 EI EI SLI SMI LI AMI SLI MLI EI EI MI EI EI EI LI EI EI SLI EI EI LI EI LI EI 
C3.4 vs C3.6 EI SLI SLI EI LI EI MI AMI EI EI MI SLI MI SMI LI EI SMI SLI SMI SLI EI SMI SLI SMI 
C3.4 vs C3.7 EI EI LI EI EI MI MI EI EI EI SLI SMI EI EI SMI SMI SLI SLI SMI SMI SMI EI SLI SLI 
C3.4 vs C3.8 EI EI SLI SMI EI SMI SLI EI EI EI MMI SMI EI EI SLI EI MI EI SMI EI LI SLI SLI SMI 
C3.5 vs C3.6 MI EI EI EI EI MI MI AMI EI EI MMI SMI MI SMI MMI EI SLI EI EI EI MI MMI SMI EI 
C3.5 vs C3.7 EI EI EI EI MI LI SMI AMI EI EI MMI EI EI EI MMI SMI SLI EI SMI SMI MI EI SLI SLI 
C3.5 vs C3.8 EI SMI SMI SMI EI EI SLI EI EI EI EI EI EI EI SMI SMI SMI MI SMI EI EI SLI SMI MI 
C3.6 vs C3.7 EI EI SLI EI MI LI LI AMI EI EI EI EI LI SLI MMI EI EI EI EI SMI EI LI SLI SLI 
C3.6 vs C3.8 EI SMI MI EI EI LI LI EI EI EI SMI SLI LI SLI SLI SLI SMI MI SMI SMI LI LI SLI SMI 
C3.7 vs C3.8 EI EI MI EI EI LI SLI ALI EI EI EI EI EI EI SLI EI SMI MI EI SLI LI SLI SMI SMI 
C4.1 vs C4.2 EI EI MMI EI EI MI SLI EI SMI MI EI EI SLI SMI EI SMI MI MI EI MI EI AMI EI SLI 
C4.1 vs C4.3 EI SMI MMI SMI EI MI SLI AMI SMI SMI EI SMI EI MI MMI SMI MI MI EI MI MI EI MMI EI 
C4.1 vs C4.4 EI SMI MI SMI EI MI LI AMI SMI SMI MI MI EI SLI MMI SMI EI EI EI SMI EI SMI EI SMI 
C4.2 vs C4.3 EI MI MI SMI EI SMI MLI EI EI SLI MI SMI SMI MI AMI EI EI EI EI EI MI LI SMI MI 
C4.2 vs C4.4 EI MI MI EI EI SMI MLI EI SLI EI MI SMI MI MI AMI EI EI SLI EI SLI EI MLI EI MI 
C4.3 vs C4.4 EI LI EI EI LI SMI SLI EI EI EI MI SLI EI LI MMI EI EI EI EI SLI MLI EI LI SLI 
I1.1.1 vs I1.1.2 EI LI LI EI EI EI SLI SLI EI SLI SMI MLI EI EI LI EI EI EI EI EI ALI MI EI SLI 
I1.6.1 vs I1.6.2  EI MI MI SLI MLI MI SLI EI SLI MLI SMI MLI SMI EI EI EI EI MI SLI SLI ALI SMI MI SLI 
I2.4.1 vs I2.4.2 EI SMI MMI SMI LI MMI MMI MMI MI EI MI EI MMI SMI EI SMI SLI SMI MI SLI EI MMI MI MI 
I3.4.1 vs I3.4.2 SLI EI MLI SLI LI AMI MI EI LI EI SMI LI MLI LI MLI LI MI LI SMI SMI EI LI LI MI 
I3.5.1 vs I3.5.2 SLI MI AMI SLI EI MI LI MI MI EI MI EI LI MLI SLI EI MI EI SLI SLI EI MLI MMI MI 
I3.8.1 vs I3.8.2 SLI MMI MLI SLI MLI MI MMI EI MI MI EI SMI MLI EI MI MLI MI MLI LI SMI LI SLI EI MI 

116 
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2.3. Weighting of the elements in the decision-making tree 117 
 118 
The weighting of the elements in the hierarchy into which SIRSDEC is structured is essential to support its realistic 119 
application. The AHP method (Saaty, 1990) was used to assess the pairwise comparisons of expert judgments. Table 120 
4 includes the values of C.R. obtained after evaluating the consistency of the comparisons received from each expert 121 
in relation to requirements and criteria. The results showed that the number of inconsistent comparisons exceeded 50% 122 
for each group (C.R. > 0.1). The comparisons associated with the economic and environmental criteria included 13 123 
inconsistencies each, whilst those related to social criteria and the four requirements involved 14 and 12 inconsistencies, 124 
respectively. The highest number of inconsistencies (16) corresponded to the management criteria.  125 
 126 

Table 4. Summary of the consistency analysis of the comparisons provided by the respondents  127 

Respondent # 
Requirement 

Economic 

criteria 

Social 

criteria 

Management 

criteria 

Environmental  

criteria 

C.R. C.R. C.R. C.R. C.R. 

1 0.000 0.000 0.237 0.000 0.028 

2 0.139 0.150 0.076 0.087 0.047 

3 0.166 0.178 0.255 0.193 0.208 

4 0.058 0.058 0.080 0.068 0.090 

5 0.000 0.131 0.123 0.092 0.041 

6 0.292 0.124 0.165 0.090 0.308 

7 0.171 0.210 0.404 0.235 0.182 

8 0.644 0.257 0.376 0.734 1.391 

9 0.000 0.059 0.076 0.218 0.003 

10 0.184 0.043 0.139 0.088 0.012 

11 0.131 0.132 0.250 0.373 0.278 

12 0.181 0.105 0.274 0.442 0.332 

13 0.098 0.012 0.262 0.231 0.124 

14 0.059 0.551 0.046 0.153 0.041 

15 0.086 0.226 0.281 0.204 0.315 

16 0.120 0.000 0.034 0.045 0.093 

17 0.012 0.127 0.420 0.130 0.122 

18 0.000 0.103 0.070 0.135 0.051 

19 0.000 0.000 0.035 0.126 0.252 

20 0.184 0.016 0.086 0.193 0.213 

21 0.197 0.005 0.105 0.079 0.082 

22 0.201 0.057 0.126 0.373 0.371 

23 0.000 0.005 0.073 0.254 0.171 

24 0.000 0.169 0.098 0.355 0.088 

Consistent comparisons 12 11 10 8 11 

Inconsistent comparisons 12 13 14 16 13 

 128 
The Grubbs’ test (Grubbs, 1950) was undertaken to detect outliers in the values of C.R. (see Figure 2). Respondent #8 129 
provided extreme comparisons in relation to requirements, management criteria and environmental criteria, whilst re-130 
spondent #14 was too inconsistent with respect to the economic criteria.  131 
 132 
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 133 
Figure 2. Boxplots of the values of C.R. associated with the pairwise comparisons provided by the experts 134 

 135 
The methodology proposed by Jato-Espino et al. (2016), consisting on the Generalized Reduced Gradient (GRG) algo-136 
rithm (Abadie et al., 1968) and an aggregation system based on the proximity between the judgments of each pair of 137 
respondents, was used to adjust the inconsistent judgments found in the returned questionnaires and integrate them 138 
into a consensual set of weights. The application of the GRG algorithm made consistent every comparison with a value 139 
of C.R. > 0.1, except those provided by the respondent #8, who proved to be too inconsistent with respect to several 140 
comparisons and was therefore discarded for further analyses. Since the remaining experts were found to be too incon-141 
sistent only for one isolated comparison each at most, their remaining judgments were considered henceforth. 142 
 143 
Table 5 shows the consensual weights obtained for each element of the decision-making tree after aggregating the 144 
consistent judgments of the experts according to their similarity of thought, in order to give more importance to those 145 
who proved to have closer points of view. The social dimension reached the highest weight (0.324), followed by Envi-146 
ronment (0.289), Economy (0.247) and Management (0.140). These values ensured the achievement of a balance 147 
among the weights of the pillars of sustainable development. Combating poverty (C4.1) was found to be the most im-148 
portant factor in economic terms, whilst Natural Ecosystems conservation (C3.1) and Biodiversity Ecosystem (C3.2) 149 
were the criteria with the highest weights in the environmental domain. As for the social requirement, three criteria 150 
highlighted over the rest: Role of indigenous people & communities (C2.2), Equitable Development (C2.3) and Social 151 
impacts & Benefits (C2.4). Finally, the results demonstrated that Project Sustainability Management plan (C1.2) was 152 
the most relevant criterion in the management category. 153 
  154 
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Table 5. Weights for the elements in the SIRSDEC decision-making tree 155 
Requirement 

R# 

 Weight 

# 

Criteria 

C#.# 

Weight 

#.# 

Indicator  

I#.#.# 

Weight 

#.#.# 

 

R1 

 

0.140 

C1.1 0.112 
I1.1.1 1.000 

I1.1.2 1.000 

C1.2 0.230 I1.2.1 1.000 

C1.3 0.148 I1.3.1 1.000 

C1.4 0.135 I1.4.1 1.000 

C1.5 0.171 I1.5.1 1.000 

C1.6 0.204 
I1.6.1 1.000 

I1.6.2 1.000 

 

R2 

 

0.324 

C2.1 0.179 I2.1.1 1.000 

C2.2 0.214 I2.2.1 1.000 

C2.3 0.211 I2.3.1 1.000 

C2.4 0.222 
I2.4.1 1.000 

I2.4.2 1.000 

C2.5 0.174 I2.5.1 1.000 

 

R3 

 

0.289 

C3.1 0.169 I3.1.1 1.000 

C3.2 0.155 I3.2.1 1.000 

C3.3 0.130 I3.3.1 1.000 

C3.4 0.102 
I3.4.1 1.000 

I3.4.2 1.000 

C3.5 0.143 
I3.5.1 1.000 

I3.5.2 1.000 

C3.6 0.094 I3.6.1 1.000 

C3.7 0.109 I3.7.1 1.000 

C3.8 0.098 
I3.8.1 1.000 

I3.8.2 1.000 

 

R4 

 

0.247 

C4.1 0.398 I4.1.1 1.000 

C4.2 0.256 I4.2.1 1.000 

C4.3 0.145 I4.3.1 1.000 

C4.4 0.201 I4.4.1 1.000 

 156 
2.4. Characterization of indicators using value functions 157 
 158 
The eight indicators included in the management requirement promote the use of effective project governance frame-159 
works, sustainable best practices and standards focused on enhancing management in infrastructure projects. Binary 160 
stepped value functions were assigned to all indicators in this category. Hence, 0 or 1 points are allocated to them 161 
depending on whether the goals they seek are met or not. The same principle was also applied to indicators I2.5.1 and 162 
I4.1.1. Regarding the social requirement, indicators I2.1.1 and I2.2.1 are also rated using binary stepped functions 163 
according to standards of the International Association for Public Participation (IAP2, 2016). Projects in which stake-164 
holders, population and/or indigenous community are at least involved are rewarded with 1 point, otherwise they are 165 
rated with 0 points. 166 
 167 
Increasing linear functions were set for indicators I3.3.1, I3.4.1, I3.4.2, I3.5.1, I3.5.2, I3.8.1 and I3.8.2 to reward the 168 
performance of indicators proportionally. Due to the scarcity of metrics for developing countries, the lower and upper 169 
values for these value functions were based on thresholds established by existing sustainable infrastructure rating sys-170 
tems (Envision (ISI, 2012), Civil Engineering Environmental Quality (CEEQUAL, 2015) and Infrastructure Sustainability 171 
(IS) Rating Tool (ISCA, 2012)) for equivalent indicators. The minimum and maximum values for indicators I2.4.2, I3.1.1, 172 
I3.2.1 and I4.2.1 were extracted from the same data source. These indicators were characterized through concave value 173 
functions, in order to reward projects that have low values with respect to them. Indicators I2.3.1 and I4.1.1 were repre-174 
sented by increasing convex value functions, with their bounds delimited according to reports from the International 175 
Labor Organization (ILO) (ILO, 2015). 176 
 177 
S-shape was found to be the most appropriate value function for indicators I2.4.1, I3.6.1, I3.7.1 and I4.3.1. These indi-178 
cators were defined again from thresholds found in existing infrastructure rating systems, with the exception of I3.7.1, 179 
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whose range of values was taken from the NEC directive 2001/81/EC (EU, 2016). Table 6 summarizes the parameters 180 
that characterize the value functions defined for each indicator included in SIRSDEC. 181 
 182 

Table 6. Parameters established for the value functions to characterize each indicator in SIRSDEC  183 
Indicator Xmin Xmax Pi Ci Ki Function 

I 1.1.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 1.1.2 0.00 1.00 n.a. n.a. n.a. Stepped 

I 1.2.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 1.3.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 1.4.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 1.5.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 1.6.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 1.6.2 0.00 1.00 n.a. n.a. n.a. Stepped 

I 2.1.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 2.2.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 2.3.1 51.00 99.00 0.75 51.00 4.000 Convex 

I 2.4.1 25.00 0.00 3.00 5.00 0.020 S-Shape 

I 2.4.2 20.00 0.00 5.00 3.00 0.002 Concave 

I 2.5.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 3.1.1 30.00 0.00 2.50 15.00 0.050 Concave 

I 3.2.1 30.00 0.00 2.50 15.00 0.050 Concave 

I 3.3.1 10.00 40.00 1.00 40.00 1.000 Linear 

I 3.4.1 10.00 30.00 1.00 30.00 1.000 Linear 

I 3.4.2 10.00 25.00 1.00 25.00 1.000 Linear 

I 3.5.1  5.00 20.00 1.00 20.00 1.000 Linear 

I 3.5.2  0.00 30.00 1.00 30.00 1.000 Linear 

I 3.6.1 15.00 0.00 5.00 8.00 0.250 S-Shape 

I 3.7.1 0.00 52.00 5.50 11.00 0.015 S-Shape 

I 3.8.1 0.00 20.00 1.00 20.00 1.000 Linear 

I 3.8.2 20.00 50.00 1.00 50.00 1.000 Linear 

I 4.1.1 0.00 1.00 n.a. n.a. n.a. Stepped 

I 4.2.1 30.00 0.00 2.50 15.00 0.050 Concave 

I 4.3.1 0.00 30.00 3.00 5.00 0.025 S-Shape 

I 4.4.1 10.00 30.00 0.70 30.00 2.000 Convex 

 184 

3.  A case study in the Arequipa Region, Peru: The Tia Maria project 185 

 186 
Southern Copper, a multinational leading copper mining company, is developing the Tia Maria project at the province 187 
of Islay in the Peruvian Arequipa Region. The project, which is scheduled to start operations by 2017 and foresees an 188 
initial estimated production of 120,000 tons of copper for the first year, involves the construction of a raft leaching with 189 
a capacity of 131,250 m3 across a surface of 37,500 m2. The Environmental Impact Assessment (EIA) of the Tia Maria 190 
project was approved by the Peruvian Ministry of Energy and Mines in August 2014. However, the outright rejection of 191 
the project by the community of Islay has forced Southern Copper to temporarily paralyze the project in order to clarify 192 
a series of issues with the inhabitants of the area. 193 
 194 
The aim of the case study is the application of SIRSDEC to the raft leaching project in Peru, taking into account infor-195 
mation of the approved EIA to appraise its sustainability. According to the United Nations specifications (UN-Habitat, 196 
2015), countries with a Human Development Index (HDI) below 0.8 are considered as Developing Countries. The 2015 197 
HDI of Peru is 0.734, which justifies the use of SIRSDEC to assess this project from the perspective of the TBL.  198 
 199 
As a result of the application of mandatory Southern Copper policies and standards, every project developed by the firm 200 
must be aligned with ISO 9001 and 14001 specifications (C1.1) and include Project Sustainability Management and 201 
Sustainability Risk Management plans (C1.2 and C1.3). In addition, Sustainable procurement and Inspection & Auditing 202 
plans (C1.4 and C1.5) are also implemented in all projects carried out by this company. Lessons learned from the past 203 
are logged and distributed among the organization staff to decrease the repetition of the same mistakes in the future 204 
(C1.6). Consequently, all management indicators for the Tia Maria project were rewarded with 1 point each. 205 
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 206 
The involvement of community, stakeholders and indigenous people during the project development was null. Further-207 
more, 35% of local population might be impacted by the project. Consequently, the value of I2.1.1, I2.2.1 and I2.4.1 was 208 
0. The fact that there was no disturbance to settlements, farmland area and floodplains granted 1 point to I2.4.2, I4.2.1 209 
and I3.6.1. Company standards also demanded the assessment of local cultural heritage and economy and the equality 210 
of wages for both sexes, which rewarded I2.4.2, I2.5.1, I4.1.1 and I2.3.1 with 1 point. 211 
 212 
The project did not envisage energy savings, use of renewables and runoff water storage, which allocated 0 points to 213 
I3.4.1, I3.4.2 and I3.5.2. The impact of the project was estimated to affect 37% of endangered species and 10% of local 214 
employment, which rewarded I3.2.1 and I4.4.1 with 0 points. 8% of impacted ecosystem area and fresh water consump-215 
tion reduction granted 0.5 and 0.26 points to I3.1.1 and I3.5.1, respectively. Waste production and waste recycled/re-216 
used experienced a decrease in 15% and 47%, so that indicators I3.8.1 and I3.8.2 received 0.83 and 0.95 points each. 217 
Local materials consumption was calculated to be 12%, which means a value of 0.29 for I.4.3.1. GHG emissions and 218 
Air pollutants reduction were 18% and 23%, which resulted in values of 0.34 and 0.58 for indicators I3.3.1 and I3.7.1. 219 
Table 7 summarizes the ratings and values reached by the SIRSDEC indicators for the Tia Maria project. 220 
 221 

Table 7. Assessment of SIRSDEC Indicators for the Tia Maria project 222 
 Indicator 

Tia Maria project    

Indicator rating  

Tia Maria project 

 indicator value 

(*) I 1.1.1 1.00 1.00 

(*) I 1.1.2 1.00 1.00 

(*) I 1.2.1 1.00 1.00 

 I 1.3.1 1.00 1.00 

(*) I 1.4.1 1.00 1.00 

(*) I 1.5.1 1.00 1.00 

 I 1.6.1 1.00 1.00 

 I 1.6.2 1.00 1.00 

(*) I 2.1.1 Not involved 0.00 

 I 2.2.1 Not involved 0.00 

(*) I 2.3.1 100% 1.00 

 I 2.4.1 35% 0.00 

 I 2.4.2 0.00 1.00 

(*) I 2.5.1 1.00 1.00 

(*) I 3.1.1 8% 0.50 

 I 3.2.1 37% 0.00 

(*) I 3.3.1 18% 0.34 

 I 3.4.1 0% 0.00 

 I 3.4.2 0% 0.00 

(*) I 3.5.1 8% 0.26 

(*) I 3.5.2 0% 0.00 

(*) I 3.6.1 0% 1.00 

 I 3.7.1 23% 0.58 

 I 3.8.1 15% 0.83 

 I 3.8.2 47% 0.95 

(*) I 4.1.1 1.00 1.00 

 I 4.2.1 0% 1.00 

 I 4.3.1 12% 0.29 

(*) I 4.4.1 10% 0.00 

SIRSDEC score  69.66 

                           (*) Mandatory indicators  223 
 224 

Even though the SIRSDEC score obtained was 69.66 (Silver), which is over 63.00 (Pass), the project did not fulfil some 225 
mandatory indicators such as I2.1.1, I3.1.1, I3.3.1, I3.5.2 and I4.4.1. Consequently, the Tia Maria project did not reach 226 
the minimum score required to pass the SIRSDEC evaluation. Moreover, the values for indicators I2.4.1, I3.2.1, I3.4.1, 227 
I3.4.2 and I4.2.1 were out of the system thresholds.  228 
 229 
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Some actions were suggested to be implemented in the project to fulfill the principles being sought by SIRSDEC and 230 
reach the Pass level of achievement, including the reduction of current social rejection. These actions intended to en-231 
hance the involvement of social stakeholders and indigenous community, in order to increase the knowledge about the 232 
project among population throughout a broad information campaign and periodic meetings with the community. The 233 
main concern of inhabitants is the negative impact of mining project on farmlands, because agriculture is their primary 234 
source of income. In this sense, the majority of manpower might be appointed among local inhabitants during the con-235 
struction stage and remain during the operation of the mine. Hence, the rise of the local employment ratio up to 25% of 236 
population could contribute to mitigate economic concerns.  237 
 238 
The raft leaching project would also incorporate additional design improvements to prevent from the break and overflow 239 
of the infrastructure, which might have very negative impacts on both ecosystem and biodiversity. These changes also 240 
would reduce GHG and air pollutants emissions. The construction of a runoff water tank would enable the reduction of 241 
fresh water consumption. Furthermore, the installation of new photovoltaic panels would contribute to saving energy 242 
and increasing the use of renewables. Table 8 includes the proposed actions and their impact in the re-assessment of 243 
the affected indicators. The implementation of these new measures would result in a SIRSDEC score for the Tia Maria 244 
project of 95.10 (Gold), including the fulfillment of all mandatory indicators and keeping within the ranges established 245 
by the framework. 246 
 247 

Table 8. Re-assessment of affected SIRSDEC indicators  248 

Indicator Action 
Initial

indicator rating 

Final

indicator rating 

Initial  

indicator value 

Final

indicator value 

(*) I2.1.1  Information Campaign and meetings Not involved Involved 0.00 1.00 

    I2.2.1 Information Campaign and meetings Not involved Involved 0.00 1.00 

    I2.4.1 Design improvements & increase of 

local employment rate 
35% 23% 0.00 0.01 

(*) I3.1.1 Design improvements 8% 0% 0.50 1.00 

    I3.2.1 Design improvements 37% 23% 0.00 0.03 

(*) I3.3.1 Design improvements 18% 40% 0.34 1.00 

    I3.4.1 Design improvements 0% 11% 0.00 0.07 

    I3.4.2 Photovoltaic panels 0% 14% 0.00 0.33 

(*) I3.5.1 Runoff water tank construction 8% 15% 0.26 0.75 

(*) I3.5.2 Runoff water tank construction 0% 20% 0.00 0.77 

    I3.7.1 Design improvements 23% 29% 0.58 0.96 

    I4.4.1 local employment priority 10% 25% 0.00 0.91 

 249 
Although Table 5 shows a set of consensual weights which is considered valid for all developing countries because it 250 
comes from the responses provided by worldwide specialists in sustainability, sensitivity analysis was conducted to 251 
determine the response of SIRSDEC when some of these weights are altered. In particular, a new scenario was de-252 
signed to replicate the average distribution of weights considered in existing sustainable infrastructure rating systems 253 
in developed countries: CEEQUAL, Infrastructure Sustainability (IS) and Envision Superior. According to Diaz-Sara-254 
chaga et al. (2016b), the economic, environmental and social requirements in these systems reached average weights 255 
of 0.103, 0.682 and 0.215, respectively. The re-assessment of the Tia Maria project using SIRSDEC after modifying the 256 
weights in Table 5 according to these values resulted in a score of 54.16, which is under 63.00 (Pass) and, by extension, 257 
under the score obtained for the weighting scenario determined from the opinions provided by the experts: 69.66 (Silver). 258 
This fact highlighted the need to increase the importance of social and economic aspects in the assessment of infra-259 
structure projects in developing countries to obtain a realistic valuation of their contribution to sustainability, as pointed 260 
out in Diaz-Sarachaga et al. (2016a, 2016b). 261 
 262 

4. Conclusions  263 
 264 
Massive international investments on sustainable development in poorer countries demand effective guidelines and 265 
frameworks to ensure the achievement of sustainable goals. Assessment tools require the development of customized 266 
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indicators from international development agencies that emphasize the role of infrastructure as a key driver for sustain-267 
able development. This article presents the step-by-step application of the methodology created for the design of the 268 
Sustainable Infrastructure Rating System for Developing Countries (SIRSDEC) through an infrastructure project located 269 
in the Arequipa Region (Peru). 270 
 271 
The analysis of the responses in the questionnaires sent to intentional experts revealed that they valued positively the 272 
creation of a sustainable infrastructure rating system focused on developing countries. The distribution of weights for 273 
the requirements resulted in an almost complete balance between the three pillars of sustainable development, with a 274 
slight predominance of the social dimension (32.4%) over the environmental (28.9%) and economic (24.7%) aspects. 275 
This was one of the aims of SIRSDEC in comparison with existing infrastructure rating systems, which are biased 276 
towards environmental concerns. The experts also welcomed the initiative of including management as the fourth re-277 
quirement to strengthen the linkage between the three cornerstones forming the Triple Bottom Line.  278 
 279 
The AHP method was used to transform the linguistic opinions provided by the experts into numerical pairwise compar-280 
isons. The inconsistences found in the returned questionnaires were adjusted using the Generalized Reduced Gradient 281 
algorithm, whilst the subsequent set of consistent pairwise comparisons was aggregated into a consensual vector of 282 
weights according to the similarity of thought among the experts. The application of the Integrated Value Model for 283 
Sustainable Assessment (MIVES) enabled the characterization of indicators and their standardization into a dimension-284 
less value index using value functions. Some data from existing sustainable infrastructure rating tools were considered 285 
to establish the ranges that delimit these functions, due to the lack of statistics focused on developing countries. 286 
 287 
The results of the case study showed the relevance of social and economic issues over environmental concerns in 288 
developing countries. SIRSDEC identified key indicators, which were initially neglected by the construction company, 289 
to promote a new approach for the community and unblock the Tia Maria project. Despite it did not initially achieve the 290 
minimum SIRSDEC requirements to be considered sustainable, its re-assessment through the proposal of several ac-291 
tions mainly focused on social and economic aspects enabled the achievement of sustainable objectives. Furthermore, 292 
the re-assessment of the project using the average weights used in current sustainable infrastructure rating systems 293 
resulted in an undervaluation of its contribution to sustainability, in comparison with the initial scenario based on the 294 
weights obtained from the experts. Therefore, environmental issues contributed less to the score than social and eco-295 
nomic matters, which indicates that the influence of the latter on sustainability increases in developing countries.  296 
 297 
This research ratifies SIRSDEC as an effective sustainable infrastructure rating system oriented to developing countries 298 
under the balanced consideration of the three principles of sustainability. However, although this paper is a promising 299 
starting point to demonstrate the usefulness of SIRSDEC to assess the contribution of infrastructure projects to sustain-300 
able development, further research should consider the inclusion of new sustainability indicators from international 301 
agencies and multilateral banks, in order to better represent the economic and social priorities of poorer countries and 302 
facilitate the collection of information throughout the lifecycle of this kind of projects. Moreover, the specifics of some 303 
particular locations might require a customization of the weights assigned to the elements forming SIRSDEC, in case 304 
there are any special reasons why some indicators must be more important than usual. 305 
 306 
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