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Abstract 

This research developed a Decision Support System (DSS) to aid decision-makers in selecting 

the most sustainable insulation materials and their thickness among commercially available 

alternatives. The developed DSS ranks available alternatives according to individual project 

cases by incorporating project information, material information, and the decision makers’ 

preferences.  

The methodology developed in this study utilizes the TOPSIS technique with Pareto search 

technique for multi-objective optimization. By limiting the alternatives to the ‘Pareto front’ for 

Life Cycle Assessment (LCA) and Life Cycle Cost (LCC), the study attempted to reduce 

subjectivity in the Multi-Criteria Decision-Making (MCDM) process. The suggested method is 

demonstrated in Excel and programmed with Python to implement a user interface for data 

input and output results. 

In addition, this study uses a product-specific Environmental Product Declaration (EPD) of 

material to calculate embodied energy in the Life Cycle Assessment (LCA). Also, the research 

provides understanding of the decision-making criteria for the sustainable selection of 

insulation materials, based on literature review and structured interviews with industry 

experts.  

The developed DSS has been validated by industry experts and tested with different inputs.  
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Chapter 1 Introduction 

1.1 Rationale for Research 

The Canadian government introduced “The Pan-Canadian Framework (PCF)” in 2016 in 

response to the Paris Agreement. It sets a target of reducing the country’s carbon emissions 

to 30 percent below its 2005 levels by 2030 ( Canada.Ca, n.d.). The construction industry 

cannot hide its head in the sand as building and construction are responsible for 39% of all 

carbon emissions globally where operational emissions contribute 28% and embodied carbon 

emissions 11% ( World Green Building Council, 2019). 

In 2017, Canada's total GHG emissions, including electricity, were 488.6. (Mt of CO2e). 

Among the total emissions, the construction industry accounted for 7.7 (Mt of CO2e), without 

including material transportation and manufacturing emissions (Natural Resources Canada, 

n.d.). Manufacturing accounted for 19% of global GHG emissions, while transportation 

accounted for 13% (Stiel et al., 2016). In an effort to reduce carbon emissions, Passive 

Houses and Net Zero Houses (hereafter NZE) are being built. Some aspects of these houses 

are stipulated in building codes or policies of many countries. Since 2017, Canada has 

promoted the “Build Smart” strategy nationwide as part of a swathe of other policies and 

incentive schemes. However, Passive Houses and Net Zero Houses are primarily concerned 

with operational energy during the building's use stage.  

According to Thormark (2002), low-energy buildings contain higher embodied energy than 

conventional energy. Embodied energy means the energy used from the raw material 

extraction, transportation, and production. This raises the question of what constitutes true 

sustainability in the construction industry and how can construction management assist in 

reducing carbon emissions, both operational and embodied. Chen et al. (2019) has stated 
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that sustainable building material selection is diffusely regarded as the simplest and most 

essential way of achieving sustainability. A solution could be to select a material that has the 

least environmental impact during procurement. 

Most construction projects are budget-constrained, and sustainable options are known to 

require more initial investment, in other words, environmental concerns have not been a 

strong decision driver in material procurement. 

If the decision makers are concerned with sustainable material selection, life cycle costing 

(LCC) is a popular approach that focuses on the financial element from the initial investment 

to the future energy bills. Elsewhere, there is the less frequently used Life Cycle Assessment 

(LCA) concept for selecting building components. Even though LCA is less common, it focuses 

on actual emissions not only during the operational stage but also from the raw material 

extraction and it measures emissions across six categories, including CO2. If used in the 

procurement decision-making process, LCA could contribute to reducing CO2 emissions. 

Hence, this research aims to build a decision support system for sustainable building material 

procurement that incorporates LCA while including other traditional aspects which can help 

decision-makers find the best option for their project.  

As for the material, the study focuses on building insulation because insulation is the main 

performer for energy conservation during the operation of a building.  

1.2 Research Objectives  

This research attempted to develop a decision support framework and software that users 

can easily utilize to find a sustainable insulation product and thickness among all those 

available on the market. The research objective was accomplished by achieving the following:  

1. From the literature review, understand what drives major decisions, how sustainable 

the insulation materials are and how decisions are made.  
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2. Collect the data required to calculate LCA (Life Cycle Assessment) and LCC (Life Cycle 

Cost) and apply a Pareto search for minimum LCA and LCC for individual material 

options.  

3. Find decision-making criteria, apply TOPSIS techniques, and build a decision support 

system that helps find the best insulation product and best thickness among the 

available products.  

4. Build a software prototype that can comply with all the above for user applications.  

1.3 Expected Contributions 

This thesis intends to contribute to the following: 

1. Application of operational energy and embodied energy concepts in the decision-

making process 

2. Integration of Pareto front and TOPSIS technique 

3. Development of a selection tool that can be used in real market options 

4. Development of a Project-specific selection tool 

1.4 Thesis Organization  

The thesis comprises of six chapters.  

Chapter 1 introduces the topic’s background, defines the objectives of the study, and outlines 

the structure of the research.  

Chapter 2 is the literature review. First, it ascertains common decision-making drivers in 

sustainable material selection before investigating previous sustainable material selection 

studies and their methodologies. It also covers life cycle environmental impact-related 

subjects, including Environmental Product Declaration and its definition by ISO and related 

calculation techniques.  
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Chapter 3 introduces the methodology adopted in this research. It explains the design of the 

framework, material selection methodologies, calculation assumptions, required data, and 

data collection.  

Chapter 4 demonstrates the application of the methodology using a case study.  

Chapter 5 verifies the method from various angles and validates the method by experts.  

Chapter 6 includes the final summary, contribution, limitation of the study, and proposed 

future research.  
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Chapter 2 Literature Review 

2.1 Introduction 

A review of previous articles and research is necessary to establish the analytical foundations 

of this research. First, section 2.2 discusses what the main drivers of material selection are 

before investigating some previous studies, methodologies on material selection, as well as 

the technical understanding of sustainable buildings and insulation, such as how the thermal 

resistance of insulation can affect the building’s emissions and costs over its life cycle. A look 

at the ISO and EN standards for life cycle assessment is also required to build knowledge 

about the subject. This literature review is broken down as follows: 

- Sustainable construction decision drivers and barriers 

- Sustainable material selection making 

- Sustainable insulation material and Embodied Energy 

- Environmental Life cycle assessment (LCA) 

- LCA application, Software, and Database 

- Measuring Specific Data 

2.2 Sustainable construction decision drivers and barriers 

Many international environmental agreements have been signed between countries in an 

effort to stop global warming. The aim and purpose of such environmental policies seem 

straightforward and clear at the government level, but there is more to consider except 

goodwill when it comes to practice. This section discusses the forces pushing industries to 

green construction.  
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2.2.1 Regulation and LEED  

The government’s environmental policies are the guidance for green buildings, and designers 

and suppliers are dependent on governmental incentives for green innovation (Fu et al., 2020). 

Gbadebo and Ajibike (2019) also, found that regulations are a strong driver of 

environmentally sustainable construction among large construction firms. However, relying 

on only policies and regulations has its limitations. The limitation of regulatory-driven policy 

is that the line is drawn at the minimum. Therefore, these legislative measures of assessment 

cannot be the decision-making tool for sustainable building design (Burke & Kristen, 2008). 

While compulsory government policies are the fundamental driver of sustainable construction, 

voluntary green building certificates promote sustainability further to a challenging level. 

There are a number of certifications for building sustainability. Among those, Leadership in 

Energy and Environmental Design (LEED) is the most widely used environmental assessment 

rating system in the construction industry today. As of 2020, there are more than 100,000 

buildings and spaces participating in LEED across 176 countries and territories (Stanley, 

2020). LEED acts as a green building market driver internationally. LEED requirements for 

credits are in line with the USA’s Green Building Codes and the International Green 

Construction Code (IgCC). Internationally, LEED is flexible enough to adopt local regulations 

to their point system. USGBC issues four levels of LEED certificates in four levels: platinum, 

gold, silver, and certified. This makes the certification more onerous than the government’s 

regulations. After fulfilling each category’s necessary prerequisites, points from each credit 

are added up for each certification level. However, Burke & Parrish (2018) pointed out the 

limitation saying it is a measurement tool and not a design tool. Despite the criticism by Burke 

& Parrish (2018), it is true that sustainable building certification is pushing the sustainable 

choices further than the government’s regulation.  

https://www.usgbc.org/articles/leed-reaches-new-milestone-surpasses-100000-commercial-green-building-projects
https://www.usgbc.org/articles/leed-reaches-new-milestone-surpasses-100000-commercial-green-building-projects
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2.2.2 Economic aspect 

While government-driven regulations work as a sustainable construction driver to a certain 

extent, economic aspects of sustainability work as a barrier. The benefits of building 

sustainably may not be so readily perceived since most sustainable materials can be pricier 

than conventional ones. As a consequence, owners might hesitate to integrate sustainability 

strategies because of increased initial costs (Wao, 2017). Kats (2013, as cited in Li et al. 2020) 

claimed that it is approximately $ 3/ft2 to $ 9/ft2 more expensive to construct green buildings 

than conventional buildings. Research shows that the key barriers to sustainable construction 

are linked to initial costs. Wao (2017) reiterates that most believe sustainability has higher  

initial costs compared to ordinary buildings. The conventional, finance-based toolkits such as 

life cycle cost analysis, capital cost, and discounted cash flow continue to be the most 

frequently used tools in project investment decision-making practice. (Higham & Fortune, 

2016)  

 

Figure 1 Sustainable Material Decision Drivers 
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2.2.3 Life Cycle Assessment (LCA) 1 

Masanet and Chang (2014) surveyed some 900 manufacturing and transport operations 

practitioners on their use of LCA as a decision support tool. Around 33% of the respondents 

intended to use LCA for decision-making in the context of manufacturing and transport 

operations. On the other hand, according to Stiel et al. (2016) some practitioners argue that 

they cannot incorporate LCA within their decision support systems due to the time and 

resources required as well as due to the current LCA software that is partially unsatisfactory.  

2.3 Sustainable material selection 

This section reviews previous studies for sustainable material selection. In the literature, 

various methodologies are employed, and four main streams can be found: 1) Multi-Criteria 

Decision-Making Techniques, 2) Multi-objective optimization, and 3) quantitative comparison 

of materials, and 4) integration of LCA and LCC. While introducing the various methodologies, 

some are examined in more detail for later application in Chapter 3. 

2.3.1 Multi-Criteria Decision-Making Techniques 

Multi-Criteria Decision-Making Techniques (MCDM) are a range of methods that evaluate 

multiple conflicting criteria to place alternatives in order, rank by weighting. MCDM can assess 

not only quantitative criteria but also qualitative criteria in combination with the Fuzzy set 

theory.  

Burke & Parrish (2018) studied an effective way for integrating environmental product 

declarations (EPD) in sustainable material selection by using message sequence charts (MSC) 

a graphical language that visualizes communications between systems or entities. The MSC 

 
1 Section 2.5 elaborates further on LCA. 
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captures stakeholders’ thoughts. This study’s focus group showed that it would be practical 

to integrate EPD into the early design process.  

Nofal & Hammad (2020) applied Fuzzy TOPSIS (a technique for order of preference by 

similarity to ideal solution) as an MCDM technique for selecting the optimal sustainable wall 

building material. The technique incorporated the linguistic preferences of experts who are 

suppliers, consultants, and contractors.  

Chen et al. (2019) insisted the processes of LCA-based sustainable material selection methods 

are expensive, whereas MCDM methods are less expensive. The author did, however, point 

out that the MCDM methodology itself becomes the determining factor of its analysis. 

Santoyo-Castelazo & Azapagic (2014) also mentioned that MCDM is subjective but 

straightforward. 

2.3.2 TOPSIS and Fuzzy TOPSIS  

Jaini & Utyuzhnikov (2017) identified that there is no unique solution to a conflicting multi-

criteria problem. Instead, the conflicting multi-criteria problem gives a set of Pareto solutions. 

There are many techniques related to the ranking of available alternatives presented by the 

Pareto solutions. Among those, TOPSIS has been widely used in MCDM due to its simplicity 

(Jaini & Utyuzhnikov, 2017). 

2.3.2.a TOPSIS: 

The TOPSIS method was developed by Hwang and Yoon (1981). This method is based on the 

concept that the chosen alternative should have the shortest Euclidean distance from the ideal 

solution and the farthest from the negative ideal solution. The ideal solution is a hypothetical 

solution for which all attribute values correspond to the maximum attribute values in the 

database comprising the satisfying solutions; the negative ideal solution is the hypothetical 

solution for which all attribute values correspond to the minimum attribute values in the 

database (Rao, 2007).  
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Suppose an MCDM problem with m alternatives, A1, ..., Am and n decision criteria, C1, ..., 

Cn. Each alternative is assessed with respect to the n criteria. All the performance ratings 

assigned to the alternatives with respect to each criterion form a decision matrix denoted by 

𝑋 = (𝑥ij)mn. Let 𝑊 = (𝑤1, 𝑤2, . . . , 𝑤n) be the relative weight vector about the criteria, satisfying 

∑ 𝑊𝑗 = 1𝑛
𝑗=1 . Then, the TOPSIS method can be summarized as follows (Vahdani et al., 2011) 

Step 1: Normalize the decision matrix 𝑋 = (𝑥ij)mn. This can be represented as 

 𝑟𝑖𝑗 = 𝑥𝑖𝑗/[∑ 𝑥2
𝑖𝑗

𝑚
𝑗=𝑖 ]1/2, i= 1, 2…, m; j=1, 2…n, 1) 

Where 𝑟𝑖𝑗is the normalized criteria rating. 

Step 2: Calculate the weighted normalized decision matrix 𝑉 = (𝑣ij)mn. 

 𝑣𝑖𝑗 =  𝑤𝑗𝑟𝑖𝑗, 𝑖 =  1, 2 … , 𝑚;  𝑗 = 1, 2 … 𝑛, 2) 

Where 𝑤𝑖𝑗is the relative weight of the 𝑗th criterion and ∑ 𝑤𝑗
𝑛
𝑗=𝑖 = 1.. 

Categorization of attributes for cost/ benefit criteria 

Step 3: Determine the ideal and negative-ideal solutions. 

 

𝐴∗ = 𝑣1
∗, … , 𝑣𝑚

∗ = {(𝑚𝑎𝑥𝑗𝑣𝑖𝑗|𝑗 ∈ 𝑏), (𝑚𝑖𝑛𝑗𝑣𝑖𝑗|𝑗 ∈ 𝑐)}, 

𝐴− = 𝑣1
− , … , 𝑣𝑚

− = {(𝑚𝑖𝑛𝑗𝑣𝑖𝑗|𝑗 ∈ 𝑏), (𝑚𝑎𝑥𝑗𝑣𝑖𝑗|𝑗 ∈ 𝑐)}, 

3) 

where 𝑏 and 𝑐 are the sets of benefit criteria and cost criteria, respectively. 

Step 4: Calculate the Euclidean distances of each alternative from the positive ideal 

solution and the negative ideal solution, respectively.  

 

𝐷+ = {(∑ (𝑣𝑖𝑗 −𝑛
𝑗=1 𝑣𝑗

∗)2}0.5,  𝑖 = 1,2, … , 𝑚, 

𝐷− = {(∑ (𝑣𝑖𝑗 −𝑛
𝑗=1 𝑣𝑗

−)2}0.5,  𝑖 = 1,2, … , 𝑚, 

4) 

Step 5: Calculate the relative closeness of each alternative to the ideal solution. The 

relative closeness of the alternative 𝐴𝑖 with respect to 𝐴∗ is defined  
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 𝑅𝐶𝑖 = 𝐷𝑖
∗/(𝐷𝑖

∗ + 𝐷𝑖
−),   𝑖 = 1,2, … , 𝑚, 5) 

Step 6. Rank the alternatives according to the relative closeness to the ideal solution. 

The bigger the 𝑅𝐶𝑖, the more desirable the alternative 𝐴𝑖 will be. The best alternative 

is the one with the greatest relative closeness to the ideal solution. 

The conventional MCDM solutions assume all values are crisp numbers. In reality, the values 

can be crisp, fuzzy, or linguistic. Therefore, in fuzzy MCDM, the weights of the criteria and the 

performance of the alternative are converted to linguistic variables to tackle the problem. 

(Jaini & Utyuzhnikov, 2017) 

One way to solve fuzzy MCDM problems is to reduce the fuzzy MCDM problem to 

defuzzification and solve it with a conventional MCDM method. The defuzzification process 

converts the fuzzy numbers into crisp values. The defuzzification process is essential in both 

ways since the MCDM solution must provide a crisp result. (Jaini & Utyuzhnikov, 2017) 

2.3.2.b Fuzzy numbers:  

The three most common types of fuzzy membership functions are monotone, triangle, and 

trapezoidal. However, the triangular fuzzy number is more convenient in application due to 

its simple calculation (H. Li et al., 2020). The following are the basic definitions and notations 

of fuzzy sets and fuzzy numbers summarized by Vahdani et al. (2011) from his literature 

review of Gupta (1991) and Ross (2004). 

Definition. 1. A fuzzy set �̃�  in a universe of discourse, 𝑋 is characterized by a 

membership function 𝜇�̃�(𝑥) which associates with each element 𝑥 in 𝑋 a real number 

in the interval [0, 1]. The function value 𝜇�̃�(𝑥) is termed the grade of membership of 𝑥 

in �̃�. 

Definition. 2. The triangular fuzzy numbers can be denoted as �̃� = (𝑎1, 𝑎2, 𝑎3), the 

membership function of the fuzzy number �̃� is defined as follows: 
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 𝜇�̃�(𝑥) = {

0
(𝑥 − 𝑎1)/(𝑎2 − 𝑎1)

𝑥 < 𝑎1,
𝑎1 ≤ 𝑥 ≤ 𝑎2,

(𝑎3 − 𝑥)/(𝑎3 − 𝑎2) 𝑎2 ≤ 𝑥 ≤ 𝑎3,
0 𝑥 > 𝑎3.

  6) 

Definition. 3. A non-fuzzy number r can be expressed as (r, r, r). The fuzzy sum ⊕ 

and fuzzy subtraction ⊝ of any two triangular fuzzy numbers are also triangular fuzzy 

numbers; however, the multiplication ⊗ of any two triangular fuzzy numbers is only 

an approximate triangular fuzzy number. Given any two positive triangular fuzzy 

numbers, �̃� = (𝑎1, 𝑎2, 𝑎3 ), �̃� = (𝑏1, 𝑏2, 𝑏3)  and a positive real number r, some main 

operations of fuzzy numbers �̃� and �̃� can be expressed as follows: 

 

�̃� ⊕ �̃� = (𝑎1 + 𝑏1 , 𝑎2 + 𝑏2, 𝑎3 + 𝑏3 ), 

�̃� ⊝ �̃� = (𝑎1 − 𝑏3 , 𝑎2 − 𝑏2, 𝑎3 − 𝑏1 ), 

�̃� ⊗ 𝑟 = (𝑎1𝑟 , 𝑎2𝑟, 𝑎3𝑟 ), 

�̃� ⊗ �̃� = (𝑎1 − 𝑏3 , 𝑎2 − 𝑏2, 𝑎3 − 𝑏1 ), 

7) 

 

2.3.2.c Defuzzification of fuzzy numbers:  

There are various defuzzification methods, and the following introduces the 2nd Weighted 

average method.  

2nd Weighted Average Method. 

For the triangular fuzzy number �̃� = (𝑎1, 𝑎2, 𝑎3), the second weighted average method 

is a less computationally intensive method. The defuzzified value is defined as:(Jaini 

& Utyuzhnikov, 2017) 

 𝑥∗ =
𝑎1 + 2𝑎2 +  𝑎3

4
 8) 
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2.3.3 Novel fuzzy modified TOPSIS 

Vahdani et al. (2011) introduced a novel fuzzy modified TOPSIS method. The method finds 

the best alternative by considering both conflicting quantitative and qualitative evaluation 

criteria in real-life application with multi-judges and multi-criteria in a fuzzy environment.  

In the paper, Vahdani et al. (2011) converted numbers for objective criteria into fuzzy 

triangular numbers set by multiplying the aggregate relative importance of the criteria which 

was initially expressed in linguistic terms. Once all criteria are weighted with the fuzzy set, 

then the values are defuzzified. Lastly, the paper applied TOPSIS skills to solve the rest.  

2.3.3.a TOPSIS calculation: 

Step1 : The aggregate the fuzzy ratings and weights are represented as 𝑥𝑖𝑗, �̃�𝑖𝑗 

 

𝑥𝑖𝑗 = (𝑎𝑖𝑗 , 𝑏𝑖𝑗 , 𝑐𝑖𝑗), k = 1, 2, … , m, 

�̃�𝑗 = (𝑤𝑗1, 𝑤𝑗2, 𝑤𝑗3), k = 1, 2, … , m, 

𝑎𝑖𝑗 =
1

𝑘
∑ 𝑎𝑖𝑗𝑘

𝑘
𝑘=1 ,   𝑏𝑖𝑗 =

1

𝑘
∑ 𝑏𝑖𝑗𝑘

𝑘
𝑘=1 ,  𝑐𝑖𝑗 =

1

𝑘
∑ 𝑐𝑖𝑗𝑘

𝑘
𝑘=1  

𝑤𝑗1 =
1

𝑘
∑ 𝑤𝑗𝑘1

𝑘
𝑘=1 ,   𝑤𝑗2 =

1

𝑘
∑ 𝑤𝑗𝑘2

𝑘
𝑘=1 ,  𝑤𝑗3 =

1

𝑘
∑ 𝑤𝑗𝑘3

𝑘
𝑘=1  

9) 

Where 𝐾 is the number of subjective criteria  

Step 2: Compute the normalized decision matrix for 𝑟𝑖𝑗 and �̃�𝑖𝑗 ( for objective and 

subjective ratings) 

 

𝑟𝑖𝑗 = 𝑥𝑖𝑗/[∑ 𝑥2
𝑖𝑗

𝑚
𝑗=𝑖 ]1/2, 𝑖 =  1, 2 … , 𝑚;  𝑗 = 1, 2 … 𝑛, 

�̃�𝑖𝑗 = (
𝑎𝑖𝑗

𝑒𝑗
∗ ,

𝑏𝑖𝑗

𝑒𝑗
∗ ,

𝑐𝑖𝑗

𝑒𝑗
∗ ), 𝑖 =  1, 2 … , 𝑚;  𝑗 = 1, 2 … 𝑛, 

10) 
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𝑒𝑗
∗ = √∑ 𝑐𝑖𝑗

2

𝑚

𝑖=1

 

Step 3: Calculate the fuzzy weighted normalized decision matrix �̃� = [�̃�𝑖𝑗]mn. The fuzzy 

weighted normalized decision matrix is calculated by multiplying each column of the 

matrix by the fuzzy weight (�̃�𝑗), which uses the equation �̃� ⊗ �̃� and �̃� ⊗ 𝑟 Thus, 

 

�̃�ij=  �̃�j�̃�ij, 𝑖 =  1, 2 … , 𝑚;  𝑗 = 1, 2 … 𝑘 − 1, 

�̃�ij=  �̃�j𝑟ij, 𝑖 =  1, 2 … , 𝑚;  𝑗 = 𝑘, … , 𝑛, 

11) 

Step 4. Defuzzify fuzzy numbers.  

Step 5. From the defuzzified values, determine the ideal and negative-ideal solutions 

by using equation 3 (see section 2.3.2.a) and calculate the Euclidean distances of 

each alternative from the positive ideal solution and the negative ideal solution with 

equation 4) above. Finally, calculate the relative closeness of each alternative to the 

ideal solution for ranking.  

2.3.4 Criteria selection 

Table 1 summarizes the previously used criteria in other sustainable wall material selection 

studies. The criteria can mainly be categorized into the following: cost-related, sustainability-

related, and technical performance-related.  

Selection 
Objective 

EXTERNAL WALL 
INSULATION 

MATERIAL 
(Ruzgys et al., 2014) 

BUILDING 
WALL 

MATERIAL 
(Nofal & 

Hammad, 2020) 

BUILDING ENCLOSURE 
MATERIAL 

(Mahmoudkelaye et al., 
2018) 

Criteria1 Price with VAT 
Potential for 
recycling and 

reuse 

Material & Construction 
Cost 

Criteria2 Duration of works 
Amount of waste 

during use 
Transportation Cost 

Criteria3 Payback period Cost per m2 
Service & Maintenance 

Cost 

Criteria4 Energy losses 
Labor 

productivity 
Overhead Cost 
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Table 1 Criteria for sustainable wall selection 

2.3.5 Optimization 

While MCDM finds the best solutions among the candidate materials, optimization methods 

can help find a material’s optimum design features. The following are from previous studies.  

Aleixo et al. (2018) developed a tool that uses multidisciplinary and multiobjective 

optimization methodology for the design of sustainable aircraft structures by optimizing the 

Criteria5 
Water vapor 

diffusion 
Fire resistance 

Energy Cost (during 
operation) 

Criteria6  
Energy-saving 

and thermal 
insulation 

Market value 

Criteria7   Weight 

Criteria8   Chemical Resistant 

Criteria9   Water Resistant 

Criteria10   Fire Resistance Strength 

Criteria11   Life Expectancy 

Criteria12   Embodied Energy 

Criteria13   Loss Factor 

Criteria14   Energy Saving & Thermal 
Insulation 

Criteria15   Water Use 

Criteria16   Safety During 
Construction 

Criteria17   Indoor Air Quality Human 
Health 

Criteria18   Fire Immunity 

Criteria19   Shock Immunity 

Criteria20   Global Warming 

Criteria21   Ozone Depletion 

Criteria22   Acidification 

Criteria23   Photo-Chemical 

Criteria24   Smog 

Criteria25   Eutrophication 

Criteria26   Land Occupation 

Criteria27   Recycling/Reusing 

Criteria28   Potential Air pollutants 

Criteria29   Ecological Toxicity 

Criteria30   Social, Religious, And 
Cultural Identity 

Criteria31   Aesthetics 

Criteria32   Labor Availability 

Criteria33   Designer’s Knowledge 
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trade-offs between technical, economic, and environmental performance indicators. The 

indicators for economic and environmental performance were the life cycle cost and life cycle 

CO2 emissions. For technical indicators, aircraft parts were analyzed for functionality. 

Leite et al. (2015) used Direct MultiSearch (DMS) optimization for material selection 

considering manufacturing costs and weight reduction with structural isoperformance. 

According to Leite et al. (2015), due to the discrete and combinatorial nature of the problem 

(commercially available materials), the optimization algorithm has to deal with non-

differentiable objective functions and constraints (e.g., minimization of conflicting objectives 

subjected to some technological constraints). To solve this problem, the authors adapted the 

DMS solver for multiobjective optimization problems, which works with real variables as 

discrete variables.  

Castro-lacouture et al. (2009) studied the most efficient way to achieve a Leadership in 

Energy and Environmental Design (LEED) score with the lowest budget when selecting the 

best material. The study identified all LEED points related to the material selection problem 

and maximized the points awarded with a mixed-integer model. The research shows that 

budget can be a determining factor for a building’s level of environmental sustainability. 

Florez & Castro-lacouture (2013) continued the Castro-lacouture et al. (2009) research and 

added one more dimension to the preceding research by considering visual perceptions. They 

have suggested a method to quantify visual perceptions based on the creativity measurement 

instrument developed by Horn and Salvendy and other authors. The decision-making process 

first seeks out the optimal solution for environmental requirements, budget constraints, and 

LEED requirements; then, the decision-maker determines if the optimal solution is satisfactory 

or not. If not satisfied, the quantified perceptions of sustainability for the construction scores 

are converted to loads. Then the loads are multiplied by each material—this information is 

fed back into the system to find the optimal solution.  
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2.3.5.a Multi-objective optimization (MOO):  

Single-objective optimization problems may have a unique optimal solution; however, real-

life problems often involve multiple objectives. The multi-objective problems (as a rule) 

present a potentially uncountable set of solutions. A decision-maker has to choose one or 

more solutions by selecting one or more vectors. The decision-maker usually selects an 

acceptable solution belonging to the Pareto front (Chiandussi et al., 2012). 

Custódio et al., 2011 introduced a constrained MOO problem as follows. 

 𝑓𝑖𝑛𝑑 𝑥 = {

𝑥1

𝑥2

⋮
𝑥𝑠

} 12) 

which minimizes: 

 𝑚𝑖𝑛  𝐹(𝑥) = (𝑓1(𝑥), 𝑓2(𝑥), … 𝑓𝑘(𝑥))𝑇 13) 

Subject to:  

 

𝑔𝑙1
(𝑥) ≤ 0,       𝑙1 = {1,2, ⋯ , 𝑚1} 

ℎ𝑙2
(𝑥) = 0,       𝑙2 = {1,2, ⋯ , 𝑚2} 

14) 

where s is the number of design variables, 𝑘 is the number of objective functions to 

be minimized, and 𝑚1 𝑚2 are the number of constraint equations.  

The concept of Pareto dominance is crucial for comparing any two points (Custódio et al., 

2011) 

 

ℝ+
𝑚 = {𝑧 ∈ ℝ𝑚: 𝑧 ≥  0}, 

defined by 𝐹(𝑥)≺F 𝐹(𝑦)⇐⇒ 𝐹(𝑦)−𝐹(𝑥) ∈ ℝ+
𝑚\ {0} 

15) 
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Given two points 𝑥, 𝑦 in Ω, we say that 𝑥 ≺  𝑦 (x dominates y) when 𝐹(𝑥)  ≺ F 𝐹(𝑦). We will also 

say that a set of points in Ω is nondominated (or indifferent) when no point is dominated by 

another in the set. The Pareto front is the set of points in Ω nondominated by any other one 

in Ω. (Custódio et al., 2011) 

2.3.6 Quantitative comparison of candidate materials  

Unlike the above methods, this method directly compares the candidate materials' 

environmental criteria through life cycle tools. Due to its quantitative nature, technical 

calculations are carried out within a specific case. 

Hafner and Storck (2019) and Takano et al. (2015) carried out the life cycle assessment for 

exterior envelope and partition wall materials in a building. They found that the external 

components such as sheathing, exterior cladding, and thermal insulation have relatively 

greater environmental emissions than the inner components categories. Ozturk et al. (2019) 

did a life cycle cost (LCC) analysis based on cooling degree-day (CDD) for refrigerated 

warehouses to determine the best insulation thickness. 

Like the above two cases, when it comes to quantification, as Giorgi et al. (2019) pointed out, 

Life Cycle tools are often applied in a 'downstream approach' (construction and demolition 

waste management studies) rather than 'upstream approach' (design approaches).  

 

2.3.6.a Integrating LCA and LCC 

The following frameworks integrate LCA and LCC, developed as decision-making tools for 

broader subjects not limited to construction. The methods are 1) create an indicator: LCC 

divided by LCA, 2) convert LCA to monetary terms.  

1) Eco-efficiency 
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Miah et al. (2017) investigated the integration of Life Cycle Assessment (LCA) and Life Cycle 

Costing (LCC) and suggested a hybrid framework in 4 stages. The hybrid framework is a mix 

of two parts. First, find the best alternative by combining TOPSIS and AHP. Second, optimize 

LCC and LCA through an index called 'Eco-efficiency' where the index is LCC divided by LCA 

(Life cycle environmental impact). The followings are the summaries of the four stages from 

Miah et al., (2017) 's paper.  

Stage 1 - Decision-making perspective and goal: Take perspectives from an investor's 

and non intestor’s viewpoint. Define the goal and scope of analysis for both 

perspectives and provide a route to navigate the framework. 

Stage 2 - Systems analysis: Choose a system between optimization and evaluation 

and carry out hybrid LCA and LCC.  

Stage 3 - System integration: Depending on whether different decision makers' 

preference needs to be taken into account, choose between the hybrid MCDA (best 

alternative) method or Energy Efficiency index (optimization). 

Stage 4 - Graphical interpretation and recommendations 

2) Converting LCA to monetary terms 

Kim et al. (2013) applied the AHP and the CO2 conversion method to integrate LCC and LCA. 

The CO2 conversion method is used when the analysis must yield an exact economic value 

including specific environmental pollution prices. Meanwhile, the use of AHP is recommended 

when perspectives on environmental pollution are counted. The most significant difference 

between the CO2 conversion method and AHP is that the former places an economic value on 

the environmental impact. 

3) Integration of sustainability indicators via a multicriteria decision 

Santoyo-Castelazo & Azapagic (2014) also suggested a framework in steps with a case 

demonstration that comprises scenario analysis, life cycle assessment, life cycle costing, 

social sustainability assessment, and multicriteria decision analysis. The demonstrated case 

is a selection of energy systems. For the indicators, LCA is used for assessing environmental 
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sustainability, life cycle costing for the economics, and various social indicators for social 

sustainability. The social indicators are security and diversity of supply, public acceptability, 

health and safety, and intergenerational issues. The following are the steps: 

1. selection of environmental, economic, and social indicators to be used for measuring 

sustainability 

2. selection and specification of energy technologies  

3. definition of scenarios and the time horizon  

4. environmental, economic, and social assessment on a life cycle basis 

5. integration of sustainability indicators via a multicriteria decision analysis to determine 

the most sustainable options for the future. 

2.4 Sustainable insulation material and Embodied Energy  

This section will discuss environmentally sustainable building, sustainable building insulation 

material, and insulation thickness.  

2.4.1 Building sustainability 

In general, there are two well-known types of sustainable building forms; the first is the 

‘Passive house,’ the second is the ‘Net Zero Energy house.’ The passive house is defined by 

the Passive House Institute (PHI), which was established in 1996 in Germany. The PHI’s 

suggested standard is that a building uses less than 1.5L of oil or 1.5 m3 of gas to heat one 

square meter (15KWH/m2) of living space for a year, which is 75% to 90% of energy savings 

compared to other buildings. The saving is achieved through efficient use of various elements 

such as the sun, internal heat sources, and heat recovery (Feist, n.d.). Therefore, the U-

values (insulating performance) of external walls, floor slabs, and roof areas have critical 

importance.  

On the other hand, the concept of the net-zero/low energy house (NZE house) is defined as 

“a home which produces enough renewable energy to meet its own annual energy 

consumption requirements, thereby reducing the use of non-renewable energy in the 
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residential building sector” (Li, Gül, Yu, Awad, & Al-Hussein, 2016 as cited in H. X. Li et al., 

2018). These two concepts are often used together in many sustainable buildings.  

The above ‘passive’ and ‘NZE’ are concepts about minimizing operational energy. Meanwhile, 

the energy spent for the completion of a building is called embodied energy. Embodied energy 

accounts for up to 46% of the life cycle energy use (service life of 50 years) in low-energy 

buildings and up to 38% in conventional buildings (Sartori & Hestnes 2006 as cited in Takano 

et al., 2015). Ramesh et al. (2010) also insisted that ‘in the case of a self-sufficient house, 

though its operating energy is zero; its embodied energy is so high that it exceeds the life 

cycle energy of some of the low energy cases.’ In 2018, 11% of global energy-related CO2 

emissions were attributed to manufacturing building materials and components (International 

Energy Agency, 2019 as cited in Opher et al., 2021). Therefore, to understand what is better 

for the environment, it is necessary to consider both sides: the embodied energy and 

operational energy. 

2.4.2 Sustainable material for building 

If only looking into the material life cycle rather than the building life cycle, Hafner and Storck 

(2019) said that the material production stage has a greater influence on environmental 

impact than the operation and maintenance stage. Once the material is installed in a building, 

it will last with the building except for replacement and maintenance.  

The building’s operational energy is related to the building envelope’s thermal conductivity 

(the R-values) and the material’s thickness—especially if the buildings are located in the 

region where the numbers of Heating Degree Day and Cooling Degree Day are high.  

Building codes have been geared towards increasing the R-values to gain better energy 

efficiency performance (Raouf & Al-Ghamdi, 2020). Along with the building code, LEED-

Energy and Atmosphere (EA) category sets out its baseline requirements as the American 
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Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) 90.1 

requirements as its baseline requirements (Raouf & Al-Ghamdi, 2020). 

In ASHRAE 90.1 (2013), ‘the rated R-value of insulation’ is defined as the insulation’s thermal 

resistance specified by the manufacturer in m2·K/W units at a mean temperature of 24°C’. 

For the exterior envelope, ASHRAE 90.1 stipulated the R-values required by the climate zones 

for conditioned spaces. The number range of the climate zone classifier is from 1 to 8; the 

lower the climate zone, the hotter the place is, where Alberta falls in zone 6 to 8 (BILD Alberta, 

n.d.). 

2.4.3 Insulation thickness 

Commonly, there are two ways to determine the insulation thickness. The first one finds the 

optimum economic thickness, and the other one references the requirements written in 

international or local codes. ASHRAE 90.1 provides tables of pre-calculated assembly U-

factors for typical construction assemblies in its Appendix A, which specifies the maximum U-

factor for each envelope element. Materials with lower thermal conductivity allow less 

thickness for the same R-value but are usually more expensive, extending the payback period. 

Kallioğlu et al. (2020) introduced equations that calculate LCC for a building’s unit external 

surface, which facilitates the finding of an insulation material’s optimum economic thickness. 

The authors found the optimum economic thickness considering the LCC of a proposed 

building. For the LCC estimation of a building, the fuel’s future cost is calculated with an 

estimated interest rate. The following are some basic equations for heat-loss-related 

calculations from Kallioğlu et al. (2020) ’s research paper.  

For a typical wall, U (W/m2·K) expressing the total heat transfer coefficient is calculated by 

equation 16.(Kallioğlu et al., 2020) 
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 𝑈 =
1

𝑅𝑖 + 𝑅𝑤 + 𝑅𝑖𝑧𝑜 + 𝑅𝑜

 16) 

The thermal conductivity is expressed as R-value (resistance to heat transfer) or U-

value (heat transfer), where the relationship of two is ‘U = 1/R and R = 1/U’. 

Ri and Ro in Equation 16 indicate the thermal resistance of the inner and outer surfaces, 

respectively; Rw is the thermal resistance of the uninsulated wall layer; Rizo is the thermal 

resistance of the insulating material and is calculated by using equation 17. In equation 17, 

𝑥  is the thickness of the insulation material, and k is the insulation material’s thermal 

conductivity coefficient. (Kallioğlu et al., 2020) 

 𝑅𝑖𝑧𝑜 =
𝑥

𝑘
 17) 

The heat loss from the outer wall’s unit surface is calculated using equation 18 below. 

(Kallioğlu et al., 2020) 

 𝑞 = 𝑈 ∙ ∆𝑇 18) 

In equation 18), U (W/m2K) is the total heat transfer coefficient. ΔT (C°) is the temperature 

difference. The unit surface’s annual heat loss is calculated using U and the number of degree 

days (NDD) in equation19. (Kallioğlu et al., 2020) 

 𝑞𝑎  = 86400 ∙ 𝑁𝐷𝐷 ∙ 𝑈 19) 

Where qa annual heat loss in the unit area (J/m2-year) 

The annual energy requirement EA (J/m2-year) required for heating is obtained from equation 

20 in which the annual unit heat loss is divided by the system efficiency (Kallioğlu et al., 

2020). 
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 𝐸𝑎  =
86400 ∙ 𝑁𝐷𝐷 ∙ 𝑈

𝜂
=

86400 ∙ 𝑁𝐷𝐷

(𝑅𝑇.𝑊. + 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛) ∙ 𝜂
 20) 

Where η is heating system efficiency, 𝑅𝑇.𝑊. is the sum of Ri, Rw, Ro (m2K/W), Rinsulation 

The amount of fuel consumed per year mfA (kg/m2-year) is calculated through equation 21. 

(Kallioğlu et al., 2020) 

 mfA =
86400 ∙ NDD

(𝑅𝑇.𝑊. + 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛) ∙ 𝜂 ∙ Hu

 21) 

Where Hu is the heating value of the fuel (J/kg; J/m3; J/kwh)  

The annual energy cost CAH ($/m2-year) used to heat the unit area is calculated using 

equation 22. (Kallioğlu et al., 2020) 

 𝐶𝐴.𝐻 =
86400 ∙ HDD ∙ 𝐶𝑓

(𝑅𝑇.𝑊. + 𝑅𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛) ∙ 𝜂 ∙ Hu

 22) 

Where Cf is the price of the fuel ($/kg; $/m3) 

2.4.4 Life Cycle Cost (LCC) 

LCC is the economic assessment methodology for selecting the most cost-effective alternative 

over a particular time frame, considering its initial cost (construction), operational cost, and 

maintenance cost (Kang 2017 as cited in Giorgi et al., 2019). Compared to the conventional 

economic decision tool, making a decision based on LCC may mean paying more 

upfront(Perera et al., 2009). To reduce operational energy, LCC is used as a materials 

decision-making tool (Giorgi et al., 2019). 

Kallioğlu et al. (2020) expressed the LCC of insulation material as follows.  

 𝐶𝑇 = 𝐶𝐴 ∙ 𝑃𝑊𝐹 + 𝐶𝑖 ∙ 𝑥 23) 

Where 𝐶𝑇  is the total cost ($), 𝐶𝐴  is annual energy cost ($/m2-year), 𝐶𝑖  is the 

insulation cost in ($/m3), x is the insulation material’s thickness. 



 

25 

 

The parameter (PWF: Present Worth Factor) is a uniformly distributed annual worth 

factor for a specified time term (N).  

 𝑃𝑊𝐹 =  
(1 + 𝑟)𝑁 − 1

𝑟 ∙ (1 + 𝑟)𝑁
 24) 

The actual interest rate (r) used in the calculation of the PWF price is calculated with respect 

to the two separate conditions, using equation 25, depending on the inflation rate (g) and the 

interest rate (i) (Kallioğlu et al., 2020) 

 𝑖𝑓 𝑖 > 𝑔 𝑡ℎ𝑒𝑛 𝑟 = (𝑖 − 𝑔)/(1 + 𝑔);  𝑖𝑓 𝑔 > 𝑖 𝑡ℎ𝑒𝑛 𝑟 =  (𝑔 − 𝑖)/(1 + 𝑖) 25) 

2.4.5 Various insulation material and wall type 

Raouf & Al-Ghamdi (2020) study mentioned that 60% of the European market is dominated 

by inorganic fibrous materials such as stone wool (RW) and glass wool (GW), whereas oil 

derived foamy organic materials hold 30% of the market; these include extruded polystyrene 

(XPS), expanded polystyrene (EPS), and polyurethane (PUR). According to NAIMA Canada 

(2018), there are four main types of insulation products on the market: fiberglass, rock wool 

or slag wool, cellulose, and spray foam. These are supplemented by, extruded polystyrene 

(XPS), expanded polystyrene (EPS), polyisocyanurate (PIR), and polyurethane (PUR).  

The different physical properties have different uses. For example, boards are commonly used 

in continuous sheathing and under slab applications, while blanket and spray type insulations 

are often used for external walls and roofs.  

2.4.5.a Wall Type:  

Steel and wooden stud frames are commonly used in North America as external wall frames. 

For the cavity of these frames, batt types of insulation are common. Some batt insulation 

may be rated as R-19; however, effective thermal resistance may be as much as 35% less 

than the rated cavity insulation due to the wood studs and other framing members. Therefore, 
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adding insulation sheathing provides significant increases in the effective R-value without 

substantially increasing the wall thickness (Building Science Corporation, 2007). The following 

refers to insulation installation between steel and wooden frames introduced in the ASHRAE 

90.1:  

a.Standard framing: Steel stud framing at 400 mm on center with cavities filled with 

400 mm wide insulation for both 89 mm deep and 152 mm deep wall cavities. 

b.Advanced framing: Steel stud framing at 600 mm on center with cavities filled with 

600 mm wide insulation for both 89mm deep and 152 mm deep wall cavities. 

c.Standard framing: Wood framing at 400 mm on center with cavities filled with 368 

mm wide insulation for both 89 mm deep and 140 mm deep wall cavities. 

Doubleheaders leave no cavity. Weighting factors are 75% insulated cavity, 21% 

studs, plates, sills, and 4% headers. 

d.Advanced framing: Wood framing at 600 mm on center with cavities filled with 572 

mm wide insulation for both 89 mm deep and 140 mm deep wall cavities. 

Doubleheaders leave uninsulated cavities. Weighting factors are 78% insulated cavity, 

18% studs, plates, sills, and 4% headers. 

e.Advanced framing with insulated headers: Wood framing at 600 mm on center with 

cavities filled with 572 mm wide insulation for both 89 mm deep and 140 mm deep 

wall cavities. Double header cavities are insulated. Weighting factors are 78% 

insulated cavity, 18% studs, plates, sills, and 4% headers. 

Material Ranges RSI/25.4mm(R/in.) Design spec or average 
RSI/25.4mm(R/in.) 

Polyurethane closed-cell spray 
foam 

0.97 to 1.14 (R-5.5 to 6.5) 1.06 (R-6) 

Polyurethane board 0.97 to 1.2 (R-5.5 to 6.8) 1.06 (R-6) 

Extruded polystyrene board (XPS) 0.88 (R-5) 0.88 (R-5) 

Polyisocyanurate spray foam 0.85 to 1.46 (R-4.8 to 8.3) 0.88 (R-5) 

High-density glass fibre board 0.63 to 0.88 (R-3.6 to 5) 0.7 (R-4) 

Expanded polystyrene board – 
Type I (EPS) 

0.67 (R-3.8) 0.67 (R-3.8) 

Expanded polystyrene board – 
Type Il (EPS) 

0.7 to 0.77 (R-4 to 4.4) 0.7 (R-4) 

Glass fibre roof board 0.67 (R-3.8) 0.67 (R-3.8) 

Cementitious foam 0.69 (R-3.9) 0.69 (R-3.9) 

Cotton fibre batt 0.67 (R-3.8) 0.67 (R-3.8) 

Cork 0.65 to 0.67 (R-3.7 to 3.8) 0.65 (R-3.7) 

Polyurethane open-cell spray foam 0.63 to 0.67 (R-3.6 to 3.8) 0.63 (R-3.6) 
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Polyurethane open-cell foam, 
poured 

0.7 (R-4) 0.7 (R-4) 

Cellulose fibre, wet sprayed 0.53 to 0.67 (R-3 to 3.8) 0.63 (R-3.6) 

Cellulose fibre, blown, settled 
thickness 

0.53 to 0.67 (R-3 to 3.8) 0.63 (R-3.6) 

Mineral fibre batt 0.53 to 0.7 (R-3 to 4) 0.6 (R-3.4) 

Wood fibre 0.58 (R-3.3) 0.58 (R-3.3) 

Mineral fibre, loose fill, poured 0.44 to 0.65 (R-2.5 to 3.7) 0.58 (R-3.3) 

Glass fibre batt 0.55 to 0.76 (R-3.1 to 4.3) 0.56 (R-3.2) 

Glass fibre, loose fill, poured 0.39 to 0.65 (R-2.2 to 3.7) 0.53 (R-3) 

Mineral fibre, loose fill, blown 0.51 to 0.56 (R-3 to 3.8) 0.53 (R-3) 

Glass fibre, loose fill, blown 0.48 to 0.63 (R-2.7 to 3.6) 0.51 (R-2.9) 

Fibreboard (beaverboard) 0.41 (R-2.3) 0.41 (R-2.3) 

Mineral aggregate board 
(Insulbrick) 

0.41 to 0.7 (R-2.3 to 4) 0.46 (R-2.6) 

Wood shavings 0.18 to 0.53 (R-1 to 3) 0.42 (R-2.4) 

Vermiculite* 0.37 to 0.41 (R-2.1 to 2.3) 0.38 (R-2.2) 

Compressed straw board 0.35 (R-2.0) 0.35 (R-2.0) 

Eel grass (seaweed) batt 0.53 (R-3) 0.53 (R-3) 

Cedar logs 0.18 (R-1) 0.18 (R-1) 

Softwood logs (other than cedar) 0.18 to 0.25 (R-1 to 1.4) 0.22 (R-1.25) 

Hardwood logs 0.12 (R-0.7) 0.22 (R-1.25) 

Straw bale 0.23 to 0.28 (R-1.3 to 1.6) 0.26 (R-1.45) 

Table 2 RSI/ R-value of various materials (CleanBC Better Homes, n.d.) 

2.5 Environmental Life cycle assessment (LCA) 

This section introduces the guidelines for assessing material’s sustainability for its life cycle. 

The applicable guidance rules for ‘Life Cycle Assessment’ by ‘International Organization for 

Standardization (ISO)’ and equivalent ‘European Standards (EN)’ are ISO 14040:2006, ISO 

14044:2006, and EN 15804 and the recent additions of EN 15978 and ISO 21930. 

2.5.1 LCA introduction 

Environmental Life cycle assessment (LCA) is a standard methodology to evaluate the 

environmental impacts of products and services across the life cycle (Miah et al., 2017; ISO 

14044:2006). Also, LCA is the cradle-to-grave quantification of potential environmental 

impacts of products or services. The LCA can be separated into three different life cycle stages 

for construction works and services, according to EN 15804 (BSI, 2014) . 

• Upstream processes (from cradle-to-gate): module A1-A3 
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• Core processes (from gate-to-gate): module A4-A5 

• Downstream processes (from gate-to-grave): B1B7, C1-C4 

The difference in the LCA of construction from other products is that the product (building) 

has an operational period before its end of life. Ramesh et al. (2010), in their literature review, 

conclude that operating energy has a major share (80-90%) in life cycle energy use of 

buildings followed by embodied energy (10-20%). In contrast, demolition and other process 

and other process energy have negligible or little share in life cycle energy. 

 

Figure 2 Building Life Cycle Stages (EN 15978) 

2.5.2 LCA methodologies 

There are three different LCA methods. They are (1) process LCA (P-LCA), (2) Economic-

Input-Output LCA, and (3) hybrid LCA. (Miah et al., 2017). According to Crawford (2011), 

different LCA methods show different embodied energy levels for the same residential building. 

Process-based LCA is the most detailed method and is usually applied to a particular process 

or industry (Hammond & Jones, 2008). The benefits of such approaches are that the Life Cycle 

Inventory (LCI) data are very accurate and specific. However, due to the high number of 

processes existing in a product life cycle, the practicality of accounting for all processes can 
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be a time-consuming and resource-intensive procedure (Finnveden et al., 2009 as cited in 

Miah et al., 2017).  

Next, Economic - input-output (EIO) LCA was originally developed by economists. Many 

countries periodically produce inter-industry tabular datasets depicting what each industrial 

category sells to and buys from other industries. Such tables can be converted from monetary 

values to yield data on an energy basis. The sum of direct energies for a particular industry 

then adds to the embodied energy in specific outputs (products) of that industry presented in 

terms of what is commonly known as ‘energy intensities’ (KJ/$ of product). (Hammond & 

Jones, 2008) 

Miah et al. (2017) pointed out that an EIO-LCA method can offer fast analysis to identify 

environmental hotspots. However, Miah et al. (2017) also said the method is less accurate 

than the process-based LCA.  

Lastly, there is the Hybrid LCA which is the most commonly used analysis method. It combines 

the Input-Output method and Process energy analysis to adjust the coverage and accuracy 

of the result. In a hybrid LCA method, the P-LCA methodology is combined with an EIO-LCA 

methodology to better reflect the true system boundary better while compensating for their 

respective limitations (Miah et al., 2017).  

2.5.3 EPD and PCR 

The ISO and EN established LCA standards for manufacturers, enabling them to publish LCA 

documents for their products.  

2.5.3.a Environmental Product Declaration (EPD):  

An Environmental Product Declaration (EPD) is an independently verified and registered 

document that communicates transparent and comparable information about a product’s life-

cycle environmental impact (EPD International AB, 2019). It is a voluntary declaration of the 
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life-cycle environmental impact – having an EPD for a product does not imply that the declared 

product is environmentally superior to alternatives. (EPD International AB, 2019) 

Under the ‘General standard ISO 14020, Environmental Labels and Declarations-General 

Principles’, the following three are the voluntary environmental labels.  

- Type I Standard ISO 14024, “Environmental Labels and Declarations-Type I 

Environmental Labelling- Principles and Procedures.” 

- Type II Standard ISO 14021, “Environmental Labels and Declarations-Type II 

Labelling -Self-declared Environmental Claims” 

- Type III Standard ISO 14025, “Environmental Labels and Declarations- Type III 

Environmental Declarations-Principles and Procedures” 

Among the above, the Type III EDP is an independently verified and registered document. 

The Environmental Product Declaration (EPD) is defined by International Organization for 

Standardization (ISO) 14025 as a Product with third-party certification which “quantifies 

environmental information on the life cycle of a product to enable comparisons between 

products fulfilling the same function” (EPD International AB, 2019). An EPD is compiled based 

on a product category rule (PCR). A PCR is a set of rules, requirements, and guidelines for 

developing Type III declarations for products with similar functions. Program operators 

functioning under ISO 14025 publish PCRs for all kinds of products listed in the UN CPC -

United Nations Product Category Classification. 

Sustainable building certification systems such as LEED, Green Globes and BREEAM explicitly 

list or in some cases, require EPD, thereby encouraging many building materials 

manufacturers to pursue an EPD for their products. In LEED, the LCA-related points are for 

Materials and Resources (MR) credit: ‘MR c1 Building Life Cycle Impact Reduction’, and ‘MR 

c2 Building Product Disclosure and Optimization-Environmental Product Declarations’. The 

point is awarded after filling the material EPDs according to requirements. 

An EPD contains the following information.  
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- The product definition and information, including technical performance 

- Information about the material and the material’s origin 

- A description of the product’s manufacture 

- Information on product processing 

- Information about the in-use conditions 

- LCA results  

- Testing results and verifications 

The PCR impact categories for EPDs are 'Global Warming Potential (kg CO2 eq.)', 'Acidification 

Potential (mole H+ eq.)', 'Eutrophication Potential (Kg N eq.)', 'Smog Creation Potential (kg 

O3 eq.)', 'Ozone Depletion Potential (Kg R11 eq.)', 'Primary Energy Demand (MJ)', 'Waste to 

Disposal (Kg)', 'Water Use(l)’, and ‘Waste to Energy (Kg)'.  

PCR LCA EPD EPD

Product 
Category 

Rule

Conduct a 
Life Cycle 

Assessment

Compile the 
EPD

Verify and 
Publish the 

EPD
 

Figure 3 Publishing the EPD modified from ISO 

2.5.3.b Construction Product category rule (PCR):  

PCRs for building products  are delineated in ISO 21930, refining those set out in ISO 14025 

(GreenSpec, 2007). PCRs are developed openly and collaboratively, much like industry 

standards, and expire every three to five years leading to updates addressing relevant 

changes in the industry (UL, 2013). There are several repositories, and many PCRs have 

already been written for specific markets such as Europe or North America (GreenSpec, 2007).  

According to the Construction Products PCR (EN-15804: A2), onsite construction LCA data is 

collected for each process stage. 
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- Upstream processes (from cradle-to-gate); manufacturer’s average or specific data 2 

can be used, e.g., EPD, otherwise selected generic data, or other generic data.  

- Core processes (from gate to gate); specific data gathered from the actual 

manufacturing plant where product-specific processes are carried out.  

- Downstream processes (from gate-to-grave); selected generic data or proxy data.  

As shown above, onsite data is called specific data. The following is regarding gathering 

specific data in the PCR. 

Building PCR: specific data gathering 

▪ Transport to and from site 

Transports are calculated primarily from the construction products originating from 

the factory and secondarily from the supplier warehouse. The type of transport and 

transport distance should represent actual conditions on the market for which the EPD 

is valid. Therefore, transport of persons to and from the site shall not be included. 

▪ construction and installation 

If possible, specific fuel consumption data and energy use on the site shall be collected 

in the life cycle inventory for construction and installation. Data on waste quantities 

and waste management at the construction site should also be collected and 

transports for waste.  

Even though there is a PCR for buildings due to the nature of the construction process’s 

uniqueness, EPDs are rare for buildings. 

2.6 LCA application, Software, and Database 

There can be two kinds of LCA databases: generic LCI databases and EPD databases. A few 

generic LCI databases are available in markets usually tailored to certain countries, while EPD 

 
2 *specific data (also referred to as "primary data" or "site-specific data") – data gathered from the actual 
manufacturing plant where product-specific processes are carried out, and data from other parts of the life 
cycle traced to the specific product (EN-15804: A2). 
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databases are still under development. This section discusses the traits and limitations of 

these databases and their applications with Building Information Modeling (BIM) technology. 

2.6.1 Generic database 

The usual criticism directed at generic databases is that these databases only contain an 

average of embodied energy and impact value for each material (Shadram et al., 2014). 

Shadram et al. (2014) also mentioned that while considering that each specific material is 

being manufactured in unique processes and different mechanisms in different factories, the 

outcome of the embodied energy and environmental impacts estimated by these LCA/LCEA 

tools is ambiguous. Another criticism is that using different LCA databases leads to the 

unreliability of the results (Gholizadeh et al., 2018). 

Many commercial LCA software is designed for the whole building LCA process. Also, some 

BIM technologies are developed to adopt databases. These kinds of LCA-related technologies 

are mostly based on the generic dataset. 

2.6.2 EPD applications and databases  

Strömberg (2017) mentioned that EPDs for building materials and building parts had been 

increased; however, knowledge and experience of using such standardized climate 

calculations according to the EPD format is still very low. Although each EPD can be 

downloaded from a few repositories such as ‘The International EPD System’ website and the 

individual manufacturers, as pointed out by Shadram et al. (2014) EPDs are provided in HTML 

language or Excel/PDF data formats. EDP is not in a machine-readable format. Therefore, 

each product’s EPD must be manually downloaded and read to compare. There is no EPD 

database ready for search and use. Integrating EPD with BIM has only recently started to be 

explored (Schwartz et al., 2016). For this problem, ISO is currently developing a database 
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that unifies all EPDs, which can be utilized with BIM (ISO, 2020). There is still no general 

acceptance of EPDs as an industry-wide LCA specification (Strömberg, n.d.)  

2.7 Measuring Specific Data 

Some researchers have assumed that the construction process’s environmental impacts are 

negligible. In contrast, others have indicated that the construction process’s environmental 

impacts are underestimated (Guggemos and Horvath 2006, as cited in Fang et al., 2019). 

Whether environmental emissions from material logistics should be included in the 

construction process is still under discussion. Some researchers think the transportation of 

materials is part of the construction process because the energy used in transporting 

construction materials could take up around 20% of the transportation industry’s total energy 

consumption (Smith et al. 2002 as cited in Fang et al., 2019). 

On the other hand, according to EN-15804, environmental emissions during A4 to A5 (from 

gate to gate) should be gathered as specific data. Strömberg (2017) also mentioned the 

importance of A4 to A5 LCA, saying that it is not enough to calculate the climate impact only 

from the material production (Modules A1-A3), the use of environmental assessment only for 

A1-A3 in evaluating alternative contractor’s designs may lead to sub-optimization (Strömberg, 

2017b).  

2.7.1 Material logistics CO2 emissions  

The A4 stage is the transportation stage from the manufacturer to the site. The longer the 

shipping distance, the greater the CO2 emissions. Other than the sustainability concern, 

material shipping costs comprise 10%–20% of the total material cost. (P. H. Chen & Nguyen, 

2019) 

Chen and Nguyen (2019) developed a BIM plugin integrated with Google Maps or Apple Maps 

to calculate the distance between the manufacturer’s place and the site to assess 
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sustainability. The plugin takes information such as the delivery start date, truck type, truck 

capacity, number of trucks. The author’s tool can automatically identify and calculate the 

travel route of material transportation. This information is then used to calculate the 

transportation cost and expected material arrival time at the site and check compliance with 

the LEED Credit “MR” category (P. H. Chen & Nguyen, 2019).  

2.7.2 Construction stage CO2 emissions 

The A5 stage is the onsite construction stage. Due to each unique situation, the quantification 

of CO2 emissions at the construction stage cannot be standardized. However, Kawecki (2010) 

and Al-Hussein et al. (2009) observed the fuel used for equipment and site operation during 

the construction and converted it to CO2 emissions. CO2 emissions were calculated based on 

in-out methods; the total fuel consumption for equipment, electricity use, and gas 

consumption for the site’s operation were observed.  

According to RS Means data’ 0721 Thermal Insulation’ data, among all insulation types, only 

‘072129.10 Sprayed-On insulation’ needs equipment. Therefore, except for the transit within 

the site and general site operation, no special equipment is required to install insulation.  

2.8 Summary 

While government policy provides a minimum guideline and acts as a fundamental driver of 

sustainable building, voluntary green certificates, such as LEED, build on the government 

guideline and promote sustainable construction even further to a more rigorous level.  

Conventional investment tools such as cost-benefit analysis and return period are still the 

preferred methods of many investors. Also, initial capital investment is still one of the most 

critical elements to consider for an investment appraisal. The operational, maintenance and 

disposal cost comes next, especially for short-term investors. Thus, even though some 
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industry experts are interested in taking LCA into their decision-making process, the main 

barrier is the high cost. 

For various sustainability related studies, including material selection, optimum design, or 

comparison, study methods are chosen between MCDM, optimization, quantification, or a 

combination. In all studies mentioned, the environmental criteria were the core criteria for all 

methods, and the economic criteria were the essential criteria in MCDM and optimization. 

Social/technical criteria were only in MCDM since the social/technical criteria are mostly 

subjective and qualitative. The most fundamental sustainability criterion was the 

environmental impact, and the most common indicator was GHG (Green House Gas)/GWP 

(Global Warming Potential, kg CO2 eq.). While some say that LCA is costly, the MCDM method 

is somewhat subjective. Currently, LCA is used more as a measurement tool rather than a 

design decision tool.  

The core idea of the passive building is to reduce operational energy over the life cycle of the 

building. Although passive houses and the net-zero are more focused on operational energy, 

their embodied energy cannot be neglected as sustainable buildings could have higher 

embodied energy. Insulation thickness must be calculated to study the LCC and LCA of the 

insulation material. For insulation thickness, other than the required maximum U-factors 

method, economic thickness optimization methods can also be employed.  

Most LCA quantification focuses on the building’s operational energy; only a few LCA studies 

take a broader view including embodied emissions. The LCA’s scope and stages are defined 

in ISO and EN. For material LCA, Material PCR is also available by ISO and EN, which instructs 

manufacturers to publish material specific EPDs. EPD helps in estimating a more accurate 

building LCA, as buildings encompass countless materials. Not all, but more and more 

manufacturers publish their product-specific EPD. Otherwise, generic LCI databases are 

available in some countries. The downside of using EPD is that EPDs are not readily usable in 
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BIM applications unless individually downloaded since there are currently no available 

databases.   
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Chapter 3 Methodology 

This chapter has two parts. The first part explains the framework design. The second part 

contains a detailed explanation of the approach, including assumptions. 

3.1 Framework Design 

The framework is designed for user accessibility by having a user interface using Python 

Programming. After running the program, the software application should present the ranks 

of alternatives with informative graphics. 

 

Figure 4 Framework Flow Chart 
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First, the project and material information are pre-stored for quick modification. The project 

information includes the following: Life Cycle Year (intended use years of the materials), 

Interest Rate & Inflation Rate (forecasted or current interest rate in trend), Heating Degree 

Day (of the region), the Heating value of fuel & Fuel Price & Fuel Emission (of specific fuel), 

Base wall structure R-value (of wall components except for the insulation). Also, each 

material’s information is saved, including conductivity, price, distance (Km) from the factory, 

and GHG emission data by life cycle stage.  

Second, the data is depicted on the user interface. Users can modify the input data if they 

want to edit, insert, or delete data. The program then generates alternatives based on 

available material thicknesses.  

Third, by optimizing LCC and LCA, the program generates a nondominant Pareto front for 

each material. 

Fourth, the program ranks the Pareto set based on TOPSIS linguistic preferences. 

Finally, the program presents the result to the user.  

In addition to developing the user interface calculation program, hand calculations are 

performed using Excel to verify the framework, the calculation is attached in Appendix A. 

3.2 Detailed method and assumption of calculation  

This section explains the details of the input data and assumptions (Section 3.2.1), the LCA 

and LCC calculation methodology (Section 3.2.2), pareto search technique (Section 3.2.3), 

and the novel fuzzy modified TOPSIS methodologies (Section 3.2.4). 
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To calculate LCA and LCC, two types of basic information are required: material information 

and project information. The material data is obtained from market research and EPDs 

published by manufacturing companies, and it includes the initial price for various thickness 

options as well as GHG emission quantities. The project data includes ASHRAE 90.1 (or local 

equivalent) fuel for heating, interest/discount rate, and base wall R-value. In addition, expert 

opinions are required later for TOPSIS.  

 

 

 

 

Figure 5 IDEF0 Diagram 

  

3.2.1.a Base wall structure R-value:  

The base wall structure can be made of steel, brick, or concrete, and the R-value of these 

base wall structures is required for LCA and LCC calculations. As shown in wall Figure 6, the 

Project Info: Life Cycle Year, Interest rate, Inflation rate, Fuel Heating value, 
Fuel Price, Fuel Emission rate 

Base wall structure R-value 

Minimum R-value (maximum U-value) requirement from the 
ASHRAE 90.1 or local code (NECB). 

Material Info: Insulation material price and available thicknesses 

Distance from the manufacturer to the intended site base on EPD 

Expert’s Opinion: Linguistic preference for fuzzy TOPSIS 

Table 3 User Input and Knowledge Required for the Software 
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study subject, insulation sheathing layer, is added on top of the base wall structure and under 

the external finishing. The total R-value of a complete wall can be calculated by adding the 

R-value of the insulation to the R-value of the rest of wall components. 

 

Figure 6 Wood Frame Wall Section(Rigid Board Installation Builder’s Guide, 2018) 

3.2.1.b EPD and price:  

For sheathing insulation, board-type insulation is chosen as the study object. A material's 

price and available thicknesses can be obtained through market research. For the case of EPD, 

it can be downloaded from the manufacturer's website. For this study, only materials that are 

available on the North American market are considered as candidate materials.  

3.2.1.c Location distance measure:  

The distance between the manufacturer's factory and the construction site is measured in 

kilometres using Google Maps. If an EPD shows multiple manufacturing locations, the one 

closest to the intended construction site is selected. Most EPDs specify an assumed number 

of kilometres for the A4 impact declaration. Each EPD has a different default outbound 

distance for A4 calculation. Therefore, the A4 impact needs to be converted per kilometres, 

and then it can be multiplied by the actual distance. For example, suppose a material EPD 

shows A4 stage emission for Functional Unit thickness as 0.05 kg CO2 eq. and this is 
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calculated based on 50 miles (80.4672 km). In that case, it is converted to 0.00062137 kg 

CO2 eq./km. This converted emission amount per kilometres then multiplied with the actual 

distance between the manufacturer and the intended site.  

3.2.1.d Regulation:  

The ASHRAE 90.1 specifies maximum U-values by building envelope parts (e.g., roof, wall, 

and floor) and by zones. Likewise, the Canadian National Energy Code for Buildings (NECB) 

specifies U-value requirement by zones and by parts. 

Compared to the ASHRAE 90.1 standard, the NECB standard demands a higher insulation 

performance. For example, according to NECB, the maximum assembly U-value for a wall is 

0.21 for any building type. However, according to ASHRAE 90.1, the maximum assembly U-

Table 4 Building Envelope Requirements for Climate Zone 7(ASHREA 90.1) 
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value for a wall is 0.291 for a wood-framed residential building. So, more stringent NECB 

standard is used for this study.  

The Heating degree day of study area is required in order to find out the climate zone defined 

by ASHRAE 90.1 and NECB. For example, the ten-year average Heating Degree Days in 

Edmonton is 5014.9 HDD (edmonton.weatherstats.ca, n.d.) which belongs to zone 7 

according to ASHRAE 90.1. Table 4 is taken from ASHRAE 90.1, which shows the minimum 

R-value of insulation required for the type of building and the building parts. The Canadian 

National Energy Code for Buildings (NECB) divided zones in more detail. According to it, 

Edmonton belongs to zone 7A. The required U values for building envelopes for above-ground 

opaque building are shown in Table 5.  

 

Table 5 Building Envelope Requirements for Climate Zone 7A (NECB) 

3.2.1.e Interest rate and inflation rate:  

Interest rates and inflation rates are volatile and are determined by current market conditions. 

National and commercial banks provide forecasts of interest rate and inflation rate. For 

example, according to Statista (n.d.) the inflation rate averaged 1.6% in 2021, and is 

forecasted to be 1.8% in 2022, while the current (February 2021) interest rate is 0.25%. 
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3.2.1.f Fuel information:  

To calculate the operational part of LCA and LCC, the fuel’s energy content, price, and CO2 

emission rate are required. For example, 1m3 of natural gas produces 42.3 mol of CO2 or 1.86 

kg CO2 eq., and natural gas has an average energy content of 37 MJ/m3 (Willms, 2007).  

According to the ‘Ontario Energy Board,' the price per m³ ranges from 10.35 to 13.51 dollars 

(Ontario Energy Board, 2020). According to the Alberta Utilities Commission, natural gas bills 

include energy charges, delivery charges (including fixed charge and variable charge), 

administration charges, municipal franchise fees, carbon levy, and GST (Goods and Services 

Tax).  

3.3 LCA and LCC calculation 

This section demonstrates the LCA and LCC calculation process. The life cycle system 

boundary for this study is from A1-4 plus B6. This includes manufacturing, transportation, 

and operation but excludes installation, maintenance, repair, replacement, refurbishment, 

and the end-of-life stage. The A5 installation stage is not included in the study due to its 

marginal importance and a lack of clear information on EPDs. Also, the B1 to B5 and B7 are 

excluded because they are unrelated to the insulation material.  

 

Figure 7 System Boundary of the Study 
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3.3.1.a Stage A1-A4 and C1 to C4 embodied energy calculation (LCA):  

Based on a product EPD, the embodied CO2 from stage A1 to stage A4 can be calculated. 

Because the embodied CO2 data on an EPD are based on functional unit thickness per 1 m2, 

alternatives’ embodied CO2 can be quantified based on alternative thickness. As written on 

the PCR, the functional unit for thermal insulation is 1m² area with a thickness that gives an 

average thermal resistance of RSI = 1k·m2/W (RIP=5.68h·ft2 °F/Btu).  

The thermal resistance may be expressed as RSI = d/ λ, where d [m] is the insulation thickness 

and functional units may also be expressed as: 𝐹𝑈 =  𝑅𝑆𝐼 · 𝜆 · 𝜌 ·  𝐴 [𝑘𝑔]. 

𝑅𝑆𝐼  =  𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑚²𝐾/𝑊] 

𝜆 =  𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [𝑊/𝑚𝐾] 

𝜌 =  𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 [𝑘𝑔/𝑚³] 

𝐴 =  𝐴𝑟𝑒𝑎 [𝑚²] (ℎ𝑒𝑟𝑒, 1 𝑚²) 

To calculate the LCA for the A1 to A4 stage, convert the FU thickness of the A1 to A4 impact 

(kg CO2 eq.) to 1mm thickness, then multiply by the actual thickness of the subject material.   

 𝐿𝐶𝐴𝑎1~4  =  
(𝐹𝑈𝑎1~3 + 𝐹𝑈𝑎4 × 𝑑𝑖𝑠𝑡)𝑥𝑖

𝐹𝑈𝑡ℎ𝑘
 26) 

𝑥𝑖 : the thickness of material i  

𝑑𝑖𝑠𝑡: distance between manufacturing factory to site location  

𝐹𝑈𝑎1~3: Stage A1 to A3 GHG for Functional Unit  

𝐹𝑈𝑎4 : Stage A4 GHG for Functional Unit  

𝐹𝑈𝑡ℎ𝑘 : Functional Unit Thickness 

3.3.1.b Stage B6 operation energy calculation (LCA):  

The EPD does not have information on the impact of B6 stage emissions because they are 

operational emission. The fuel consumption can be calculated utilizing equation 22 (see 

section 2.4.3) by calculating the heat loss per unit area (m2).  
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 𝐿𝐶𝐴𝑏6  =
86400 ∙ 𝐻𝐷𝐷

(𝑅 𝑇.𝑊. +
𝑥𝑖

𝑘
) ∙ 𝜂 ∙ Hu

× 𝑒𝑚𝑖𝑠 × 𝑁 27) 

𝑒𝑚𝑖𝑠: emission rate of the fuel 

𝑁: specified time term (years) 

Combining equation 26 and 27, the following equation 28 represents LCA for this study. 

 𝐿𝐶𝐴(𝑥) =𝐿𝐶𝐴𝑎1~4 + 𝐿𝐶𝐴𝑏6 28) 

 

3.3.1.c LCC :  

For the B6 stage, the present value of future energy costs over the life cycle year is calculated 

utilizing equation 22 (see section 2.4.3) and the initial material price is added for a complete 

LCC calculation. 

 𝐿𝐶𝐶 =
86400 ∙ 𝐻𝐷𝐷

(𝑅 𝑇.𝑊. +
𝑥𝑖

𝑘 ) ∙ 𝜂 ∙ Hu

× 𝐹𝑢𝑒𝑙𝑝𝑟𝑖𝑐𝑒 × 𝑃𝑊𝐹 + 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑝𝑟𝑖𝑐𝑒(𝑥𝑖) 29) 

𝐹𝑢𝑒𝑙𝑝𝑟𝑖𝑐𝑒: price of the fuel  

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑝𝑟𝑖𝑐𝑒(𝑥𝑖) = material price for the thickness of material i 

3.4 Pareto Search 

Many multi-objective optimization algorithms, including the Multi-Objectives Genetic 

Algorithm (MOGA) and the Non-Dominated Sorting Genetic Algorithm (NSGA-II), mutate 

alternatives to find the best ones.  However, the alternatives for this framework must only be 

from the market's commercially available options. Because the available thickness of the 

specific product on the market is limited, double layering of a same material is considered to 

generate more alternatives. If there are n available thicknesses on the market, the number 

of options becomes 2n+n(n-1)/2. For example, if a material has 3 thickness options (0.75-
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inch, 1 inch, 1.5 inch options), the available options, including double layer combinations, are 

0.75 inch, 1 inch, 1.5 inch options, 1.5 (0.75+0.75) inch, 1.75 (1+0.75) inch, 2.25 (0.75+1.5) 

inch, 2 (1+1) inch, 2.5 (1+1.5) inch, and 3 (1.5+1.5) inch.  

Following the creation of all alternatives, the multi-objective optimization process determines 

the non-dominance pareto optimum sets for each material's minimum LCA and minimum LCC. 

The optimization is expressed in equation 30, utilizing equations 28 (see section 3.3.1.b)  and 

29 (see section 3.3.1.c).  

 

min 𝐹(𝑋) = (𝑓1(𝑥), 𝑓2(𝑥)) 

𝑓1 =  𝐿𝐶𝐴(x) 

𝑓2 =  𝐿𝐶𝐶(x) 

30) 

The following is the pareto search rule: 

 Given two points 𝑥, 𝑦 in Ω, we say that 𝑥 ≺  𝑦 (x dominates y) when 𝐹(𝑥)  ≺ F 𝐹(𝑦) 31) 

In this case, the upper limit constraint is the ‘up to double layers’, as implied already in the 

alternatives generation. Equation 32 expresses the lower limit constraint, while the maximum 

U value is specified in design requirements such as the local code or ASHRAE 90.1. 

 𝑘 (1/𝑚𝑎𝑥𝑈 − 𝛼) − 𝑥 ≤ 0 32) 

𝑚𝑎𝑥𝑈: the maximum U-value specified in the local code or ASHRAE 90.1 

Where the base wall’s R-value is α, k is the insulation material’s thermal conductivity coefficient and 

the thickness 𝑥 of the insulation material satisfies the maximum U-value. 

3.5 Novel fuzzy modified TOPSIS 

After identifying the pareto optimal material and thickness, the solutions are ranked using the 

TOPSIS method, with the expert's linguistic preference.  As mentioned in the literature review, 
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the ‘Novel fuzzy modified TOPSIS' method manages mixed criteria (objective and subjective), 

so it is used in this study. 

First, TOPSIS criteria are selected. As shown in Table 1 (see section 2.4.3) from the literature 

review, criteria are generally classified into three types: cost-related, sustainability-related, 

and technical performance-related. Because cost and GHG are already considered in LCC and 

LCA, the focus of the linguistic evaluation criteria is on the material's technical performance. 

In addition, other than the LCC, the ‘initial cost’ is included as a cost criterion because the 

immediate cost is one of the primary concerns among decision makers. Hence, the objective 

criteria are the LCC, initial cost, and LCA.  

For the subjective criteria, based on a literature review and expert opinion, technical 

performances such as work duration, material durability of construction, water vapour 

diffusion, fire resistance, and loss factor are chosen. In total, seven criteria are selected for 

the study, as shown in Table 6.  

Because the study's alternatives are a pair of materials and a thickness combination. There 

are more alternatives than the number of materials. With the linguistic variables, each 

material can be rated but not the thicknesses. Therefore, regardless of thickness, the same 

type of material receives the same rating for subjective criteria. In contrast, all alternatives 

(material and thickness combination) should have different ratings for the objective criteria 

(LCA, LCC, and initial cost).  

Subjective criteria Objective criteria 

Work duration (C1) LCC (C5) 

Material durability (C2) Initial Cost (C6) 

Water vapor diffusion (C3) LCA (C7) 

Fire resistance (C4)  

Table 6 Subjective and Objective Criteria 
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3.5.1.a Criteria weighting:  

The fuzzy linguistic variables listed below are used to weight the criteria and rate the 

alternatives. Fuzzy number membership for weighting and rating is shown in Table 7 and 

Table 8, respectively. 

Meaning of 

Linguistic Scale  

Numerical Scale  

Very low (VL) (0, 0, 0.1) 

Low (L) (0, 0.1, 0.3) 

Medium low (ML)  (0.1, 0.3, 0.5) 

Medium (M) (0.3, 0.5, 0.7)  

Medium high (MH)  (0.5, 0.7, 0.9)  

High (H) (0.7, 0.9, 1.0) 

Very high (VH)  (0.9, 1.0, 1.0) 

Table 7 Linguistic Variables for the Importance of Each Criterion 

Meaning of 

Linguistic Scale  

Numerical Scale  

Very poor (VP) (0, 0, 1)  

Poor (P) (0, 1, 3)  

Medium poor (MP)  (1, 3, 5)  

Fair (F) (3, 5, 7) 

Medium good (MG)  (5, 7, 9) 

Good (G) (7, 9, 10)  

Very good (VG) (9, 10, 10) 

Table 8 Linguistic Variables for the Alternative Performance 

The ‘TOPSIS' process begins after decision-makers have completed the qualitative evaluation 

for criteria weighting and alternative ratings. Vahdani et al. (2011)’s novel fuzzy modified 

TOPSIS method is used for ranking because the criteria are mixed with subjective and 

objective criteria. First, the objective criteria’s crisp value is converted to a triangular fuzzy 

set in the form of �̃� ⊗ 𝑟 by multiplying normalized linguistically valued weight. Next, the fuzzy 

TOPSIS process begins, as described in 2.3.2 TOPSIS and Fuzzy TOPSIS. For defuzzification, 

the second weighted method is used, and Euclidean distance is used to compute the distance 

between the ideal point and each alternative.  
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Chapter 4 Application of the method to an example case 

This section provides an example of how to choose a sustainable insulation material using the 

proposed method.  

4.1 Data input 

4.1.1.a Base wall R-value calculation:  

The study assumes that the base wall is a wooden framed wall with 2”×6” stud framing at 

400mm on the center and cavities filled with fiberglass batt insulation for the wall cavities. 

The stud wall is composed of an inner layer drywall, wood frame, insulation layer, and external 

finish layer. Studs are typically spaced at 16” (traditional framing) or 24” (advanced framing) 

according to ASHRAE 90.14-2019. If it is spaced at 16”, the wood frame takes about 25% of 

the wall, while the cavity takes 75% of the total area. So, the calculation of the 2×6 wood 

stud wall’s R-value is as shown in Table 9, which is expressed in equation 33 below. The R-

values for each layer are obtained from ColoradoENERGY.Org. In this case, the calculated 

base wall R-value is 3.11 km2/W. (ColoradoENERGY.Org - R-Value Table, n.d.)  

 

 

Table 9 R-Value of Sample Base Wall 

Component R-Value Studs R-Value Cavity Assembly  
R-Value 

Wall - Outside Air Film (winter) 0.03 K m²/W 0.03 K m²/W   

Siding - Wood Bevel 0.14 K m²/W 0.14 K m²/W   

Plywood Sheathing - 1/2” 0.11 K m²/W 0.11 K m²/W   

6” Fiberglass Batt   3.87 K m²/W   

6” Stud 1.19 K m²/W     

1/2” Drywall 0.08 K m²/W 0.08 K m²/W   

Inside Air Film 0.12 K m²/W 0.12 K m²/W   

Percent for 16" o.c. + Additional 
studs 

25% 75%   

Total Wall Component R-Values 1.67 K m²/W 4.35 K m²/W   

Wall Component U-Values 0.60 W/m²K 0.23 W/m²K   

Total Wall Assembly R-Value     3.11 K m²/W 
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𝑭𝒐𝒓𝒎𝒖𝒍𝒂: 𝑨𝒔𝒔𝒆𝒎𝒃𝒍𝒚 𝑹 𝒗𝒂𝒍𝒖𝒆 =  𝟏 / (𝑨𝒔𝒔𝒆𝒎𝒃𝒍𝒚 𝑼 − 𝒗𝒂𝒍𝒖𝒆)  

=  𝟏 / (𝑼 − 𝒔𝒕𝒖𝒅𝒔 𝒙 % +  𝑼 − 𝒄𝒂𝒗𝒊𝒕𝒚 𝒙 %) 
33) 

 

4.1.1.b EPD and price:  

Rigid insulation materials such as XPS, fibreglass, polyiso, and EPS board are chosen as study 

alternatives. These materials are from specific brands and have commercial names or 

numbers. In this study, they are referred as material A, B, C, and D. Each material comes in 

a range of thicknesses. Some have a wider range of thicknesses than others. Table 10 shows 

the researched material thickness options along with their prices.  

Material Type Board Size 
Thickness 

(Inch) 
Thickness 

(mm) 
Price per 

Board (CAD) 
Price per m2 

(CAD) 

A: XPS 
 
4 ‘·8’ 
(2.97 m2)  

0.75 19.05 14.85 5.00 

1 25.4 17.79 5.98 

1.5 38.1 27.58 9.28 

2 50.8 53.57 18.02 

2.5 63.5 40.75 13.71 

3 76.2 43.41 14.60 

4 101.6 80.63 27.12 

B: Earthwool 
2'·4' 
(0.74 m2) 

1 25.4 23.33 31.39 

2 50.8 44.83 60.32 

C: Polyiso 
4'·8' 
(2.97 m2)  

1 25.4 22.86 7.69 

1.55 39.37 44.49 14.97 

2 50.8 48.94 16.46 

D: EPS 
4'·8'  
(2.97 m2) 

0.75 19.05 19.99 6.72 

1 25.4 24.99 8.41 

1.5 38.1 35.99 12.11 

2 50.8 43.99 14.80 

Table 10 Candidate Material and Thickness Availability 

4.1.1.c Location distance measure:  

Table 11 summarizes the EPDs information for materials A-XPS, B-Earthwool, C-Polyiso, and 

D-EPS. The intended site is assumed to be in Edmonton in this study, and the distance from 

each manufacturer to the intended site is indicated in the third column. Figure 8 depicts the 
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location of the manufacturing site. Product D-EPS has the shortest distance since the factory 

is in Edmonton. Overall, product A-XPS has a much higher embodied GHG (kg CO2 eq.). 

MR 
FU 

Thickness 
(m) 

Conductivi
ty 

(W/mK) 

Distance 
(Km) 

A1 ~ A3 
stage 

(kgCO2eq./
m2)  

A4 stage 
(kgCO2eq./m

2/km)  

C2&C4 
stage 

(kgCO2eq./m
2) 

A 0.031 0.031 1,525.000 25.360 0.0009420 6.05 

B 0.032 0.032 2,984.000 9.110 0.0007890 0.2528 

C 0.022 0.022 2,041.250 4.100 0.0001970 0.09899 

D 0.040 0.0401 6.600 2.627 0.0002693 0.038 

Table 11 Summarized EPD of Candidate Material (1 m2, RSI=1) 

4.1.1.d Regulation:  

The average Heating Degree Days in Edmonton over the last ten years, as explained in the 

literature review, is 5014.9 HDD (edmonton.weatherstats.ca, n.d.). According to the NECB 

standard, the maximum assembly U-value for an external wall is 0.21. 

Figure 8 Manufacturer Location 
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4.1.1.e Interest rate and inflation rate:  

This study assumes an inflation rate of 1.8% (Canada - Inflation Rate 1986-2026 | Statista, 

n.d.) and an interest rate of 0.25% (Statista, n.d.).  

4.1.1.f Fuel information:  

Natural gas is the most commonly used energy source for heating in Canada. Therefore, this 

study assumes heating fuel is natural gas, which emits 1.86 kg CO2 equivalent per m3. Natural 

gas has an average energy content of 37 MJ/m3. Natural gas costs 13.4224 cents per m3 

according to Ontario Energy Board (July,2021). 

4.2 LCA and LCC calculation 

4.2.1.a Create options:  

As explained in the methodology, to provide more alternatives for this study, the available 

thickness options are expanded by doubling layers. So, if there are ‘n’ thicknesses available 

on the market, then ‘2n+n(n-1)/2’ thickness alternatives are generated for each material. As 

a result, for material A-XPS, B-Earthwool, C-Polyiso, and D-EPS, a total of 63 alternatives are 

created. 

 

A : 2 × 7 + 7(7 − 1)/2 = 35 EA 

B : 2 × 2 + 2(2 − 1)/2 = 5 EA 

C : 2 × 3 + 3(3 − 1)/2 = 9 EA 

D : 2 × 4 + 4(4 − 1)/2 = 14 EA 

34) 

4.2.1.b LCA calculation:  

To demonstrate the LCA calculation technique, material A-XPS with a thickness of 82.55mm 

(19.05mm and 63.55mm.) is calculated as an example. 
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A1~4 stage: Calculate proportionate GHG based on thickness of 0.08255m against 

functional unit thickness by referring Table 11 (see section 4.1.1.c), then use equation 

26 (see section 3.1.1.a). As a result, the GHG for A1~4 stage is 71.36 kg CO2 eq.   

   𝐿𝐶𝐴𝑎1~4 =  
(25.36 + 0.0009420 × 1525) × 0.08255

0.031
= 71.36 35) 

B6 stage: The R-value is as follows for material A-XPS with a thickness of 0.08255m.  

 𝑅𝑖𝑧𝑜 =
𝑥

𝑘
=

0.08255

0.031
= 2.6629 36) 

Edmonton heating degree day is 5014.9 and assume the heating system efficiency is 

80%, then plug these numbers into equation 27 (see section 3.1.1.b)  

 mfA =
86400∙5014.9

(3.11+2.66)∙0.8∙37000000
= 2.54m3/m2-year 37) 

Where the average energy content of natural gas is 37 MJ/m3, 

 2.54m3/m2-year *1.86kg/m3=4.72 kg/m2-year 38) 

Where the emission rate of natural gas is 1.86kg/m3, 

Totalling up the environmental impact of stages A1~4 and B6: 

 

71.63 kg CO2 eq.+4.72 kg CO2 eq.*70years 

=401.5 kg CO2 eq. 

39) 

 

4.2.1.c LCC calculation:  

The following is a continuation of the demonstration of material A-XPS’s thickness 82.55mm 

for the LCC calculation. The first step is to calculate the actual interest rate (r) using equation 

25 (see section 2.4.4). 
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 𝑖𝑓 1.8% > 0.25% 𝑡ℎ𝑒𝑛 𝑟 =  (1.8% − 0.25%)/(1 + 0.25%) = 1.55% 40) 

Then, employing equation 24 (see section 2.4.4) calculate the Present Worth Factor(PWF) for 

70 years using the actual interest rate (r). 

 𝑃𝑊𝐹 =  
(1 + 0.0155)70 − 1

0.0155 ∙ (1 + 0.0155)70
= 42.58 41) 

The annual energy cost CA.H ($/m2-year) per unit area m2 is calculated using equation 22 

(see section 2.4.3).  

 𝐶𝐴.𝐻 =
86400∙5014.9∗0.13

(3.11+2.66)∙0.8∙37000000
=0.33($/m2-year) 42) 

If the price of the fuel is 0.13 $/m3,  

The initial cost of 19.05mm and 63.5mm insulation of material A-XPS is 18.71 $/m2 

(5$/m2+13.71$/m2). The outbound transportation cost is deemed included in the initial cost.  

With the above annual energy cost, present worth factor, and initial cost, LCC can be 

calculated by using equation 23 (see section 2.4.4).  

 𝐶𝑇 = 0.33 ∙ 42.58 + 18.71 = 32.746 ($/m2) 43) 

See the Appendix A for calculated LCC and LCA  

4.3 Pareto Search 

4.3.1.a Calculation of minimum thickness:  

Because all materials have varying conductivities, different minimum thicknesses are required 

for each material to satisfy the design code.    

Taking material A-XPS as an example, when the base wall’s effective R-value is 3.11 K m²/W, 

the thickness 𝑥 that satisfies the maximum 0.21 U value is caculated as in equation 44.  Since 
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we know the conductivity of the material from the Table 11 (see section 4.1.1.c) and the 

maximum allowed U value, the equation 44 is established by utilizing equation 16 and 17 (see 

section 2.4.3). The minimum thickness of all materials A-XPS, B-Earthwool, C-Polyiso, and D-

EPS  for regulation is calculated in Table 12. 

 

1

3.11 +
𝑥

0.031

≤ 0.21 

𝑥 = 0.051 

44) 

 

MR FU Thickness (m) 
Minimum thickness required 

(m) 

A 0.031 0.051 

B 0.032 0.053 

C 0.022 0.036 

D 0.040 0.066 

Table 12 Minimum Thickness for Materials 

From all generated options, after removing unqualified options, the number of material A-XPS 

options drops to 28 from 35. Material B-Earthwool options are down to 2 from 5. Material C-

Polyiso options diminish from 9 to 8. Finally, material D-EPS options fall from 14 to 5 as shown 

in Appendix A.  

4.3.1.b Pareto search 

The number of alternatives is further reduced while implementing the pareto search rule for 

non-dominated minimum LCC and LCA. The non-dominance pareto sets are shown in Table 

13.  

material A-XPS pareto sets (2 ,7, 12 ,17 ,23, 24,25,26) 

Option 2 dominates option 1,4,5,9,10,14 

Option 7 dominates option 5,6,10,11,14,15 

Option 12 dominates option 3,5,10,15,16,19 
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Option 17 dominates option 3,5,10,15,19,20 

Option 23 dominates option 3,8, 13, 15, 19, 20, 21 

Option 24 dominates option 3,8, 13, 15, 18,19,20,21,28 

Option 25 dominates option 22,27,28 

Option 26 dominates option 3,8, 13, 15, 18,19,20,21,22,28 

Material B-Earthwool pareto sets (1,2) 

The two options are non dominance to each other 

Material C-Polyiso pareto sets (3,4,5,6,7 and 8) 

Option 3 dominates option 1,2 

option 4,5,6,7, and 8 non dominance to each other  

Material D-EPS (1,2 ,4, and 5)  

non dominance to each other  

 

Table 13 Pareto Set of Materials 

When searching for a pareto set in Excel, each alternative’s LCA and LCC values are manually 

compared using the IF function. Whereas for python programming, the python paretoset 1.2.0 

source code is used. The results were the same from Excel and software since the inputs were 

the same. 

Figure 9 depicts the LCA and LCC of each material’s various thickness alternatives in a scatter 

plot; all points represent all generated alternatives, while the blue points represent the ones 

that disqualified for the u-value requirements. The pareto front sets are grey points, and these 
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are ready for TOPSIS. It is noticeable that the scatter plots are generally in a convex shape 

for the pareto front.  

 

Figure 9 Pareto Set Scatter Plot 

4.4 TOPSIS 

Table 14 and Table 15 show the linguistic weighting for six criteria and the criteria rating for 

alternatives that are given by three decision-makers (DM1, DM2 and DM3).  

 Criteria DM1 DM2 DM3 

C1 Work Duration High Very High Very High 

C2 Durability Very High High Very High 

C3 Water vapor diffusion Medium Low Medium 

C4 Fire Resistance Medium Medium Medium 

C5 LCC Very High Very High High 

C6 Initial Cost Medium Low Medium 

C7 LCA High Very High Very High 

Table 14 Linguistic Criteria Weighting 

(kg CO2 eq./m2) (kg CO2 eq./m2) 

(kg CO2 eq./m2) (kg CO2 eq./m2) 

($
/m

2
) 

($
/m

2
) 

($
/m

2
) 

($
/m

2
) 
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According to the “step 3” in  2.3.2.a, the cost criteria are 'LCC,' 'Initial Cost,' and 'LCA,' 

because smaller is better for these criteria, and the benefit criteria are 'work duration’, 

‘material durability’, 'water vapour diffusion’, and 'fire resistance’ because they are evaluated 

linguistically. In linguistic scale the higher number scale is given for the better linguistic 

evaluation.   

 

After inputting the expert’s linguistic preference, the three decision makers’ linguistic 

variables are converted to numerical scales and those numerical scales are aggregated to one 

set of fuzzy numbers. Then for alternative ratings, subjective criteria ratings are normalized 

with equation 9 (see section 2.3.3.a) and objective criteria ratings normalized with equation 

1 (see section 2.3.2.a). Next, the aggregated weightings above are applied to the normalized 

criteria ratings. Then the weighted normalized decision matrix is defuzzified. From the 

defuzzified decision, the matrix finds positive and negative ideal solutions to calculate each 

option’s distance. Finally, based on the Euclidean distance, ranks are determined. The Novel 

fuzzy modified TOPSIS is demonstrated in excel and can be found in Appendix A.  

The following is the final ranking from the above procedure. The C 101.6mm (90.17mm + 

78.74mm) are the best alternatives among the pareto set. 

Alternatives D*+D- Ci Final Ranking 

A 76.2  178.47   0.72  14 

A 95.25  175.24   0.78  11 

A 101.6  174.61   0.79  10 

A 114.3  173.23   0.81  9 

A 127  172.11   0.83  7 

 C1 C2 C3 C4 C5 

A B C D A B C D A B C D A B C D A B C D 

DM
1 

F F G G G 
V
G 

G 
V
G 

F G G G F F G G F F G G 

DM
2 

F G F F P G F G F F G G F G F F F G F F 

DM
3 

G F 
V
G 

V
G 

G 
V
G 

V
G 

V
G 

G 
V
G 

G G G F 
V
G 

V
G 

G F 
V
G 

V
G 

VP - Very poor, P - Poor, MP - Medium poor, F - Fair, MG - Medium good, G - Good, VG - Very good 

Table 15 Linguistic Criteria Ratings 
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A 139.7  171.79   0.84  6 

A 165.1  170.29   0.83  8 

A 152.4  171.58   0.84  5 

B 76.2  189.76   0.17  21 

B 101.6  176.54   0.23  20 

C 50.8  181.29   0.65  16 

C 64.77  173.81   0.77  12 

C 76.2  171.40   0.86  4 

C 78.74  170.36   0.87  3 

C 90.17  170.94   0.92  2 

C 101.6  175.83   0.94  1 

D 69.85  181.39   0.58  19 

D 76.2  178.37   0.62  17 

Table 16 Final Score and Ranking 

4.5 Python code writing and interface  

The required user data input is pre-recorded in MS Access for easier user operation. In MS 

Access, three categories of data are stored. The first category is the project data, which 

includes life cycle years, interest rate, inflation rate, regional average heating degree day, 

fuel price, base wall R-value and the maximum U value.  

 

Figure 10 Project Base Information 

The second category of data is the material EPD information including conductivity, GHG 

impact category for A1 to A4 stage and distance from the manufacturing factory to the 

intended site.  

 

Figure 11 Material EPD Information  
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Figure 12 Available Material Thickness Information 

Lastly, the third category of data stored is material commercial information, including 

thickness and the price of each option. These saved data are fed into the python programme 

via the pyodbc 4.0.31 (Pyodbc, n.d.) source code.  

The python interface is designed with Tkinter package from the python library (Tkinter, n.d.). 

The interface includes three main compartments for pre-stored data, namely ‘Basic Info,' 

‘Material Info,' and ‘Material THK and Price.' With this user interface pre-recorded data can be 

modified by double-clicking the data and update button. 
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Figure 13 Material Input Interface 

The decision support system process begins by generating options for up to two layers, after 

which it calculates the LCA and LCC and discards the under-qualified thicknesses. Throughout 

the program, most of the calculations are done with the panda dataframe.  

 

Table 17 Calculated Minimum Thickness 

It then performs the pareto search, only leaving the pareto front of each material for the non 

dominated minimum LCC and LCA. As shown in Table 18, items are reduced in steps through 

this process. To determine each material's pareto set, the paretoset 1.2.0 source code 

(Odland, 2021) is used in python programming. 
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 Number of generated Number of Qualified Number of Pareto set 

Material A-XPS 35 28 8 

Material B-Earthwool 5 2 2 

Material C-Polyiso 9 8 6 

Material D-EPS 14 5 5 

Table 18 Number of Alternatives in Each Step 

Figure 14 depicts the TOPSIS input interface. This program is designed to take three decision-

makers’ opinions. After selecting linguistic variables from the dropdown box, each opinion of 

a decision-maker is recorded by clicking the DC1, DC2, DC3 buttons. No linguistic variables 

are needed for alternative ranking for the objective criteria, but it is required for criteria 

weighting. The enlarged view of the input interface is attached in Appendix B. When linguistic 

preferences are entered in the program's backend, they are saved as a CSV file and brought 

back for TOPSIS calculation. There are few open code sources for TOPSIS available on the 

internet. However, those are ineligible for the novel modified TOPSIS steps. The open source 

TOPSIS codes are designed for crisp values input rather than fuzzy or mixed values. Hence, 

the code for TOPSIS is manually scripted using the pandas dataframe. 

 

 

Figure 14 TOPSIS Linguistic Value Input Interface 
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Figure 15 Linguistic Value Input Dropdown Box 

Once all three decision-makers input their linguistic value, it follows the Novel fuzzy modified 

TOPSIS method. The 'benefit criteria' and 'cost criteria' are indicated in the programme as 1 

and -1. The ‘positive ideal solutions’, ‘negative ideal solutions’, and the ‘score’ are calculated 

as shown in Table 19 Alternatives' Top 10 Rank. Because all user inputs are the same, the 

result is the same as in the preceding Excel demonstration. 

 

Table 19 Alternatives' Top 10 Rank 

Finally, after clicking the close and Run buttons, the user is presented with the  a result 

window, as shown in Figure 16 below. The inner class function is constructed to call all 
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necessary information into the result interface in order to present the results. The final result 

window is divided into three sections. The top section displays the product and thickness 

combination's best recommendation. Then, on the left, there is a scatter plot of the pareto 

set of each material's LCA and LCC, with the top ten ranks highlighted. The defuzzified 

weighted and normalised matrix for the top 10 rank is shown on the right. Appendix C contains 

the complete Python code, while Appendix B contains an enlarged view of the result interface. 

 

Figure 16 Final Outcome Interface  
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Chapter 5 Verification and Validation  

Materials are analysed for their average life cycle, environmental impact, and cost as part of 

the study's verification. Then, two distinct sensitivity analyses are performed. The first 

compares different life cycle years, while the second compares different TOPSIS weight inputs 

to observe rank changes. Lastly, the method is verified by comparing ‘each material’s Pareto 

sets +TOPSIS method’ with ‘TOPSIS without the Pareto set’ and ‘only one Pareto set of all 

materials +TOPSIS’. 

5.1 Material Life cycle impact  

Table 20 shows the average GHG emissions of all pareto sets of each material by life cycle 

stage over a 70-year period. The percentage of B6, the operation stage, is dominant, as 

shown in table, averaging 94 percent. 

 

 

Table 20 is depicted in Figure 17 below for further understanding. In Figure 17 material A-

XPS has the highest proportion of embodied energy, while material D-EPS has the lowest. 

Material D-EPS, on the other hand, has the highest overall LCA and material C-Polyiso has 

the lowest overall LCA. Thus, it appears that the level of embodied energy does not directly 

relate to overall LCA. 

GHG A1 ~ A3 stage 
(kg CO2 eq./m2) 

A4 stage 
(kg CO2 eq./m2) 

B6 stage 
(kg CO2 eq./m2) 

Total Quantity 
(kg CO2 eq./m2) 

A 78.81 4.46 392.96 476.24 

B 17.35 4.49 491.79 513.63 

C 11.97 1.17 395.97 409.11 

D 3.74 0.00 550.28 554.03 

Sum 111.88 10.13 1,831.01 1,953.01 

Percentage 6% 1% 94%  

Table 20 Pareto Set Average of 70 years LCA by stages 
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Figure 18 Pareto Set Average of 70 years LCC   
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As an experiment, the number of years needed for operational emissions to equal embodied 

emissions for each material is found using the Excel solver. To have the same amount of 

operational emissions for all options of material A-XPS, an average of 14.834 years is required. 

The B-Earthwool options take an average of 3.1 years. The C-Polyiso options take an average 

of 2.3 years. Finally, the D-EPS option requires 0.47 years on average. Therefore, from an 

environmental standpoint, material A-XPS should be used for longer-term projects, while 

material D-EPS could be used for shorter-term projects. 

Looking at the average life cycle cost of all alternatives over 70 years, the initial price accounts 

for 64% of the cost and the operational fuel cost accounts for 36%. The initial cost is much 

higher than the operating cost. In contrast to the life cycle environmental impact, the majority 

of spending occurs at the initial stage rather than the operational stage. Material C-Polyiso 

has the lowest rating for both the LCA and the LCC, followed by Material A-XPS. Based on the 

above two analyses, material C-Polyiso appears to be the most sustainable material. 

The correlation of LCC and LCA for the alternatives on the pareto set is examined in Figure 

19. According to the analysis, LCC and LCA are in conflict with each other because a high LCC 

implies a low LCA. 
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Figure 19 Thickness Correlation between LCC and LCA 

Nonetheless, if the pareto set is discarded and all generated options of material A-XPS are 

compared, there will be cases with the same overall thicknesses but different thickness 

combinations. For example, the LCA of 50.8mm (50.8+0) and 50.8mm (25.4+25.4) will be 

the same as they have identical overall thickness. LCCs, on the other hand, will not be the 

same due to the commercial price difference for different combination of thicknesses. As a 

result, the combination of layers can also an important consideration. 

5.2 Sensitivity analysis -Life cycle year 

The first sensitivity analysis is performed by entering different life cycle years into the program 

while leaving the other inputs unchanged. Life cycles of 30, 40, 50, 60 and 70 years are tested 

and compared. 

Table 21 Best Alternative for Various Years 

Table 21 shows that material C-Polyiso  with thickness 101.6mm (50.8+50.8) option ranks 

at the top, except for a 30-year life cycle. Although TOPSIS had an impact on the outcome, 
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the program recommends a thicker option for the longer terms and a thinner option for the 

shortest term. Figure 20 shows that when the life cycle year changes, there are slight changes 

in the rank of alternatives.  
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70 years  

Figure 20 Alternatives in LCC and LCA Graph for Various Years 

5.3 Sensitivity analysis -TOPSIS input 

Another sensitivity analysis is performed by entering opposite TOPSIS linguistic values for 

weighting instead of the input from Chapter 4. For example, ‘very high’ is replaced with ‘very 

low’, ‘high’ with ‘low’, while ‘medium’ remains the same and rating inputs are kept the same 

as in Chapter 4. Table 22 shows the TOPSIS input for this sensitivity trial. Aside from the 

TOPSIS linguistic value, no other information has changed, including the LCA and LCC of each 

alternative. The result, the top 10 rank is illustrated in Figure 21 Result Interface. This trial's 

best recommendation is material A-XPS with a thickness of (76.2+25.4) 101.6mm. Material 

C-Polyiso, on the other hand, is ranked third, despite being the best recommendation in the 

previous trial, due to the low weight given to LCA and LCC criteria. 
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Table 22 TOPSIS Input 

 

Figure 21 Result Interface 

5.4 Method verification -without Pareto 

Table 23 displays the top ranking of the same materials and inputs as Chapter 4 using the 

same methodology, but without sorting the pareto set. TOPSIS is the only ranking rule in this 

case. When the pareto search technique is not used, the ranking changes. Because of drastic 

changes in the cost criteria's positive ideal solutions, the majority of material A-XPS's options 

rose to the top of the rankings. The non-optimized alternatives have lower minimums for each 

cost criterion (LCC, Initial Cost, and LCA) for normalised values than optimised alternatives.  

Alternatives D*+D- Ci Final Ranking 

A 139.7 193.401911 0.985652723 1 

A 152.4 193.8661536 0.985476388 2 

A 127 192.870949 0.984112902 3 

A 114.3 192.4232964 0.981413901 4 

A 127 193.6552382 0.976376269 5 

  DM1 DM2 DM3 

C1 Work Duration L VL VL 

C2 Durability VL L VL 

C3 Water vapor diffusion M H M 

C4 Fire Resistance M M M 

C5 LCC VL VL L 

C6 Initial Cost M H M 

C7 LCA L VL VL 
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A 127 193.7399611 0.975582177 6 

A 120.65 193.300356 0.975193242 7 

A 114.3 192.9978695 0.972972486 8 

A 101.6 192.6070615 0.972208935 9 

A 139.7 194.9289213 0.971941459 10 

A 101.6 192.4786865 0.971354878 11 

A 101.6 192.4224988 0.968834969 12 

A 165.1 196.3019079 0.965486151 13 

A 95.25 192.77689 0.965438022 14 

A 177.8 196.2844651 0.964469596 15 

A 101.6 193.0513738 0.958715631 16 

A 88.9 192.8923904 0.957251347 17 

A 152.4 197.3334657 0.955560973 18 

Table 23 Ranks Without Pareto Search 

5.5 Method verification - One Pareto 

Instead of establishing a pareto set for each type of material, this time only one pareto set is 

used for all material types while employing the same materials and inputs as Chapter 4. As a 

result, just seven options remain in the pareto set, as seen in Figure 22. Among the seven, 

only one is material A-XPS and the rest are material C-Polyiso. Because no input information 

for calculation has changed since Chapter 4, the LCC and LCA values have not changed. With 

the same TOPSIS linguistic value input, the top ranked alternative from the system remains 

the same as in Chapter 4 – material C-Polyiso (50.8+50.8) 101.6mm. The rest of the rank 

order is the same as Chapter 4, except for the options that were deleted due to one pareto.  

 

Figure 22 Result Interface- One Pareto 



 

74 

 

5.6 Experts’ validation  

In order to obtain an opinion and validation from experts, two meetings were conducted. The 

meetings were primarily focused on the validation of the approach and the selection of criteria. 

Expert 1 is an experienced program manager in the Architecture area. Expert 2 works in the 

public sector for building sustainability. Both have prior knowledge with embodied energy and 

life cycle assessment. They agreed that, in addition to renewable energy for operational 

energy, embodied energy is becoming increasingly important in material selection. 

Furthermore, they advised on criteria selection, especially for the importance of water vapor 

diffusion, material durability, and fire resistance. The first meeting, with Expert 1, took place 

while the methodology and software were still in the early stages of development. The next 

meeting with Expert 2 took place after the methodology and software had been developed. 

Therefore, the first meeting was mostly focused on the direction of the study and the criteria 

of TOPSIS. In the second meeting, the reason behind the double layer limit for the alternatives’ 

thickness was explained, and the expert agreed that the constructability of more than a 

double-layer could be challenging. The expert also pointed out the missing consideration of 

thermal bridges. The thermal bridge was not taken into account because the study is based 

on continuous sheathing insulation, and thermal bridging impact assessments are case-

specific, it is difficult to generalize. Furthermore, this decision support system ranks the 

alternatives by comparing options rather than measuring the actual quantity. Finally, it was 

discussed whether the software and methodology could be applied to real case scenarios. The 

experts agreed that this method suggested a new dimension on sustainable material selection.  

5.7 Summary  

From the above verifications, material C-Polyiso appeared to be the best material from the 

material analysis when only looking at the material-to-material comparison for sustainability. 

Also, the same overall thickness with different thickness combinations resulted in a change in 
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LCC owing to commercial cost variances, which showed that thickness combination can also 

be important. Following that, the ‘life cycle year sensitivity analysis' revealed that the life 

cycle year is also a component to consider when making decisions. Material C-Polyiso 

76.19mm (50.8+25.4) was the best material and thickness before 30 years, while Material 

C-Polyiso 101.6mm (50.8+50.8) became the best material and thickness for 40 years and up, 

according to the analysis. Also, a sensitivity analysis was done with the opposite set of TOPSIS 

inputs, which revealed different ranking orders within the same pareto set, as expected. 

Hence, it can be said that the TOPSIS gives decision-makers flexibility within the pareto set.  

Finally, the meaning of the pareto set in this method was examined by omitting the pareto 

search strategy and by creating a single pareto set for all materials rather than creating 

individual pareto sets for each material. When no pareto set was applied, the program 

recommended material A-XPS instead of material C-Polyiso due to changes in positive ideal 

solutions in LCC, Initial cost, and LCA criteria. Without the pareto set, the system is strongly 

reliant on the opinions of decision makers. When only one pareto set is created for all 

materials, however, the majority of the remaining options in the pareto set came from 

material C-Polyiso. As a result, TOPSIS freedom is constrained in this case.  
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Chapter 6 Final Discussion  

This chapter summarizes all the work conducted in this research. Section 6.1 presents the 

final discussion and summary. Section 6.2 outlines the contribution of this thesis. Finally, 

Section 6.3 discusses the current study's limitations and provides some recommendations for 

further research. 

6.1 Final discussion and summary 

The research started from the question of ‘what is sustainability in a building?’ In considering 

this question, focus was placed on one of the bulkiest materials in a building, the building 

envelope. Especially in building envelopes, insulation is the critical element for operational 

energy. Hence the subject material of study was chosen. Sustainability in a building is 

commonly understood as a low energy requirement for building operation, but embodied 

energy is reported high in low energy buildings. Although embodied energy is widely studied 

as part of LCA, it has not been a primary concern when selecting materials. To incorporate 

the embodied energy aspect into the decision-making process, the decision support system 

is suggested in this study. 

Recently, more experts are including LCC in their decision-making process. On the other hand, 

LCA has not been much utilised in the decision-making process. There has been some effort 

to include LCA as a decision-making tool by integrating and optimizing LCA and LCC.  However, 

due to the difficulty of assessing LCA, it has not been widely used in decision-making. The 

study utilized EPD documents to address this difficulty. Some manufacturers voluntarily 

publish EPDs for their products in accordance with ISO requirements, which include quantity 

of product's embodied energy from raw materials, manufacturing, and transportation.  

By optimising the LCA and LCC of each candidate material and then adopting the TOPSIS 

technique, this thesis developed decision-making supporting tools. The reason for optimising 
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each material rather than all materials at once is to offer freedom for material ratings in 

TOPSIS. If optimizing all materials at once, only one or two materials would remain in the 

pareto front. Those materials that were removed from consideration for TOPSIS evaluations 

could achieve high ratings in the TOPSIS. 

Python was used to create a software application for the framework. The application required 

three types of data: project information, material information for LCA and LCC optimization, 

and experts' language preferences for TOPSIS. After running the application, it displayed the 

final recommendation along with ranks. In order to confirm the software result, a manual 

calculation was performed on the excel sheet as attached in Appendix A.  

The average LCA and LCC of each material's pareto set were compared as part of the 

verification and validation procedure, and the most sustainable material was ascertained from 

among the materials, namely material C-Polyiso.   

In the calculation, the study assumed that only up to two layers of the same product could 

be used. When the same overall thicknesses with different set of thickness combinations were 

compared, there were LCC differences between two of the same overall thickness 

combinations due to the commercial pricing variations of each thickness. Therefore, the study 

was designed to let the user know the thickness combination as well. Finally, sensitivity 

analysis was performed on the life cycle year and TOPSIS input. The life cycle year setting 

impacted thickness recommendations within the same material, but changes in the TOPSIS 

input resulted in changes to the material.  

Additionally, the method was tested first by skipping optimization and only applying TOPSIS 

techniques. Due to non-optimized alternatives, the result gave different material 

recommendations. When the pareto set was employed as alternatives, the system found more 

sustainable materials in terms of LCA and LCC. Secondly, one pareto set for all materials was 
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tested and this resulted in the elimination of most alternatives during the pareto search. Such 

a case limited the freedom of TOPSIS. 

To sum up, a framework and software prototype has been suggested in this thesis. This should 

help find the most sustainable insulation material within commercially available options. Also, 

the framework is tailored to the subjectivity of a given project by incorporating the TOPSIS 

technique while keeping objectivity by limiting the alternatives to pareto set for minimum LCA 

and LCC.  

6.2  Contribution  

• Incorporate Environmental Product Declaration (EPD) documents with material 

selection. 

Even though some manufacturers publish product EPD, these have not been utilized in the 

material selections decision-making process. By including EPD to LCA calculation, embodied 

energy is included for material selection.  

• Utilizing Pareto front and TOPSIS technique in selection 

Other material selection support systems were reviewed in chapter 2, and some of them are 

based on optimization, environmental impact comparison, or MCDM methodologies. The 

thesis suggests merging the pareto search technique of multi-objective optimization and 

TOPSIS techniques to find the best material and thicknesses, adding more objectivity to the 

TOPSIS. 

• Commercial applications 

The uniqueness of this thesis is that the framework requires specific product EPD and 

recommends the commercially available material and thickness.  
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6.3 Limitation and further studies  

One of the difficulties in doing the research was obtaining the EPDs for the North American 

market because not all manufacturers publish EPDs. Even if an EPD is made public, the 

documents are not always in the same format. Therefore, the subject material studied was 

naturally limited to those for which EPDs were accessible. Furthermore, some EPDs do not 

contain all the necessary information, especially for the C1-C4 stage (disposal) stage. 

Therefore, the C1-C4 stage (disposal) stage was excluded from the study. Although ISO 

initiated an integrated EPD database to unify all EPDs, it is still under construction.  

Another limitation of this study is the thermal bridge. It is hard to generalize each thermal 

bridge case in LCC and LCA calculations. The study was limited to continuous sheathing 

insulation to mitigate this problem, but thermal bridges can occur for continuous sheathing 

insulation. Nevertheless, the decision support system is to find the best material by comparing 

alternatives; it is not for quantifying the exact LCC and LCA.  

To improve holistic estimates in LCA, adding the A5 stage (during construction) and the C1-

C4 stage (disposal) stage can be attempted in further studies. While emissions during the 

construction stages may be minor, the overall impact on the environment is substantial. Also, 

the environmental impact of disposal is a critical topic for sustainability. Therefore, as a 

following study it is recommended to include disposals in the decision-making process. Also, 

the same technique can be applied for selecting other building material than insulation.  

Finally, the software developed in this thesis is a prototype that can be improved on in a 

variety of ways to make it more user-friendly. Currently, it is set up to accept numerical 

values for all basic data of the project. However, heating degree days could be replaced by 

selecting a region. The fuel’s emission rates, and energy content could be replaced with a 

simple selection of fuel types.  
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Appendix A: Demonstration in table 

1. Generated Alternatives 

ID Material Material  1st Layer 2nd Layer Thickness 

1 xps A 19.05  19.05 

2 xps A 25.4  25.4 

3 xps A 38.1  38.1 

4 xps A 50.8  50.8 

5 xps A 63.5  63.5 

6 xps A 76.2  76.2 

7 xps A 101.6  101.6 

8 xps A 19.05 19.05 38.1 

9 xps A 19.05 25.4 44.45 

10 xps A 19.05 38.1 57.15 

11 xps A 19.05 50.8 69.85 

12 xps A 19.05 63.5 82.55 

13 xps A 19.05 76.2 95.25 

14 xps A 19.05 101.6 120.65 

15 xps A 25.4 25.4 50.8 

16 xps A 25.4 38.1 63.5 

17 xps A 25.4 50.8 76.2 

18 xps A 25.4 63.5 88.9 

19 xps A 25.4 76.2 101.6 

20 xps A 25.4 101.6 127 

21 xps A 38.1 38.1 76.2 

22 xps A 38.1 50.8 88.9 

23 xps A 38.1 63.5 101.6 

24 xps A 38.1 76.2 114.3 

25 xps A 38.1 101.6 139.7 

26 xps A 50.8 50.8 101.6 

27 xps A 50.8 63.5 114.3 

28 xps A 50.8 76.2 127 

29 xps A 50.8 101.6 152.4 

30 xps A 63.5 63.5 127 

31 xps A 63.5 76.2 139.7 

32 xps A 63.5 101.6 165.1 

33 xps A 76.2 76.2 152.4 

34 xps A 76.2 101.6 177.8 

35 xps A 101.6 101.6 203.2 

36 Fiberglass   B 25.4  25.4 

37 Fiberglass   B 50.8  50.8 

38 Fiberglass   B 25.4 25.4 50.8 

39 Fiberglass   B 25.4 50.8 76.2 

40 Fiberglass   B 50.8 50.8 101.6 
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41 Polyiso C 25.4  25.4 

42 Polyiso C 39.37  39.37 

43 Polyiso C 50.8  50.8 

44 Polyiso C 25.4 25.4 50.8 

45 Polyiso C 25.4 39.37 64.77 

46 Polyiso C 25.4 50.8 76.2 

47 Polyiso C 39.37 39.37 78.74 

48 Polyiso C 39.37 50.8 90.17 

49 Polyiso C 50.8 50.8 101.6 

50 EPS D 19.05  19.05 

51 EPS D 25.4  25.4 

52 EPS D 38.1  38.1 

53 EPS D 50.8  50.8 

54 EPS D 19.05 19.05 38.1 

55 EPS D 25.4 19.05 44.45 

56 EPS D 38.1 19.05 57.15 

57 EPS D 50.8 19.05 69.85 

58 EPS D 25.4 25.4 50.8 

59 EPS D 38.1 25.4 63.5 

60 EPS D 50.8 25.4 76.2 

61 EPS D 38.1 38.1 76.2 

62 EPS D 50.8 38.1 88.9 

63 EPS D 50.8 50.8 101.6 

 

2. Alternatives over minimum thickness 

ID Material Material 1st Layer 2nd Layer Thickness 

Material A -XPS 

5 xps A 63.5 0 63.5 

6 xps A 76.2 0 76.2 

7 xps A 101.6 0 101.6 

10 xps A 19.05 38.1 57.15 

11 xps A 19.05 50.8 69.85 

12 xps A 19.05 63.5 82.55 

13 xps A 19.05 76.2 95.25 

14 xps A 19.05 101.6 120.65 

16 xps A 25.4 38.1 63.5 

17 xps A 25.4 50.8 76.2 

18 xps A 25.4 63.5 88.9 

19 xps A 25.4 76.2 101.6 

20 xps A 25.4 101.6 127 

21 xps A 38.1 38.1 76.2 

22 xps A 38.1 50.8 88.9 

23 xps A 38.1 63.5 101.6 

24 xps A 38.1 76.2 114.3 
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25 xps A 38.1 101.6 139.7 

26 xps A 50.8 50.8 101.6 

27 xps A 50.8 63.5 114.3 

28 xps A 50.8 76.2 127 

29 xps A 50.8 101.6 152.4 

30 xps A 63.5 63.5 127 

31 xps A 63.5 76.2 139.7 

32 xps A 63.5 101.6 165.1 

33 xps A 76.2 76.2 152.4 

34 xps A 76.2 101.6 177.8 

35 xps A 101.6 101.6 203.2 

Material B-Earthwool 

39 Fiberglass   B 25.4 50.8 76.2 

40 Fiberglass   B 50.8 50.8 101.6 

Material C-Polyiso 

42 Polyiso C 39.37 0 39.37 

43 Polyiso C 50.8 0 50.8 

44 Polyiso C 25.4 25.4 50.8 

45 Polyiso C 25.4 39.37 64.77 

46 Polyiso C 25.4 50.8 76.2 

47 Polyiso C 39.37 39.37 78.74 

48 Polyiso C 39.37 50.8 90.17 

49 Polyiso C 50.8 50.8 101.6 

Material D-EPS 

57 EPS D 50.8 19.05 69.85 

60 EPS D 50.8 25.4 76.2 

61 EPS D 38.1 38.1 76.2 

62 EPS D 50.8 38.1 88.9 

63 EPS D 50.8 50.8 101.6 
 

3. Pareto Set 

ID 
Materia

l 
Material Thickness LCA LCC 

Material -XPS 

6 xps A 76.2 408.16 29.15 

13 xps A 95.25 390.60 32.71 

19 xps A 101.6 386.20 33.27 

24 xps A 114.3 379.20 35.80 

30 xps A 127 374.24 38.66 

31 xps A 139.7 370.99 38.95 

32 xps A 165.1 368.64 50.44 

33 xps A 152.4 369.19 39.30 

Material -Earthwool 
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39 
Fibergla
ss 

B 76.2 374.38 106.47 

40 
Fibergla

ss 
B 101.6 339.64 133.53 

Material -Polyiso 

44 Polyiso C 50.8 362.09 30.33 

45 Polyiso C 64.77 328.06 36.04 

46 Polyiso C 76.2 305.52 36.48 

47 Polyiso C 78.74 301.04 42.05 

48 Polyiso C 90.17 282.84 42.67 

49 Polyiso C 101.6 267.41 43.41 

Material -EPS 

57 EPS D 69.85 397.39 38.22 

60 EPS D 76.2 385.39 39.38 

61 EPS D 76.2 385.39 40.38 

62 EPS D 88.9 363.61 42.11 

63 EPS D 101.6 344.36 43.95 
 

4. Ratings of Alternatives under subjective criteria 

Criteri

a 

Subjective 

Alternatives DM1 DM2 DM3 

C1 A Fair (F) Fair (F) Good (G) 

 B Fair (F) Good (G) Fair (F) 

 C Good (G) Fair (F) Very good (VG) 

 D Good (G) Fair (F) Very good (VG) 

C2 A Good (G) Poor (P) Good (G) 

 B Very good (VG) Good (G) Very good (VG) 

 C Good (G) Fair (F) Very good (VG) 

 D Very good (VG) Good (G) Very good (VG) 

C3 A Fair (F) Fair (F) Good (G) 

 B Good (G) Fair (F) Very good (VG) 

 C Good (G) Good (G) Good (G) 

 D Good (G) Good (G) Good (G) 

C4 A Fair (F) Fair (F) Good (G) 

 B Fair (F) Good (G) Fair (F) 

 C Good (G) Fair (F) Very good (VG) 

 D Good (G) Fair (F) Very good (VG) 
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5. Ratings of criteria under objective criteria 

ID Material Material Thickness LCA LCC 

Material A 

6 xps A 76.2 408.16 29.15 

13 xps A 95.25 390.60 32.71 

19 xps A 101.6 386.20 33.27 

24 xps A 114.3 379.20 35.80 

30 xps A 127 374.24 38.66 

31 xps A 139.7 370.99 38.95 

32 xps A 165.1 368.64 50.44 

33 xps A 152.4 369.19 39.30 

Material B 

39 Fiberglass B 76.2 374.38 106.47 

40 Fiberglass B 101.6 339.64 133.53 

Material C 

44 Polyiso C 50.8 362.09 30.33 

45 Polyiso C 64.77 328.06 36.04 

46 Polyiso C 76.2 305.52 36.48 

47 Polyiso C 78.74 301.04 42.05 

48 Polyiso C 90.17 282.84 42.67 

49 Polyiso C 101.6 267.41 43.41 

Material D 

57 EPS D 69.85 397.39 38.22 

60 EPS D 76.2 385.39 39.38 

61 EPS D 76.2 385.39 40.38 

62 EPS D 88.9 363.61 42.11 

63 EPS D 101.6 344.36 43.95 
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6. Aggregated fuzzy ratings of the alternatives under subjective criteria by three 

DMs. 

Criteria 

Sub. 
Alt 

DM1 DM2 DM3 Aggregated ratings 

C1 A (3 5 7) (3 5 7) (7 9 10) (4.33 6.33 8.00) 
 B (3 5 7) (7 9 10) (3 5 7) (4.33 6.33 8.00) 
 C (7 9 10) (3 5 7) (9 10 10) (6.33 8.00 9.00) 
 D (7 9 10) (3 5 7) (9 10 10) (6.33 8.00 9.00) 

C2 A (7 9 10) (0 1 3) (7 9 10) (4.67 6.33 7.67) 

 B (9 10 10) (7 9 10) (9 10 10) (8.33 9.67 
10.0

0) 
 C (7 9 10) (3 5 7) (9 10 10) (6.33 8.00 9.00) 

 D (9 10 10) (7 9 10) (9 10 10) (8.33 9.67 
10.0

0) 

C3 A (3 5 7) (3 5 7) (7 9 10) (4.33 6.33 8.00) 
 B (7 9 10) (3 5 7) (9 10 10) (6.33 8.00 9.00) 

 C (7 9 10) (7 9 10) (7 9 10) (7.00 9.00 
10.0

0) 

 D (7 9 10) (7 9 10) (7 9 10) (7.00 9.00 
10.0

0) 

C4 A (3 5 7) (3 5 7) (7 9 10) (4.33 6.33 8.00) 
 B (3 5 7) (7 9 10) (3 5 7) (4.33 6.33 8.00) 
 C (7 9 10) (3 5 7) (9 10 10) (6.33 8.00 9.00) 
 D (7 9 10) (3 5 7) (9 10 10) (6.33 8.00 9.00) 

 

7. Aggregation of the relative importance of each selected criteria by three DMs. 

Cri
ter

ia 

DM1 DM2 DM3 Aggregated ratings 

Defuzz
ified 
fuzzy 

weight
s 

C1 (0.6 0.7 0.8) (0.7 0.9 1) (0.7 0.9 1) (0.67 0.83 0.93) 0.82 

C2 (0.7 0.9 1) (0.6 0.7 0.8) (0.7 0.9 1) (0.67 0.83 0.93) 0.82 

C3 (0.1 0.3 0.5) (0 0.1 0.2) (0.1 0.3 0.5) (0.07 0.23 0.40) 0.23 

C4 (0.1 0.3 0.5) (0.1 0.3 0.5) (0.1 0.3 0.5) (0.10 0.30 0.50) 0.30 

C5 (0.7 0.9 1) (0.7 0.9 1) (0.6 0.7 0.8) (0.67 0.83 0.93) 0.82 

C6 (0.1 0.3 0.5) (0 0.1 0.2) (0.1 0.3 0.5) (0.07 0.23 0.40) 0.23 

C7 (0.6 0.7 0.8) (0.7 0.9 1) (0.7 0.9 1) (0.67 0.83 0.93) 0.82 
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8. Normalized decision matrix 

Alternatives 

 
C1 C2 C3 C4 C5 C6 C7 

A 76.2 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 7.96 2.83 154.54 

A 95.25 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 10.02 5.10 141.54 

A 101.6 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 10.36 5.63 138.37 

A 114.3 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 12.00 7.58 133.39 

A 127 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 14.00 9.99 129.92 

A 139.7 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 14.20 10.65 127.68 

A 165.1 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 23.82 22.15 126.07 

A 152.4 (0.25 0.37 0.47) (0.25 0.34 0.42) (0.23 0.34 0.43) (0.25 0.37 0.47) 14.46 11.33 126.45 

B 76.2 (0.25 0.37 0.47) (0.45 0.52 0.54) (0.34 0.43 0.48) (0.25 0.37 0.47) 66.37 55.50 277.27 

B 101.6 (0.25 0.37 0.47) (0.45 0.52 0.54) (0.34 0.43 0.48) (0.25 0.37 0.47) 104.4 96.04 228.21 

C 50.8 (0.37 0.47 0.53) (0.34 0.43 0.49) (0.38 0.48 0.54) (0.37 0.47 0.53) 9.69 3.61 173.02 

C 64.77 (0.37 0.47 0.53) (0.34 0.43 0.49) (0.38 0.48 0.54) (0.37 0.47 0.53) 13.68 7.83 142.03 

C 76.2 (0.37 0.47 0.53) (0.34 0.43 0.49) (0.38 0.48 0.54) (0.37 0.47 0.53) 14.01 8.89 123.18 

C 78.74 (0.37 0.47 0.53) (0.34 0.43 0.49) (0.38 0.48 0.54) (0.37 0.47 0.53) 18.62 13.67 119.59 

C 90.17 (0.37 0.47 0.53) (0.34 0.43 0.49) (0.38 0.48 0.54) (0.37 0.47 0.53) 19.17 15.06 105.57 

C 101.6 (0.37 0.47 0.53) (0.34 0.43 0.49) (0.38 0.48 0.54) (0.37 0.47 0.53) 19.83 16.52 94.36 
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D 69.85 (0.37 0.47 0.53) (0.45 0.52 0.54) (0.38 0.48 0.54) (0.37 0.47 0.53) 15.99 8.20 187.98 

D 76.2 (0.37 0.47 0.53) (0.45 0.52 0.54) (0.38 0.48 0.54) (0.37 0.47 0.53) 16.97 9.54 176.80 

D 76.2 (0.37 0.47 0.53) (0.45 0.52 0.54) (0.38 0.48 0.54) (0.37 0.47 0.53) 17.85 10.38 176.80 

D 88.9 (0.37 0.47 0.53) (0.45 0.52 0.54) (0.38 0.48 0.54) (0.37 0.47 0.53) 19.41 12.82 157.38 

D 101.6 (0.37 0.47 0.53) (0.45 0.52 0.54) (0.38 0.48 0.54) (0.37 0.47 0.53) 21.14 15.51 141.16 

 

9. Weighted normalized decision matrix 

Alt. C1 C2 C3 C4 C5 C6 C7 

A 76.2 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 5.30 6.63 7.43 0.19 0.66 1.13 103.0 128.7 144.2 

A 95.25 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 6.68 8.35 9.35 0.34 1.19 2.04 94.36 117.9 132.1 

A 101.6 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 6.91 8.63 9.67 0.38 1.31 2.25 92.24 115.3 129.1 

A 114.3 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 8.00 10.0 11.2 0.51 1.77 3.03 88.93 111.1 124.5 

A 127 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 9.33 11.6 13.0 0.67 2.33 4.00 86.62 108.2 121.2 

A 139.7 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 9.47 11.8 13.2 0.71 2.48 4.26 85.12 106.4 119.1 

A 165.1 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 15.8 19.8 22.2 1.48 5.17 8.86 84.05 105.0 117.6 

A 152.4 0.17 0.31 0.44 0.17 0.29 0.39 0.02 0.08 0.17 0.03 0.11 0.23 9.64 12.0 13.4 0.76 2.64 4.53 84.30 105.3 118.0 

B 76.2 0.17 0.31 0.44 0.30 0.44 0.51 0.02 0.10 0.19 0.03 0.11 0.23 44.2 55.3 61.9 3.70 12.9 22.2 184.8 231.0 258.7 

B 101.6 0.17 0.31 0.44 0.30 0.44 0.51 0.02 0.10 0.19 0.03 0.11 0.23 69.6 87.0 97.4 6.40 22.4 38.4 152.1 190.1 213.0 

C 50.8 0.25 0.39 0.49 0.23 0.36 0.46 0.03 0.11 0.22 0.04 0.14 0.26 6.46 8.07 9.04 0.24 0.84 1.44 115.3 144.1 161.4 
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C 64.77 0.25 0.39 0.49 0.23 0.36 0.46 0.03 0.11 0.22 0.04 0.14 0.26 9.12 11.4 12.7 0.52 1.83 3.13 94.69 118.3 132.5 

C 76.2 0.25 0.39 0.49 0.23 0.36 0.46 0.03 0.11 0.22 0.04 0.14 0.26 9.34 11.6 13.0 0.59 2.07 3.56 82.12 102.6 114.9 

C 78.74 0.25 0.39 0.49 0.23 0.36 0.46 0.03 0.11 0.22 0.04 0.14 0.26 12.4 15.5 17.3 0.91 3.19 5.47 79.73 99.66 111.6 

C 90.17 0.25 0.39 0.49 0.23 0.36 0.46 0.03 0.11 0.22 0.04 0.14 0.26 12.7 15.9 17.8 1.00 3.51 6.02 70.38 87.98 98.53 

C 101.6 0.25 0.39 0.49 0.23 0.36 0.46 0.03 0.11 0.22 0.04 0.14 0.26 13.2 16.5 18.5 1.10 3.86 6.61 62.91 78.64 88.07 

D 69.85 0.25 0.39 0.49 0.30 0.44 0.51 0.03 0.11 0.22 0.04 0.14 0.26 10.6 13.3 14.9 0.55 1.91 3.28 125.3 156.6 175.4 

D 76.2 0.25 0.39 0.49 0.30 0.44 0.51 0.03 0.11 0.22 0.04 0.14 0.26 11.3 14.1 15.8 0.64 2.23 3.81 117.8 147.3 165.0 

D 76.2 0.25 0.39 0.49 0.30 0.44 0.51 0.03 0.11 0.22 0.04 0.14 0.26 11.9 14.8 16.6 0.69 2.42 4.15 117.8 147.3 165.0 

D 88.9 0.25 0.39 0.49 0.30 0.44 0.51 0.03 0.11 0.22 0.04 0.14 0.26 12.9 16.1 18.1 0.85 2.99 5.13 104.9 131.1 146.8 

D 101.6 0.25 0.39 0.49 0.30 0.44 0.51 0.03 0.11 0.22 0.04 0.14 0.26 14.1 17.6 19.7 1.03 3.62 6.21 94.10 117.6 131.7 

 

10.Defuzzified weighted normalized decision matrix 

Alternatives C1 C2 C3 C4 C5 C6 C7 

A 76.2 0.306986 0.282403 0.086739 0.120869 6.498338 0.660868 126.210 

A 95.25 0.306986 0.282403 0.086739 0.120869 8.179110 1.191027 115.587 

A 101.6 0.306986 0.282403 0.086739 0.120869 8.461441 1.313107 112.999 

A 114.3 0.306986 0.282403 0.086739 0.120869 9.800383 1.767983 108.937 

A 127 0.306986 0.282403 0.086739 0.120869 11.430112 2.331010 106.105 

A 139.7 0.306986 0.282403 0.086739 0.120869 11.599375 2.484786 104.272 

A 165.1 0.306986 0.282403 0.086739 0.120869 19.449942 5.168542 102.956 

A 152.4 0.306986 0.282403 0.086739 0.120869 11.806953 2.643474 103.265 

B 76.2 0.306986 0.420440 0.104386 0.120869 54.203843 12.950289 226.439 

B 101.6 0.306986 0.420440 0.104386 0.120869 85.267015 22.409323 186.372 

C 50.8 0.381041 0.352024 0.116649 0.145826 7.910241 0.841577 141.303 
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C 64.77 0.381041 0.352024 0.116649 0.145826 11.169702 1.826842 115.991 

C 76.2 0.381041 0.352024 0.116649 0.145826 11.439155 2.074987 100.599 

C 78.74 0.381041 0.352024 0.116649 0.145826 15.204662 3.189221 97.667 

C 90.17 0.381041 0.352024 0.116649 0.145826 15.654038 3.514551 86.217 

C 101.6 0.381041 0.352024 0.116649 0.145826 16.197451 3.855678 77.064 

D 69.85 0.381041 0.420440 0.116649 0.145826 13.058241 1.914218 153.514 

D 76.2 0.381041 0.420440 0.116649 0.145826 13.858669 2.225098 144.384 

D 76.2 0.381041 0.420440 0.116649 0.145826 14.578106 2.422850 144.384 

D 88.9 0.381041 0.420440 0.116649 0.145826 15.853419 2.991339 128.523 

D 101.6 0.381041 0.420440 0.116649 0.145826 17.266891 3.619685 115.278 

 Positive ideal solutions 
(R*) 

0.381041 0.420440 0.116649 0.145826 6.498338 0.660868 77.064033 

 Negative ideal solutions 

(R-) 
0.306986 0.282403 0.086739 0.120869 85.267015 22.409323 226.439428 
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11.Euclidean Distance of each alternative from positive ideal solution and negative ideal 

solution D*+D-, relative closeness of each alternative to the ideal solution Ci and Final 

Ranking 

Alt. D*+D- Ci Final 

A 76.2 178.47 0.72 14 

A 95.25 175.24 0.78 11 

A 101.6 174.61 0.79 10 

A 114.3 173.23 0.81 9 

A 127 172.11 0.83 7 

A 139.7 171.79 0.84 6 

A 165.1 170.29 0.83 8 

A 152.4 171.58 0.84 5 

B 76.2 189.76 0.17 21 

B 101.6 176.54 0.23 20 

C 50.8 181.29 0.65 16 

C 64.77 173.81 0.77 12 

C 76.2 171.40 0.86 4 

C 78.74 170.36 0.87 3 

C 90.17 170.94 0.92 2 

C 101.6 175.83 0.94 1 

D 69.85 181.39 0.58 19 

D 76.2 178.37 0.62 17 

D 76.2 177.96 0.62 18 

D 88.9 173.94 0.70 15 

D 101.6 171.47 0.77 13 
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Appendix B: Python Interface -Input 
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-Result 
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Appendix C: Python Code 
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