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Abstract: This study aims to propose design strategies for low environmental impact (low-EI) 

housing in the tropics while incorporating user needs to increase its acceptance in the market. The 

Fuzzy Delphi method (FDM) is adopted initially to draw the user needs for contemporary housing, 

after which the crucial design factors are identified. The analytic network process (ANP) and house 

of quality (HOQ) are further utilized to incorporate weightings of user needs into crucial design 

factors to establish appropriate design strategies. The results show “utility” (0.177), “durability” 

(0.169), and “comfort” (0.168) are the three greatest user needs for housing. After incorporating the 

weightings of user needs into design factors, building layout (0.334) and materials (0.302) turned 

out to be the most important considerations during the planning phase of the design procedure. 

Correspondingly, during the detailed design phase in the procedure, the most important factors 

are “low-EI material” (0.195), “orientation” (0.176), “building relationship” (0.158), and 

“energy-saving material” (0.107). The findings stress the significance of architectural programming 

and passive design for wider acceptance of low-EI housing in the tropics. 

Keywords: low environmental impact housing; demand-oriented design strategy; architectural 

programming; user need; design factor; passive design; tropical area; Fuzzy Delphi method (FDM); 

analytic network process (ANP); house of quality (HOQ) 

 

1. Introduction 

The building sector consumes 40% of fossil fuels, 30% of raw materials, 25% of water, and 12% 

of land globally [1], which has contributed to the gravity of the energy shortage while expediting 

human-caused climate change. Among different building types, residential buildings are 

responsible for 27% of global energy consumption and produce 17% of global CO2 emissions [2]. The 

consequent impact on the environment cannot be ignored. To implement sustainable development 

in the built environment, reducing energy consumption, lowering CO2 emissions, and adopting 

low-environmental-impact (low-EI) materials are essential for the corresponding measures [3]. 

Buildings constructed with high energy materials have higher energy demand in the building 

production stage. Furthermore, inappropriate materials induce extra energy consumption due to 

heating, cooling or ventilation during the occupation and demolition stages [4,5]. The occupation 

phase alone accounts for approximately 70–90% of the total environmental impact [6,7]. Thus, 

making the right decision on construction methods, materials and installations is critical to reducing 

environmental impact [6,8]. Material selection as well as the bioclimatic characteristics of a building 

must be well evaluated or analyzed at the early design phase [3,8]. Consequently, it is vital to reduce 

the energy use and environmental impact attributed to the housing sector, especially in the early 

planning and design phases, which preordain the environmental impact levels of housing. Design 
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principles for low-EI buildings in the tropics, where 41.49% of the world’s population reside [9], 

greatly differ from those in temperate and cold regions [10,11]. These scarcely discussed design 

principles are worth exploring to increase the usage rate of this type of housing in the tropics, and 

ultimately enhance the environmental sustainability of the world. 

As opposed to design and production technology for producing low-EI housing, there are other 

factors associated with user needs that influence the acceptance of this housing type. Users and 

suppliers, i.e., developers, designers and constructors, often have different understandings of the 

building requirements, also known as the user–supplier discrepancy [12]. Hence, acceptance for this 

type of product is low on the market when they only address technical solutions but neglect user 

needs.  

Under such circumstances, this study aims to propose design strategies which incorporate the 

user needs for low-EI housing, especially in the tropical climate, to increase the acceptance of the 

types of housing on the market, and to subsequently reduce environmental impact to improve the 

sustainability of the environment.  

2. Literature Review 

2.1. User Needs for Housing Performance 

In addition to reducing environmental impact, low-EI housing must also satisfy basic 

performance requirements as a residential building. However, different stakeholders have different 

considerations and needs, which result in different functional requirements [13]. While a supplier 

attaches more importance to economic considerations, users value issues such as comfort, health and 

safety instead. Hence, such discrepancies should be taken into consideration when trying to achieve 

ideal building performance [14–16]. Specifically, suppliers should consider user needs when 

formulating design strategies. 

Basic standards for the living environment have long been established, excepting adjustments 

responding to the rapidly aging society. In 1961, the World Health Organization (WHO) 

recommended that the fundamentals of a healthy residential environment include effective 

fulfillment of human needs and harmony with local factors such as climate, geography, and social 

practice, as well as customs and traditions, which may be summarized into four key characteristics: 

safety, health, convenience, and comfort [17]. The International Organization for Standardization 

(ISO) published the Performance Standards in Building in 1984, which address user requirements in 

and around buildings in various categories such as stability, fire safety, safety in use, tightness, air 

purity, acoustical requirements, visual requirements, hygiene requirements, dynamic requirements 

and durability [18]. Huovila et al. classified user needs into six categories based on the building 

energy performance indicators of the International Energy Agency (IEA): (1) function (including 

usability, adaptability, and maintainability); (2) environmental loading (including use and 

construction); (3) resource use (including energy, water, and materials); (4) lifecycle cost (including 

the cost of investment, use, and maintenance); (5) indoor quality (including acoustic comfort, 

thermal comfort, lighting and indoor temperature and humidity; and (6) building quality [19]. 

McLennan put forth 15 principles for the living spaces of the future: (1) adjust indoor lighting and 

temperature according to changes in the season and day; (2) reconnect humans with the external 

environment using landscaping and natural light; (3) adjust thermal comfort, ventilation and 

lighting controls according to the body conditions; (4) use primarily natural lighting; (5) use 

low-maintenance but healthy and durable materials; (6) use passive strategies to leverage natural 

ventilation and sunlight to reach thermal comfort; (7) invest in art and design artistic products to 

create an aesthetically pleasing environment; (8) acoustic comfort; (9) improve landscaping and 

enhance visual perception; (10) regular maintenance for good building performance; (11) indoor air 

quality; (12) personalized space; (13) ergonomic design; (14) reduce environmental impact and 

waste; (15) reconnect nature and architecture with biophilic design [20].  
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When compared with other building types, users of residential buildings attach a special value 

to comfort. People feel a strong sense of attachment toward their homes and want to have an 

environment that is physiologically and psychologically comfortable [21]. In developed countries, 

people spend more than 90% of their time indoors [22] and nearly 100% of their sleeping time 

indoors, making thermal comfort, noise, light, air quality and natural landscape critical factors for 

the indoor environment and sense of well-being [21,23]. Users will modify their physical 

environment for more satisfaction. Adaptability and flexibility of housing, which allow certain 

transitions of uses during occupation, can increase the comfort level and quality of a space [24,25]. 

Kim et al. presented a housing performance evaluation model for homebuyers to compare and 

decide on the performance of a home. In this model, residential comfort is classified into four 

aspects: (1) thermal comfort (including temperature, humidity, and thermal insulation); (2) acoustic 

comfort (including noise and sound insulation); (3) visual comfort (including daylighting, artificial 

lighting, and view); and (4) indoor air (including indoor air quality and ventilation) [26]. 

2.2. Low-EI Building and Techniques 

Regardless of whether user needs are reflected, techniques associated with low-EI housing lie in 

the competence of suppliers, and usually are delivered by designers and manufacturers. Low-EI 

buildings, also called green buildings, generally refer to both the construction process and building 

usage that are environmentally responsible and resource-efficient throughout the entire life cycle of 

the building: from site planning, construction, operation, maintenance, renovation, and demolition 

[8,27–29]. Techniques for low-EI buildings have been the subject of much research in past decades. 

The Royal Institute of British Architects (RIBA) proposed six significant principles for low-EI design: 

comprehend energy use for the building type, utilize the form and fabric of the building to reduce 

energy demand, concentrate on insulation and air tightness, adopt high-efficiency building services 

with low-carbon fuels, apply low-carbon operations within the building, and incorporate renewable 

energy systems [30]. Based on the ecological and carbon footprint of different development 

densities, housing design of zero energy development (ZED) utilizes various sets of low-carbon 

housing strategies for non-urban, urban, domestic, work and urban high-rise categories. They 

include the use of renewable energy such as solar and wind power generation systems in addition to 

micro fuel, biofuel or local wood-based fuel to reduce the consumption of fossil fuel [31]. Lovell 

pointed out the design techniques used in low-EI housing, including passive energy-saving design, 

thermal efficiency considerations and the use of renewable energy [32]. In addition, a careful 

selection of low-EI materials can reduce CO2 emission by up to 30% in the construction phase [14]. 

Previous research into low-EI buildings strongly emphasizes the value of the early planning and 

design phases during the building production processes, such as the orientation of buildings, 

bioclimate characteristics, and material selection [3,8,33,34]. 

2.2.1. Passive Design Approach in the Tropics 

After the first energy crisis in 1973, passive design came to light, and there was growing focus 

on reducing dependence on artificial lighting, ventilation and air-conditioning, as well as 

developing energy-smart techniques based on vernacular and climate-sensitive architecture [35]. 

The shape, internal spatial arrangement, size of a building and the azimuth of the sun all affect the 

energy consumption of a building. 

Contrary to cold-climate countries requiring mainly heating, buildings in hot and humid 

climates need to minimize unnecessary solar radiation and utilize natural ventilation to reduce 

energy use [36]. Buildings should be arranged to maximize shading and thereby reduce heat gain. 

The direction of the wind is more important than the duration of sunshine when orienting buildings, 

and natural ventilation should be ensured [37–39]. The shape of the building should be slender and 

flat in order to maximize cross ventilation and natural lighting [39]. Heat gain from fenestration 

should be minimized. The smallest facades should face east–west [39] and ventilation and shading 

should be enhanced. The longer axis of the building should be perpendicular to the summer wind, 

and an open plan should be adopted with its spatial layout adjusted according to the directions of 
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wind and sun [40,41]. The provision of a veranda can help block rain, excessive light, and indoor 

heat gain while helping to diffuse natural light. The roof form should facilitate ventilation. In a 

building with a deep plan, the inclusion of a courtyard enables natural ventilation and lighting [39]. 

Building materials for the walls and floors should be lightweight [39]. Using materials with a low 

thermal conductance for walls alone could reduce energy demand by as much as 28% [42].  

Because natural ventilation reduces energy consumption [43], it should be incorporated at the 

very beginning of the design stage, i.e., during architectural programming. Standard 55 of American 

Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) [44] provides the 

comfort standards for natural ventilation in hot and humid climates. It suggests that a wind velocity 

of 0.8 m/s helps reduce the operative temperature by 2.6 degrees. The following architectural 

elements have an effect on the movement of wind inside a building: the form and size of windows 

[45,46], the form and height of roofs [47], shading, overhangs, balconies [48], courtyards and gardens 

[49,50], building depth-to-height ratio [51], building orientation [52], and density [53].  

Since diurnal temperature variation in tropical climates is relatively small, horizontal cross 

ventilation should be used primarily. This means bigger is better for both interior and exterior wall 

openings [37], where shades are needed to avoid direct solar gain. To achieve comfort and good 

ventilation, the total area of operable windows should account for 20% of the floor area and be 

evenly distributed over shaded windward and leeward facades. Due to high humidity and 

abundant rain in hot and humid climates, large overhangs should be provided as shelter from rain, 

and windows should be kept open in any weather and throughout the day [54]. A thermal buffer 

zone should be incorporated in residential design, with primary spaces at the core and secondary 

spaces or those with shorter usage periods wrapping the perimeter as a buffer [55]. 

2.2.2. Active Design Approach 

Contrary to passive design, active design utilizes building systems to take advantage of natural 

resources or enhance the efficiency of fossil fuels [35]. Common active design techniques in housing 

generate renewable energy by using photovoltaic installations, solar water heaters or wind turbines, 

and reduce energy demand by enhancing automation through intelligent building control systems. 

Smart living space utilizes a network of sensors and automatic control systems to regulate home 

appliances [56], provide indoor temperature control, window shading, rain and wind shelter, 

lighting and security, and monitor energy use in terms of water, electricity and gas [57]. In recent 

years, the use of information technology and the internet to automate controls over air-conditioning, 

lighting and home appliances has grown increasingly common, helping to improve quality of life 

and achieving energy-efficient residential design [58]. 

3. Methodology and Research Design 

3.1. Research Process 

As in any typical design problem, the criteria for user needs (quantitative and qualitative) in 

low-EI housing in the tropics must undergo a transformation into design factors, which affect the 

design and production process as well as product quality. In this study, house of quality (HOQ) is 

adopted to perform this intricate and crucial transformation (Figure 1). To prepare for the HOQ, two 

measures were conducted. Firstly, user needs were generated with Fuzzy Delphi method (FDM) and 

evaluated with the analytic network process (ANP) to assess their interdependency. Secondly, the 

crucial design factors for low-EI housing were determined. The interdependency was also evaluated 

with ANP. 
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Figure 1. The research process contains four main components: (I) find user needs, (II) determine 

crucial design factors, (III) transform the user needs to the crucial design factors, and (IV) yield 

design strategies. This design progress model can be used in design processes which consider user 

needs. 

3.2. Fuzzy Delphi Method (FDM) 

The Delphi method (DM) is an established and widely used interactive forecasting method for 

consensus building, which requires repetitive surveys to allow forecast values to converge [59]. 

However, in order to address its vagueness and ambiguity, Murray et al. combined it with the fuzzy 

set theory [60]. Max–min, fuzzy integration algorithms [59], and triangular fuzzy number [61] were 

then applied to DM as the Fuzzy Delphi method (FDM) to take into account the expert opinions. In 

this study, a max–min triangular fuzzy set is incorporated to identify the consensus importance 

value for the forecasting item. The FDM steps are as follows [62]: (1) Design Fuzzy Delphi 

questionnaire for selected items. Each item of the questionnaire is assessed by an evaluator team 

with a minimum value representing the evaluators’ most “conservative cognitive value” (𝐶𝑖 ) of the 

item, and a maximum representing the most “optimistic cognitive value” (𝑂𝑖 ). (2) Calculate the tree 

scores of 𝐶𝑖  of each item i respectively, i.e., minimum (𝐶𝐿
𝑖), geometric mean (𝐶𝑀

𝑖 ), and maximum 

scores (𝐶𝑈
𝑖 ). Repeat the calculation for the tree scores of 𝑂𝑖 ”, i.e., minimum (𝑂𝐿

𝑖 ) , geometric 

mean (𝑂𝑀
𝑖 ), and maximum scores (𝑂𝑈

𝑖 ). (3) Examine whether evaluators’ judgments converge using 

Figure 2: (a) If 𝐶𝑈
𝑖 > 𝑂𝐿

𝑖 , and 𝑍𝑖  is larger than 𝑀𝑖 , it indicates there is no consensus among the 

evaluators. Steps 1 to 3 must be revised until all assessed items receive a consensus importance value 

Gi respectively. (b) If 𝐶𝑈
𝑖 > 𝑂𝐿

𝑖 , and 𝑍𝑖  is smaller than 𝑀𝑖 , though there is no obvious consensus 

among evaluators, the result is acceptable. “Cognitive importance” Gi can be calculated from the 

responding value of the maximal membership of the intersection of fuzzy sets. (c) If 𝐶𝑈
𝑖 ≤ 𝑂𝐿

𝑖 , the 

evaluator opinions about item i have an obvious consensus, 𝐺𝑖 = (𝐶𝑀
𝑖 + 𝑂𝑀

𝑖 )/2. 

A small sample size, mostly between 15 to 20 [63,64], is used in FDM, which is an attractive 

characteristic of the method. With a limited sample size, FDM can build consensus despite different 

perspectives from the participants while obtaining a reliable and objective opinion. It not only saves 

time and cost required for collecting expert opinions, but the experts’ opinions will also be 

sufficiently expressed without being distorted [65,66]. To determine user needs toward housing, a 

questionnaire was compiled based on the literature review in Section 2.1 and incorporated into the 
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Fuzzy Delphi questionnaire. The questionnaire first underwent several rounds of expert scrutiny on 

its face and content validity, and was then administered to 42 potential homebuyers throughout 

Taiwan during one-on-one interviews. FDM was then applied to compile the user needs for this 

study.  

  

 

Figure 2. Determination of the consensus of opinions by fuzzy trigonometric values. 

3.3. The Analytic Network Process (ANP) 

The Analytic Network Process (ANP) was generalized from the Analytic Hierarchy Process 

(AHP)—a broadly utilized method for multi-criteria decision-making—and the hierarchies are 

replaced with networks (Figure 3). AHP analyzes and deconstructs a phenomenon or situation into 

several independent components obtained from pairwise comparisons on the same level of the 

hierarchy [67]. However, the criteria and alternatives are often interdependent. ANP modifies the 

constitution based on the interactions between elements [68] and allows more complex 

interrelationships, such as interdependency and feedback in a network system. AHP can be seen as a 

special variation of ANP. 

 

Figure 3. Concept of Analytic Hierarchy Process (AHP) and Analytic Network Process (ANP). ANP 

replaces hierarchical relationships among components in AHP with networks [68]. 

Since ANP is extended from AHP, both use the mathematical rule of pair comparison between 

elements in each pair and follow the logical order among all elements. However, ANP is more 

complicated, which allows inner dependence among elements to be included in a node and provides 
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feedback among the nodes, because the importance of the criteria determines the importance of the 

alternatives as in a hierarchy, and vice versa [69]. This relationship can be presented through a 

suspermatrix composed of submatrices [70]. ANP, just like AHP, can be used in conjunction with 

many other methods in the multi-criteria decision analysis (MCDA) family [71], such as FDM, HOQ, 

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), and Elimination and 

Choice Expressing Reality (ELECTRE), for a wide range of applications to choose or rank 

alternatives, allocate resources, create benchmarks, manage quality, formulate policies, and develop 

strategies [72]. Due to its high predictability, ANP can through a very small sample size achieve an 

adequate prediction [69].  

ANP is adopted as a method of MCDAin various fields, such as educational administration, 

human resource management, corporate management, and environmental management, to conduct 

multidimensional forecasting, decision-making, alternative planning, and project selection [73,74]. 

The ANP approach was adopted to address the dependencies in the HOQ, as discussed in Section 

3.4. 

3.4. House of Quality (HOQ) 

The goal of this study is to translate the user needs into housing design factors during the 

design progress to generate appropriate design strategies. With this purpose in mind, quality 

function deployment (QFD) [75,76] is an overall conceptual methodology fitting for this objective. 

QFD was introduced to convert the user needs, also called the voice of the customer [77], into 

technical or engineering requirements related to manufacturers [78–80]. It can cover the entire 

product development process, such as establishing marketing strategies, planning, design, 

production, and sales [81]. The most widely recognized and used form of QFD is house of quality 

(HOQ) [82–85], which utilizes matrices to translate user needs into design or production requirements 

[86] (Figure 4).  

 

Figure 4. Concept of house of quality (HOQ) and its essential elements: utilizes matrices containing 

information on relationships between user needs and production requirements as well as additional 

data on production measures in order to translate user needs to production requirements in the 

design progress.  
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House of quality (HOQ) forms the core analysis of this study, and is implemented to transform 

user needs (UNs) into design factors (DFs) (Figure 5) in order to establish the appropriate design 

strategies for low-EI housing in the tropics, as described in the following procedure: (1) Assess the 

non-dependent weightings of UNs (w1). The UNs were established using FDM as described in 

Section 3.2, and the pairwise-compared values of the UNs for assessing w1 were also obtained from 

the same questionnaire for potential homebuyers. [67]. (2) Assess the inner dependency among the 

UNs using ANP to get the matrix W2. (3) Calculate the real weighting of the UNs (wC): Multiply the 

non-dependent weightings of UNs (w1) by their inner dependent matrix (W2) to obtain the real 

weightings of UNs. wC = w1 × W2. (4) Assess the inner dependency among design factors (DFs) using 

ANP to get the matrix W3. (5) Assess the bilateral relationship between UNs and DFs of low-EI 

housing using ANP to get the matrix W4. (6) Transfer the weightings of the UNs into DFs through 

multiplying W3 × W4 by wC to obtain the DF weightings incorporating user needs, i.e., wANP. wANP = 

wC × W3 × W4 = w1 x W2 x W3 x W4.  

Due to the complexity of and expertise required for assessing interdependency among the 

factors, an expert team consisted of 12 professionals conducted the assessment of interdependency 

among the UNs (W2) and the DFs (W3). The bilateral relationships between the UNs and DFs (W4) 

were also evaluated.  

 

Figure 5. Weightings and related matrices of house of quality for low environmental impact housing 

in the tropics: non-dependent weightings of user needs (UNs) (w1), inner dependency among UNs 

(W2), inner dependency among design factors (DFs) (W3), relationships between UNs and DFs (W4), 

real weightings of UNs (wC), and real weightings of DFs (wANP). 
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3.5. Summary of Research Methods 

The study aims to transfer user needs to design strategies, which includes several phases. Each 

phase has a different goal, and therefore requires a different method. First, the Fuzzy Delphi method 

(FDM) was adopted to draw user needs for contemporary housing, after which crucial design factors 

were identified from previous researches. The analytic network process (ANP) and house of quality 

(HOQ) were further utilized to incorporate the weightings of user needs into crucial design factors 

to establish appropriate design strategies. These research methods also demonstrate a design 

process with concurrent consideration of user needs and efficient resource allocation during housing 

production. 

4. Results and Discussion 

4.1. User Needs (UNs) for Housing and Their Weightings 

Based on the literature review provided in Section 2.1, user needs (UNs) concerning temporary 

housing were compiled into three dimensions—residential environment, economy and function. 

They were further subdivided into nine factors in the homebuyer assessment—R1 comfort, R2 

health, R3 resource economy, R4 cost efficiency, R5 safety, R6 durability, R7 utility, R8 

maintainability, and R9 aesthetics (Table 1). FDM was then used to determine the actual UNs. 

Table 1. Proposed functional requirements for low environmental impact housing based on user 

needs (UNs). 

Dimension Factor Description 

Residential 

environment 

R1 Comfort 

 Thermal comfort: Perception of the physical environment such as 

temperature, humidity, wind velocity, and radiation. 

 Lighting, indoor air quality, and noise. 

R2 Health 
 Low health impact. 

 Reduce the use of harmful materials. 

Economy  

R3 Resource 

economy  

 Save energy, water, and material. 

 Reduce the use of water, electricity, and materials; reduce energy 

consumption and environmental loading. 

R4 Cost efficiency 

 Cost-performance ratio. 

 Use fast production methods, factory pre-fabrication, and on-site 

assembly to reduce construction time, thereby reducing construction cost. 

Function 

R5 Safety 
 Resistance to earthquakes, wind and fire.  

 Safety inside the building. 

R6 Durability   Service life and continued usability. 

R7 Utility 
 Fulfill needs in the use of living space and equipment. 

 Flexibility and adaptability of the space.  

R8 Maintainability 
 Low maintenance. 

 Convenient for residents to maintain (repair, replace, and clean). 

R9 Aesthetics  Color, texture and form of the building, spaces and equipment. 

A questionnaire was then administered to 42 potential homebuyers throughout Taiwan. The 

questionnaire aimed at nuclear and two-generation families in northern, central, and southern 

Taiwan, where 17, 10, and 15 questionnaires were distributed, respectively. Multi-criteria decision 

analysis (MCDA), such as the Fuzzy Delphi method and ANP, require a smaller sample size, which 

is typically between 15 and 20 respondents [63,64], while still deriving objective and reasonable 

results. This method is not only time- and cost-saving for collecting expert opinions but also 

sufficient for obtaining experts opinions without distortion [61,65,66]. Among the 42 questionnaires, 

20 were valid, and 22 were invalid because they failed the consistency test [67] for ANP due to the 

lack of logical consistency in their responses. Of the 20 valid participants, seven were female and 13 

were male; eight were between the age of 20 to 35, seven were between 36 and 50, and five were 

over 50 years old.  

The consensus value for each factor was obtained after analyzing the data with gray zone 

testing using fuzzy number calculation (Table 2). The threshold of the consensus value was set at 6.0 
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[87]. Therefore, R9 Aesthetics was eliminated. This indicates that the homebuyers consider aesthetics 

to be a less consensual UN than others. The framework of selected UNs is shown in Figure 6. The 

UNs were then incorporated into an ANP questionnaire for the HOQ procedure. 

Table 2. Evaluation of performance requirements of user needs (UNs) through the Fuzzy Delphi 

method (FDM). 

Factor 
Ci Score Oi Score 

𝑶𝑳
𝒊  > 𝑪𝑼

𝒊  Mi - Zi 
Consensus Value 

Gi 𝑪𝑳
𝒊  𝑪𝑼

𝒊  𝑪𝑴
𝒊  𝑶𝑳

𝒊  𝑶𝑼
𝒊  𝑶𝑴

𝒊  

R1 Comfort 6 8 6.86  8  10 9.38  yes -- 8.12 

R2 Health 6 9 7.26  8  10 9.67  no 1.41 8.49 

R3 Resource economy 4 9 6.10  7  10 8.82  no 0.72 7.77 

R4 Cost efficiency 3 7 5.09  5  10 7.38  no 0.29 6.11 

R5 Safety 6 9 7.30  9  10 9.73  yes -- 8.52 

R6 Durability  4 9 6.23  7  10 8.82  no 0.59 7.79 

R7 Utility 4 7 5.51  6  10 8.35  no 1.83 6.61 

R8 Maintainability  4 8 5.87  6  10 8.41  no 0.54 7.06 

R9 Aesthetics 3 7 4.81  5  10 7.08  no 0.26 5.97 

   Threshold value: 6.0 

Notes. 1. Ci = Most conservative cognition value; Oi = Most optimistic cognition value; Gi = 

importance degree of consensus. 2. Factors with Gi values greater than the threshold value (6.0) are 

highlighted in gray. 

 

Figure 6. Selected user needs (UNs) for temporary housing in the tropics after Fuzzy Delphi method 

(FDM) evaluation of potential homebuyers. 

The software, SuperDecisions, was used during the ANP evaluation. According to the selected 

UNs, the weighting of the non-dependent UNs, i.e., w1, was generated with the pairwise comparison 

of the homebuyers’ needs (Table 3). The real weightings of the UNs (wC.) were then obtained 

through multiplying the non-dependent weightings (w1) by interdependency weightings (W2) 

(Table 4). In W2, the values in the diagonal line across the matrix from left to right are the highest 



Sustainability 2017, 9, 1614  11 of 20 

numbers in each column, which indicates that when considering a particular factor, it holds the 

highest relative importance towards achieving the goals under such factor. The relationships within 

the ANP network, i.e., nodes, their inner dependence, and the correlations, are shown in Figure 7 in 

the form of a supermatrix. 

Table 3. Pairwise comparison of user needs. 

 R1 R2 R3 R4 R5 R6 R7 R8 

R1 Comfort 1 0.760 1.807 2.239 0.526 1.934 2.027 1.761 

R2 Health  1.315 1 2.027 2.088 0.594 2.069 2.299 2.096 

R3 Resource economy  0.553 0.493 1 1.546 0.381 1.316 1.593 1.577 

R4 Cost efficiency 0.447 0.479 0.647 1 0.296 0.834 1.238 0.996 

R5 Safety 1.902 1.683 2.623 3.381 1 3.297 3.381 3.525 

R6 Durability 0.517 0.483 0.760 1.199 0.303 1 1.362 0.986 

R7 Utility 0.493 0.435 0.628 0.808 0.296 0.734 1 0.978 

R8 Maintainability 0.568 0.477 0.634 1.004 0.284 1.015 1.022 1 

Table 4. Inner dependency of user needs (W2). 

 R1 R2 R3 R4 R5 R6 R7 R8 

R1 Comfort 0.563 0.245 0.332 0.136 0 0 0 0 

R2 Health 0 0.636 0 0.178 0 0 0 0 

R3 Resource economy 0 0 0.370 0.057 0 0 0 0 

R4 Cost efficiency 0 0 0 0.293 0 0 0 0 

R5 Safety 0 0 0 0.127 0.577 0 0 0 

R6 Durability 0 0 0.177 0.063 0.110 1 0 0.458 

R7 Utility 0.282 0 0 0.086 0.314 0 0.684 0 

R8 Maintainability 0.155 0.119 0.121 0.059 0 0 0.316 0.542 

 

Figure 7. Supermatrix of the ANP used in the research. The supermatrix displays the relationships 

among the nodes (w1, W4), and their inner dependence (W2, W3). The values of the relationships are 

shown in the corresponding tables.  
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Due to the inner dependence or redundancy within the UNs, the difference between weightings 

with and without incorporating the interdependency is clear (Table 5). This is the reason behind the 

modification of AHP with ANP to obtain more appropriate weightings that consider the overlaps 

among factors. Once the interdependency of factors is evaluated, suppliers and designers can make 

more accurate decisions when allocating resources during the design and production phases to 

avoid redundant investments.  

As the results show, homebuyers attach the greatest value to the first three UNs—utility, 

durability, and comfort—if the redundancy in demand is considered, instead of safety, health, and 

comfort, without considering the replication (Table 5). The bottom two factors, resource economy 

and cost efficiency, received noticeably lower real weightings after the weightings were 

redistributed for interdependency among the needs. In other words, demand for the last two factors 

is partially covered if that for the first six is fulfilled. 

Table 5. Weightings of user needs (UNs) without and with interdependency. 

User Needs (UNs) for 

Low-EI Housing 

Weighting Without 

Considering Interdependency 

Weighting Incorporating 

Interdependency 

Weighting (w1) Priority Weighting (wC) Priority 

R7 Utility 0.077 8 0.177 1 

R6 Durability 0.079 7 0.169 2 

R1 Comfort 0.138 3 0.168 3 

R5 Safety 0.248 1 0.154 4 

R2 Health 0.182 2 0.132 5 

R8 Maintainability 0.085 6 0.131 6 

R3 Resource economy 0.100 4 0.042 7 

R4 Cost efficiency 0.090 5 0.026 8 

Note. wC = w1 × W2. 

4.2. The Design Factors (DFs) for Low-EI housing in the Tropics and Their Interdependency 

The concept of QFD stipulates that qualitative user needs be transformed into quantitative 

parameters for the design or production procedures. Figure 8 illustrates the framework of the DFs 

towards low-EI housing in the tropics based on practical considerations and the literature review, 

provided in Section 2.2, in preparation for the HOQ in the next step. To achieve design quality, the 

framework should be divided into subsystems and components [76]. In this case, the framework of 

the DFs was divided into the “planning phase” as the primary level and “detailed design phase” as 

the sub-level. Based on their interrelationship, the interdependency between DFs (W3) can be 

calculated using ANP (Table 6). 

Table 6. Inner dependency of design factors (DFs) in planning phase (W3). 

 T1 T2 T3 T4 T5 

T1 Building layout 1 0.316 0.431 0.352 0 

T2 Building programming 0 0.425 0 0 0 

T3 Construction 0 0.111 0.410 0 0 

T4 Facilities 0 0.071 0 0.648 0 

T5 Materials 0 0.077 0.159 0 1 
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Figure 8. Framework of the design factors for low-EI housing in the tropics. This framework 

contains two levels: phase of planning and phase of detail design. 

4.3. The Real Weightings of Design Factors (DFs) for Low-Environmental Impact Housing in the Tropics 

After compiling the UNs, DFs, and the corresponding inner dependencies, w1, W2, and W3, 

HOQ was applied to translate the weightings of the UNs to the respective real weightings of the DFs 

(wANP). The relationship between the UNs and DFs, W4, was assessed as shown in Table 7. Using wc × 

W3 × W4, the real weightings of the DFs (wANP) in the planning phase were thus obtained (Table 8).  

Table 7. Relationship between the user needs (UNs) and design factors (DFs) (W4). 

 R1 R2 R3 R4 R5 R6 R7 R8 

T1 0.353 0.262 0.284 0 0 0 0 0 

T2 0.359 0.343 0.338 0.271 0.306 0.230 1.000 0.225 

T3 0.114 0 0.133 0.366 0.367 0.311 0 0.239 

T4 0.081 0 0.148 0.119 0.095 0 0 0.151 

T5 0.093 0.395 0.098 0.243 0.232 0.460 0 0.385 
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Table 8. Real weightings of the design factors (DFs) incorporating user needs (UNs) in the planning 

phase (wANP). 

Priority DFs in Planning Phase Weighting Accumulated Importance 

1 T1 Building layout 0.334 33.4% 

2 T5 Material 0.302 63.6% 

3 T2 Building programming 0.178 81.4% 

4 T3 Construction 0.118 93.2% 

5 T4 Service facilities 0.067 100% 

Note: wANP = wC × W3 × W4 = w1 × W2 × W3 × W4. 

Identical to the redundancy in the UNs, the DFs with higher real weightings partially overlap 

with the factors with lower real weightings when interdependency is considered. Formulating a 

design strategy according to the real weightings would help avoid such redundancy or waste in 

allocating resources during the design and production phases. In the planning phase, “building 

layout” (T1, 0.334) and “material” (T5, 0.302) are the most important DFs, both exceeding 30% 

importance. Concentrating on building layout and material, designers would cover 63.6% of the user 

needs towards low-EI housing in the tropics, and over 81.4% if building programming is added. 

What is noteworthy is that “building layout” (T1) and “building programming” (T2) both fall under 

“architectural programming”, with over 51.2% importance for fulfilling user needs. In other words, 

“architectural programming” (T1 and T2) and material (T5) yield a combined 81.4% coverage for 

UNs. Notably, the importance of “service facilities” (T4), which refer to facilities with active design, 

such as solar and wind power systems, as well as efficient and intelligent facility control, is lower 

because the UNs for comfort and resource economy can be better achieved through passive design 

in the tropics than in temperate or cold regions. This is consistent with previous research regarding 

housing design for tropical areas [34,36,42,48,51]. These results serve as a useful reference in the 

planning phase in the design procedure for low-EI housing in the tropics.  

Using the relative weightings among the factors (w5i), the weightings in the planning phase 

were apportioned to the detailed design phase [67] (Table 9, Figure 9). The w5i are as follows: w51 = 

(0.526, 0.474), w52 = (0.380, 0.434, 0.108, 0.077), w53 = (0.535, 0.465), w54 = (0.587, 0.250, 0.162), and w55 = 

(0.646, 0.354). The nine essential DFs are “low-EI material” (T5.1, 0.195), “orientation” (T1.1, 0.176), 

“building relationship” (T1.2, 0.158), and “energy-saving material” (T5.2, 0.107), followed by 

“thermal environment” (T2.2, 0.077), “floor planning” (T2.1, 0.068), “roof” (T3.1, 0.063), “wall” (T3.2, 

0.055), and “efficiency of facilities” (T4.1, 0.039). 

Table 9. Real weightings of the design factors (DFs) incorporating user needs (UNs) in the detailed 

design phase. 

Priority Design Factors in Detailed Design Phase Weighting 

1 T5.1 Low-EI material  0.195 

2 T1.1 Orientation  0.176 

3 T1.2 Building relationship  0.158 

4 T5.2 Energy-saving material 0.107 

5 T2.2 Thermal environment 0.077 

6 T2.1 Floor planning 0.068 

7 T3.1 Roof 0.063 

8 T3.2 Wall 0.055 

9 T4.1 Efficiency of facilities 0.039 

10 T2.3 Luminous environment 0.019 

11 T4.2 Facilities for water reuse and renewal energy 0.017 

12 T2.4 Acoustic environment 0.014 

13 T4.3 Intelligent control system 0.011 
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Figure 9. Weightings of design factors (DFs) incorporating user needs for low environmental impact 

housing in the tropics. Weightings for building layout and material are the highest in phase of 

planning. Low-EI material, orientation, building relationship, and energy-saving material are the 

highest in phase of detail design. Architectural programming (T1 and T2) and material (T5) yield a 

combined 81.4% coverage for the UNs. The framework of the DFs can be found in Figure 8. 

Among the DFs in the detailed design phase, the most important is “low-environmental impact 

material” (T5.1, 0.195). In addition to being eco-friendly, the importance of low-environmental 

impact material is underlined partly because it corresponds to the UNs on health, comfort, 

durability, and resource economy, which highlights the consideration of recyclable and recycled 

materials and the need to incorporate the reduce–reuse–recycle strategy during the design stage in 

order to minimize waste and reduce the impact on the environment. The durability and volatile 

toxicity of materials should also be considered. Next in the ranking of importance are “orientation” 

(T1.1, 0.176) and “building relationship” (T1.2, 0.158). Both are critical to energy conservation in the 

tropics with each exceeding 15% importance. To implement passive design, the orientation, shape, 

and length–width ratio of the building should be inspected at the beginning of the design stage. The 

directions of both sun and wind must be reflected, and the building design should be sensitive to its 

surrounding topography and development density. “Energy-saving material” (T5.2, 0.107) is next in 

importance, indicating the significance of using materials with low heat conductivity and high 

reflexivity. Next in line are “thermal environment” (T2.2, 0.077) and “floor planning” (T2.1, 0.068), 

with both falling under “building programming” and accounting for a total of 14.5% importance, 

which show strong interdependency. Their importance suggests that careful consideration must be 

given to the design of openings, such as the fenestration ratio, form of windows, shading, thermal 

buffer space, optimal ventilation corridors, and ventilation through stack effects. The building 

envelope, i.e., “roof” (T3.1, 0.063) and “wall” (T3.2, 0.055), make up 11.8% importance. DFs related to 

building facilities and installations rank lower in importance since the DFs with higher weightings 

encourage passive design approaches [34,36,42,48,51] and already help satisfy most of the UNs, as 

discussed in the previous paragraph. Designers could take advantage of the results for the detailed 

design when designing low-EI housing in the tropics.  
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4.4. Limitations 

This study aimed to transform UNs into DFs that form strategies for designing low-EI housing 

in the tropics in hope of strengthening its acceptability in the housing market. The results stress the 

importance of architectural programming, such as orientation, building layout, and building 

program, as well as the use of low-EI and energy-saving materials, in other words, adopting 

“passive design” approaches to meet the UNs. The limitations of this study prevent the estimation of 

physical performance or the environmental contribution of the strategies provided. Future research 

may be pursued further to confirm such performance and the contribution of the strategies 

discussed in this paper.  

5. Conclusions 

This study employed HOQ to incorporate user needs (UNs) into the design procedure for 

low-EI housing in the tropics through transforming the weightings of UNs into weightings for 

design factors (DFs). ANP was used to evaluate the interdependency between factors to derive the 

real weightings of the UNs and DFs. From the perspective of efficient resource management during 

the production process, real weightings are crucial for formulating design or production strategies 

as they enhance the functional performance of the products, and avoid investment waste while 

allocating resources during the design and production. The weightings of the DFs in the study for 

low-EI housing in the tropics provide references for designers when considering UNs for 

establishing design strategies. 

1. Real weightings of user needs (UNs) 

FDM eliminates the aesthetics factor due to the lack of user consensus, which leaves eight 

factors for the UNs in low-EI housing. After interdependency is factored in, the real UN weightings 

in descending order are: utility (0.177), durability (0.169), comfort (0.168), safety (0.154), health 

(0.132), maintainability (0.131), resource economy (0.042), and cost efficiency (0.026). The results 

show that users assign a high value to utility, durability, comfort, safety, health, and maintainability 

of housing. The importance of resource economy and cost efficiency is apportioned by the other 

factors when interdependency is considered.  

2. Real weightings of design factors (DFs) after transforming weightings from user needs (UNs) 

When ANP is completed, HOQ was adopted to transform the UNs into DFs to generate the real 

weightings of each DF based on the UNs. In the planning phase, the DFs in order of importance are: 

building layout (T1, 0.334), material (T5, 0.302), building programming (T2, 0.178), construction (T3, 

0.118), and service facilities (T4, 0.067). “Building layout” and “material” appear to carry the highest 

importance compared to the others with both exceeding 30%, indicating the gravity of site-specific 

design and sensitivity to the location, climate and geography. Furthermore, care must be taken in the 

choice of building materials to reduce energy consumption and avoid the waste of materials. 

“Architectural programing”, i.e., building layout (T1) and building programing (T2) collectively, 

accounts for over 50% importance in the DFs for low-EI housing in the tropics. Therefore, 

architectural programming, which takes place during the early stage of design, is the most essential 

technique for such housing in the planning phase of the design procedure. The importance of 

“service facilities” is lower, at 10%, indicating that it is possible to achieve an energy-smart and 

comfortable living environment for houses in tropical areas just through passive design strategies.  

With UNs as a starting point, the most important DFs for designers conducting detailed design 

during the design procedure is “low-environmental impact material” (T5.1, 0.195), which has an 

importance of almost 20% and partially reflects on the UNs, including health, comfort, durability, 

and resource economy. Materials that are healthy, natural, durable, recyclable and low in pollution 

and carbon footprint make the greatest contribution to carbon reduction. Other considerations 

during the early design stage are “orientation” (T1.1, 0.176), which encompasses the directions of the 

sun and wind, as well as “building relationship” (T1.2, 0.158), i.e., the shape and length–width ratio 

of the building and its relationship with adjacent buildings. “Energy-saving material” (T5.2, 0.107) 
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translates to the use of materials with low thermal conductivity and high reflexivity. In response to 

“thermal environment” (T2.2, 0.077) and “floor planning” (T2.1, 0.068), designers should provide a 

thermal buffer zone, and give due attention to window form selection, the fenestration ratio, optimal 

ventilation corridors, and ventilation. Most of the DFs with lower importance are related to 

equipment, which indicates that building layout and passive design strategies rather than advanced 

equipment or technology are the key to fulfilling UNs in the tropics.  

The design strategies suggested in this paper could help accomplish the UNs for low-EI 

housing in the tropics, and further contribute to decreasing environmental impact when such 

housing options gain acceptance on the market, which will enhance the sustainability of the built 

environment. In addition to highlighting strategies for low-EI housing in the tropics, the 

demonstrated research method could also be adopted for similar design processes as a model to 

consider user needs and the efficiency of resource allocation concurrently in the production 

procedure.  
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