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Abstract 14 

The demand for air conditioning and heating in the construction sector has increased in about 
15 

two decades, mainly because of demographic and economic growth. The result of this increase 
16 

in energy consumption has been more greenhouse gas emissions (GHGs). This paper proposes a 
17 

multi-objective optimization design that helps reduce heating, ventilation, and air-conditioning 
18 

(HVAC) energy consumption and increases the thermal comfort levels in low-income housing. 
19 

Achieving these objectives required choosing a dwelling unit that is representative of the 
20 

Chilean housing stock, which was identified with the help of the National Housing Monitoring 
21 

Network (ReNaM). The selected optimization variables correspond to the type of windows, type 
22 

and thickness of ceiling insulation, and type of PCM-impregnated Pinus radiata wood panel, 
23 

with PCM melting points between 8 and 27 °C. Subsequently, we minimized the hours of 
24 

thermal discomfort and the dwelling typology’s electrical consumption of heating and cooling 
25 
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by using the algorithm the Non-dominated Sorting Genetic Algorithm-II (NSGA-II). The main 
26 

results include a reduction of up to 21.5% in the thermal discomfort hours and a decrease of up 
27 

to 80.5% in energy consumption associated with the optimal housing typology compared to the 
28 

base case. Additionally, the economic analysis indicated the payback period is 12.9 years for the 
29 

Pareto solution, which presents a lower distance to the utopic point (UP). 
30 

List of Abbreviations 
31 

A Area [m2] 

CP Heat capacity [J/(kg K)] 

CV Coefficient of variation 

DM Decision maker 

E Thermal property 

f Objective function 

GA Genetic algorithm 

h Enthalpy [kJ/kg] 

IRR Internal rate of return  

k Thermal conductivity [W/(m K)] 

L Latent heat [kJ/kg] 

M Measured quantity 

M1 West-facing walls of Bedroom 1 and living room 

M2 North-facing walls of Bedrooms 1 and 2 

M3 East-facing walls of Bedrooms 2 and 3 
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MDE Mean deviation of the error 

MD Minimum discomfort hours  

ME Minimum electricity consumption  

MOP Multi-objetive optimization problem 

N Number of values 

PBP Payback period 

PCM Phase change material 

PPCM Price of PCM [USD/kg] 

PW Price of wood layer per unit of area [USD/m2] 

PW-PCM Price of the wood layer impregnated with PCM [USD/kg] 

PF Polyester fiber insulation 

PNV Present net value 

QPCM Mass of PCM [kg] 

ReNam National monitoring network 

RMSE Root mean square error 

S Simulated quantity 

SCS Sustainable construction standard 

SSPCM Shape stabilized phase change material 

T Temperature [°C] 
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U Thermal transmittance [W/m2K] 

UP Utopic point 

V Volume [m3] 

X Vector of decision variables 
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Greek symbols 
33 

𝜌𝜌 Density [kg/m3] 

𝜑𝜑 Liquid fraction 

 
34 

Subscript 
35 

I Instant of time 

L Liquid phase 

N Number of decision variables 

P Interval 

PC Phase change 

S Solid phase 

W Wood 

 
36 

Superscript 
37 

T Transpose 
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1. Introduction 39 

From 1999 to 2019, the world population increased from 6.06 to 7.71 billion (27.2%), 40 

and the total energy supply increased from 73,398 to 87,780 PJ (48.2%) during the same 41 

period [1]. There is a direct relationship between the share of the population with access 42 

to electricity and the gross domestic product (GDP). In those countries with GDP values 43 

greater than USD 20,000, all of the population has access to electricity [2]. In recent 44 

years, Chile has experienced increases in energy consumption because of the country’s 45 

economic and demographic growth that involves, at the same time, higher demand for air 46 

conditioning and heating [3]. This increase in energy demand brings with it an increase in 47 

greenhouse gas emissions (GHGs), which in turn contribute to global warming. In 2016, Chile 48 

recorded 1,166,77.5 kt CO2eq, which is 114.7% higher than the emissions reported in 1990 [4]. 49 

In 2020, the residential subsector consumed 56,411.7 GWh, equivalent to 74.5% of the energy 50 

consumption of the commercial, public, and residential sectors, representing 23% of the total 51 

energy consumption. In the residential sector, the predominant energy sources are biomass 52 

(38%), electricity (25%), and liquefied gas (23%) [5]. HVAC and sanitary hot water consume 53 

53% and 20% of these energy sources, respectively [6]. Therefore, Chile’s Ministry of Housing 54 

and Urban Planning created the Housing Energy Rating in 2012 to provide families with 55 

information about the energy efficiency of dwellings, allowing them to make better decisions 56 

when buying or renting a house [7]. The Ministry of Housing and Urban Planning has fostered 57 

improvements in housing stock thermal efficiency through a subsidy program, which focuses on 58 

financial assistance for retrofitting existing dwellings to meet the national thermal regulation. 59 

The “Family Equity Protection Program” aims to retrofit social housing with funding ranging 60 

from USD 3350 to 4360 to improve walls, ceilings, roofs, and floors and decrease infiltrations 61 

[8]. One of the leading solutions to improve the energy performance of buildings is to control 62 

the heat flow through the thermal envelope. The function of a building envelope is to separate 63 

the interior from the external environment characterized by fluctuations in temperature, 64 
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humidity, wind velocity, rainfall, solar radiation, and other environmental factors that affect 65 

thermal comfort. Generally, architects and engineers classify the building envelope into opaque 66 

and transparent surfaces. Opaque surfaces contain walls, floors, and roofs, while transparent 67 

surfaces include windows, skylights, and glass partitions [9]. The thermal envelope prevents 68 

heat losses or gains inside the building and controls the solar gains [10]. 69 

1.1. Shape-stabilized PCMs (SSPCMs) based on wood 70 

Passive systems take advantage of the thermal energy available in the environment to improve 71 

comfort conditions in buildings, reducing the use of active heating and cooling systems [11]. 72 

Some types of these systems include the use of ventilated facades [12], increasing the thermal 73 

inertia of building elements by incorporating Phase change materials (PCMs) [13], and 74 

enhancing free-cooling and night ventilation techniques. PCMs have proven to be appropriate 75 

for increasing the thermal inertia of a building, which translates into a reduction of the peak heat 76 

flow through walls and an increase in the time delay of heat flow through walls. Five methods 77 

are recognized for incorporating PCMs into the building envelope: (a) direct incorporation, (b) 78 

immersion, (c) micro-encapsulation and macro-encapsulation, (d) form-stabilized PCMs, and (e) 79 

shape-stabilized PCMs (SSPCMs) [14]. SSPCMs can maintain the solid structure’s shape in 80 

phase change. Physical methods such as mixing, adsorption, and impregnation or chemical 81 

methods allow for obtaining SSPCMs. PCMs support materials may include high-density 82 

polyethylene, styrene and butadiene, and porous inorganic materials [15]. The salient qualities 83 

of SSPCMs are the following: (i) heat capacity comparable with other PCMs, (ii) adequate 84 

thermal conductivity, (iii) compatibility with building envelope materials, (iv) the support 85 

material can also serve the function of being a structural element of the building envelope, and 86 

(v) no coating or lining is required to prevent the flow of PCMs out of the support material [16]. 87 

Wood is an attractive alternative for being used as a support material for impregnation since it is 88 

a porous material with attractive thermo-physical and mechanical properties. Mathis et al. [17] 89 

impregnated two hardwood species, red oak and sugar maple, with a microencapsulated PCM to 90 

improve the thermal mass of wood panels for flooring. They found 77% and 7.1% thermal mass 91 
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improvements for red oak and sugar maple, respectively. Fernández et al. [18] found that adding 92 

microencapsulated PCM in the adhesive does not affect the mechanical qualities of plywood 93 

boards, and the thermal mass increases up to 19%. Barreneche et al. [19] studied the thermo-94 

physical and mechanical properties and reaction to fire after impregnating black alder wood 95 

with two paraffinic resins (RT-21 and RT-27). They found a latent heat range of 2.41 J/g–20.62 96 

J/g, with weight ratios ranging from 1.5%–29.9%. Temiz et al. [20] impregnated Scots pine 97 

(Pinus sylvestris L.) sapwood with a eutectic mixture of capric and stearic acid. They found 98 

values of enthalpy and phase change temperature of 94 J/g and 82 J/g, and 22.97 °C and 22.05 99 

°C. Zhao et al. [21] used carbonized wood, impregnated under vacuum with polyethylene glycol 100 

as PCM. They compared two samples of different thicknesses and found that the fusion and 101 

solidification enthalpies of the thinner sample (0.5 cm) are 120.9 and 132.3 J/g, respectively, 102 

whereas for the thicker sample (1 cm), these values are 104.3 and 113.2 J/g, respectively. Ma et 103 

al. [22] delignified and then vacuumed impregnated cedar wood with a eutectic capric-palmitic 104 

acid mixture. They found that the impregnation ratio of the eutectic PCM mixture in the 105 

delignified wood reached 61.2% without leakage. Also, melting temperature of the composite 106 

was 23.4 °C, and the melting latent heat was 94.4 J/g. Moreover, the thermal conductivity 107 

improved significantly by 133.3%. Fuentes-Sepúlveda et al. [23] thermally characterized Pinus 108 

radiata wood, impregnated with octadecane. They found that the composite could reach values 109 

of melting enthalpies in 36 to 122 J/g, depending on the PCM load. Montanari et al. [24] 110 

prepared a SSPCM with polyethylene glycol/polymethyl methacrylate (PEG/PMMA) and 111 

delignified wood as a substrate. The delignified wood showed excellent capacity to absorb the 112 

PEG/PMMA polymer blend, and the novel material exhibits a melting and solidification latent 113 

heat of 76 and 74 J/g, respectively. Lin et al. [25] fabricated a wood-based thermal storage 114 

material (TESW), using an aqueous mixture of PEG and graphene oxide (0.5 wt.%) as 115 

impregnated, which the authors refer to as graphene aerogel encapsulated PEG. The authors 116 

found that the melting and solidification enthalpy of TESW were 11.81 and 27.91 J/g, 117 

respectively. Nevertheless, TESW showed a thermal conductivity increase of 274% when 118 

compared with wood. By pressure impregnation, Hartig et al. [26] impregnated spruce, beech, 119 
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and poplar wood with a paraffin PCM. The largest levels of PCM per1 m3 of wood found by the 120 

authors were 250 kg for beech, 230 kg for poplar, and 150 kg for spruce. Moreover, PCM-121 

impregnated beech has a melting and solidification latent heat of 23 J/g and 22 J/g, respectively. 122 

Despite several works on the characterization of SSPCMs based on wood, to date there are no 123 

studies concerning the incorporation of these materials in buildings. 124 

1.2. Improvement of building energy performance with PCMs 125 

Implementing PCMs in the thermal envelope often involves a parametric analysis or 126 

optimization. Some standard optimized variables are the PCM phase change temperature, the 127 

modified surface(s) or wall(s), and the location of PCM in the envelope. In 2014, Alam et al. 128 

[27] studied the potential of a PCM with latent heat of 219 kJ/kg, with different phase change 129 

temperatures in a 16 m2 test room, located in six climate zones in Australia. They noted that the 130 

effectiveness of PCM, in terms of energy consumption and average temperature fluctuation 131 

reductions, is strongly dependent on local climatic conditions and that no PCM proved to be 132 

equally effective over a year. They found that PCM performance depends on local climatic 133 

conditions, thermostat setting temperatures, PCM-layer thickness, and surface area. Wang et al. 134 

[28] conducted a parametric analysis using EnergyPlus to evaluate the performance of a PCM 135 

on the exterior walls of a thermally conditioned enclosure in a building in Shanghai, China. 136 

They analyzed the melting temperature of PCM and PCM’s thickness and location on the 137 

enclosure walls, and they found that the optimum melting temperature of PCM is seasonal, 138 

being 24 °C in summer (on the east and west walls) and 22 °C in winter (on the south wall), 139 

achieving savings of 28% in the cooling season and 96% in the heating season. Al-Saadi et al. 140 

[29] conducted a study wherein they employed simulations of a PCM-enhanced wall of a 167 141 

m2 one-story house with TRNSYS software, analyzing four U.S. climate zones. They evaluated 142 

the performance of PCM at different positions on the exterior walls, closer to the interior, at the 143 

center of the panel, and closer to the exterior, and they found that the best configuration was 144 

when placing the PCM layer in direct contact with the interior. The results showed savings of 145 

0.8–15.8% in annual cooling loads, depending on the climate, and savings of 4% for heating-146 
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dominated climes. Also, the researchers found that the peak cooling load savings ranged from 147 

6.8–13.3% and peak heating load savings ranged from 7–10.5%. Implementing PCMs in the 148 

thermal envelope of dwellings also considers their effect on thermal comfort aspects. Bohorquez 149 

et al. [30] found that a 10 mm thick PCM in the chosen walls results in a maximum thermal 150 

stress reduction of 23% when compared with the thermal stress hours in a house without PCM 151 

in Santiago de Chile. Ramakrishnan et al. [31] found that a good PCM selection and an 152 

improved ventilation design could reduce the thermal discomfort period by 65% in a building 153 

located in Melbourne (Australia) during extreme heatwave conditions. Lee and Park [32] found 154 

that using PCMs in a traditional Korean house can narrow the comfort PMV range and 155 

centralize the optimal point. The design of a house or building requires control over all of the 156 

construction variables. The variables that minimize certain objective functions, such as energy 157 

consumption, hours of thermal discomfort, initial investment, CO2 emissions, and operating 158 

costs, are commonly optimized. Moreover, before starting a retrofitting project, it is essential to 159 

perform an optimal approach to the singularities of the project [33]. These construction 160 

variables include the surface ratio between walls and windows, building orientation, insulation 161 

levels in walls and roofs, types of windows and glass thickness, shading, thermal envelope 162 

materials, and their thicknesses, among others. Gossard et al. [34] optimized the thermal 163 

properties of the external walls of a single-story house (112 m2) located in Nancy (continental 164 

weather) and Nice (Mediterranean weather), France. The authors analyzed a single and multi-165 

objective optimization approach to minimize the annual energy consumption and summer 166 

comfort degree. The authors used a coupled methodology based on an artificial neural network 167 

and NSGA-II. They concluded that multi-objective optimization is a better option, for it ensures 168 

that the optimization does not follow a privileged direction. The obtained Pareto fronts of both 169 

cities are composed of dispersed optimal solutions. However, higher values of kwall give place to 170 

minimum summer comfort degree, and lower values of (ρC)wall result in maximum annual 171 

energy consumption. Asadi et al. [35] used a school building (in Coimbra, Portugal) as a case 172 

study to implement multi-objective optimization based on a genetic algorithm and artificial 173 

neural network focusing on energy consumption, retrofit cost, and thermal discomfort; as the 174 
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decision variables in this case were as follows: external wall insulation materials, roof insulation 175 

parameters, window type; solar collector type, and HVAC systems. The authors discovered that 176 

simultaneous optimization of three objectives yielded a more extensive set of retrofit options, 177 

and choosing among them may be difficult. 178 

This research sought to contribute to existing knowledge and benefit society by generating a 179 

methodology that allows retrofitting of low-income dwellings, using as a base case, i.e., a 180 

Chilean house whose thermal records are a part of a public database. The methodology 181 

comprises multi-objective optimization to reduce energy consumption and thermal discomfort 182 

hours, and it started with validating a house of the National Monitoring Network (ReNaM) that 183 

represents the housing stock of the climatic zone of Santiago de Chile. Next, we selected the 184 

design variables based on the thermal standard of Chile, comprising the following: type of 185 

windows, thermal insulation of walls and ceiling, and, as novelty material, an SSPCM based on 186 

Pinus radiata wood and commercial PCMs with melting temperature in the range of 8–27 °C. 187 

The possibilities for the decision variables obeyed the Chilean national market. Therefore, the 188 

optimal results were considered to be more realistic and useful for dwelling owners, retrofitting 189 

developers, and policy-makers since the base case and its context met the requirements of 190 

government subsidies for energy efficiency projects in low-income dwellings. Subsequently, we 191 

minimized the thermal discomfort hours and the housing typology’s heating and cooling 192 

electricity consumption, using the NSGA-II algorithm for multi-objective optimization. 193 

Despite multi-objective optimization having been used before to optimize the thermal envelope 194 

of buildings, this research was based on actual data to propose a methodology that can be used 195 

in other cases and future applications. Moreover, the analysis of the optimal results based on a 196 

utopic point (UP) and decision-maker (DM) point allowed the classification and better analysis 197 

of the optimal results. Finally, we performed an economic feasibility analysis by using the 198 

chosen Pareto solution with a lower distance to the UP. 199 

 
200  
201  
202 
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2. Methodology 203 

Accurate data concerning thermal comfort and energy consumption to calibrate the 204 

computational results are essential to convince house owners and constructors that the 205 

methodology results are trustworthy. Figure 1 shows the ten steps of the methodology 206 

implemented. First, an analysis of the national housing stock was carried out. Second, a house 207 

was selected from the national stock. In the Chilean context, the chosen house belongs to the 208 

ReNaM, which contains real-time data on dwellings’ external and internal temperature [36]. 209 

Third, a housing typology was proposed, taking the characteristics of type of house as the basis. 210 

Fourth, the thermal performance of the base case was simulated and calibrated using available 211 

data. Fifth, the simulation of the base case was carried out with (active thermal analysis) and 212 

without (passive thermal analysis), using HVAC equipment. Sixth, objective functions were set, 213 

in this case, thermal discomfort and energy consumption for cooling and heating based on the 214 

local market. Seventh, optimization variables were selected for a multi-objective optimization 215 

algorithm (NSGA-II). Eighth, an analysis was carried out of the results obtained from the 216 

previous step. Ninth, all of the Pareto solutions that correspond to the chosen optimal result 217 

were identified and the improvements were compared with the base case. Finally, an economic 218 

analysis of the chosen Pareto solution was performed using the present net value (PNV), 219 

discounted payback period, and internal rate of return (IRR). 220 
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  221 

Figure 1. Proposed methodology to reduce thermal discomfort hours and heating and cooling 222 

electricity consumption using multi-objective optimization. 223 

3. Base case description 
224 

In Chile, thermal zoning is based on the criterion of annual Heating Degree Days (HDDs), and 
225 

the country’s territory is classified into seven thermal zones by using long-standing 
226 

meteorological information. 
227 

The HDDs correspond to the annual sum of the hourly differences between the outdoor air 
228 

temperature and a base heating temperature for all of the days of the year, considering a baseline 
229 

temperature of 15 °C (Table 1). Therefore, the heating DGs relate to the energy demand that a 
230 

dwelling requires to achieve the indoor base temperature. Santiago de Chile (Köppen 
231 

classification Csa) is located in Thermal Zone 3, characterized by a Mediterranean climate, with 
232 

moderate temperatures, winters of four to five months with precipitation, and frost increasing 
233 

toward the south. Intense sunshine in summer, especially in the northeast is another of its 
234 
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characteristics as is moderate daily temperature oscillation, increasing toward the east and winds 
235 

mainly from southwest. 
236 

Table 1. Annual heating degree days (HDDs) for each thermal zone in Chile. 
237 

Thermal zone HDD (baseline of 15 °C) 

1 ≤ 500 

2 > 500–≤ 750 

3 > 750–≤ 1000 

4 > 1,000–≤ 1,250 

5 > 1,250–≤ 1,500 

6 > 1,500–≤ 2,000 

7 > 2,000 

 
238 

3.1. Analysis of the Chilean housing stock 239 

According to the 2017 Chilean census [37], the national housing stock comprises 6,486,533 240 

dwellings, of which 79.67% are houses, 17.54% are apartments, and the remaining 2.79% 241 

correspond to other types of housing. The National Socioeconomic Characterization (CASEN) 242 

2017 survey [38] distinguishes detached houses, semi-detached houses on one side, semi-243 

detached houses on both sides, and apartments with and without elevators. The Metropolitan 244 

region has a more significant number of one-sided semi-detached houses (32%), followed by 245 

apartments (28.8%), and detached houses (25.8%). Almost one-third (32%) of the dwellings in 246 

Chile was built before 2008 [39]. This aspect is vital, as there have been significant changes in 247 

Chilean building regulations during the last 20 years. 248 
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Regarding floor area, we also reviewed building permits for the same period, finding that for 249 

2020, the average floor area of houses and apartments nationwide is 84.14 m2 and 76.55 m2, 250 

respectively. According to the 2017 census [37], 37.4% of the total housing stock has two 251 

bedrooms, followed by 33% of homes with three bedrooms. Regarding the number of 252 

occupants, the number of dwellings with 2, 3, and 4 persons amount to 23.9%, 22.8%, and 253 

19.1%, respectively. Overcrowding is the ratio between the number of occupants and the 254 

number of bedrooms. If this ratio is greater than 2.4, then it is overcrowding according to 255 

national standards. In Chile, there is 6.6% of overcrowding. 256 

Regarding the exterior wall materials [40], masonry exterior envelopes predominate in the north 257 

of Chile from Maule to Arica-Paniracota, while in Ñuble and Biobío regions, there is an even 258 

proportion of dwellings with masonry and partition walls, lined on both sides. This scenario 259 

changes markedly in the southern regions, from La Araucanía to Magallanes, and dwellings 260 

with exterior walls of lighter materials (partition walls lined on both sides) are predominant. 261 

Regarding the roof covering material, the predominant roof covering material is zinc, copper, or 262 

fiber cement sheeting. The type of floor that prevails in all of Chile’s regions corresponds to 263 

parquet, floating floor, ceramic tile, carpet, and floor covering. Concerning the energy sources 264 

used for heating, more than 60% of dwellings in the northern regions from Arica-Parinacota to 265 

Coquimbo do not use any energy source for heating, as these regions are mostly desert and have 266 

a dry climate. On the contrary, in the center regions of Valparaíso, the Metropolitan region, and 267 

the southern region of Magallanes, the use of natural gas is predominant for heating at 43.5%, 268 

50.7%, and 97.3%, respectively. Likewise, firewood and its derivatives have a greater use in the 269 

O’Higgins region to the Aysén region. Generally, at the national level, one-story and two-story 270 

houses are 74.3%, and 25.5%, respectively. At the national level, 60.8% of homes have some 271 

insulation on the roof, and only 26.8% have thermal insulation on the walls. Specifically, 79.1% 272 

of the dwellings in Thermal Zone 3 and 53.9% in Thermal Zone 5 have thermal insulation in the 273 

roof. Similarly, 15.5% of the dwellings in Thermal Zone 3 and 52.5% in Thermal Zone 5 have 274 

thermal insulation in walls. The same report says that 97.3% (4,913,892) of the homes 275 
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nationwide use individual stoves or heaters, and 2.4% of the remaining homes (119,369) have 276 

central heating. In this same aspect, regarding the use of heating in the home, 90.3% (2,317,338) 277 

of the homes in Thermal Zone 3 use heating only in the rooms, while 76.1% (392,151) of the 278 

homes in Thermal Zone 5 heat the entire home [41]. At the national level, 67.7% of the 279 

dwellings have only one heater, 56.1% in Thermal Zone 3, and 70.5% in Thermal Zone 5. In 280 

Thermal Zones 3 and 5, 30% and 27.4% of households have two heaters, respectively. Only 281 

3.1% of homes nationwide have air conditioning equipment, with the most significant presence 282 

of this equipment in Thermal Zone 3 (4.6%). On the other hand, in Thermal Zone 5, the number 283 

of homes with air conditioning is below the national level at 2.5%. 284 

3.2. Housing typology calibration: base case 285 

Since this work studies the impact of a real retrofitting scenario of a housing typology located in 286 

the Metropolitan region of Chile (Csa). The dwelling in the Metropolitan region corresponds to 287 

the dwelling coded as NA127, a house located in the Municipality of Macul (Thermal Zone 3). 288 

Facing west, semi-detached on one side, one story, with a usable area of between 36 and 70 m2, 289 

built before the year 2000, with exterior walls of heavy material (brick masonry work) and zinc 290 

roof covering. This information is used according to Typology 5 of the Chilean standards given 291 

in the Residential Characterization Report [6], which has all of the characteristics of Typology 292 

36 identified by Molina et al. [42], except that our housing typology is a semi-detached house. 293 

In detail, Typology 5 is a semi-detached house of the brick structure, with a usable area of 67.7 294 

m2, ceiling height of 2.4 m, envelope wall area of 51 m2, roof area of 81.7 m2, and window area 295 

of 7.6 m2. Figures 2a–2c present the views of a one-story house with a usable area of 68.9 m2. 296 

The typology design has been depicted in Figure 2. The interior and exterior doors’ dimensions 297 

and the distribution of spaces have been modeled according to supreme decree 49 of the 298 

Housing and Urban Planning Ministry [42].  299 

To calibrate the proposed NA127 typology, the coefficient of variation of the root mean square 300 

error CV(RMSE), and the mean deviation of the error, MDE, are used: 301 



 

16 
 
 

CV(RMSE) =
�∑ ((Mi − Si)2/Np)Np

i=1

(∑ Mi
Np
i=1 )/Np

 
(1) 

MDE =
∑ (Mi − Si)
Np
i=1

∑ Mi
Np
i=1

 
(2) 

Mi and Si are the measured and simulated quantities at instant i, respectively, and Np is the 
302 

number of values in the interval p. 
303 

The Chilean Housing and Neighborhood Improvement Program: housing, energy, and water 
304 

efficiency projects [43] seeks to improve the quality of life of families living in urban areas or 
305 

localities with more than 5,000 inhabitants. This subsidy seeks to improve the housing envelope 
306 

to reduce its thermal leakage and contribute to improving basic housing services through the 
307 

efficient use of available natural resources. The subsidy for thermal improvement and thermal 
308 

efficiency is 170 UF (6,721 USD), and people who own a dwelling whose fiscal appraisal does 
309 

not exceed 950 UF (37,557.4 USD) can apply. The NA127 housing typology is in a block 
310 

identified with the ROL number 7069 according to the Chilean tax system [44], where 78.9% of 
311 

the dwellings meet the criteria of this program. 
312 
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 313 

Figure 2. Isometric (a), west (b), east (c), and (d) plan views of the NA127 housing typology. 314 

For monthly data, the ASHRAE 14 guide mentions that a calibrated model has a CV(RMSE) 315 

between ± 15% and the MDE between ± 5%, while for hourly data, the range is ± 30% for 316 

CV(RMSE) and ± 10% for MDE. Since several essential characteristics of the NA127 house are 317 

unknown, such as the configuration of the exterior walls, ceiling and roof, and air infiltrations, 318 

as a first approach, we considered construction elements stipulated by Chile’s Ministry of 319 

Housing and Urban Planning, i.e., the Chile Sustainable Construction Standard (SCS) [45] and 320 

NCh853. The details in this regard are in Table 2. Moreover, we assumed a constant air 321 

exchange (infiltration and ventilation) of one air renewal per hour for sanitation purposes. The 322 

climate file of Santiago de Chile used for the calibration was obtained from the Design-Builder 323 

website [46]. 324 

Table 2. Construction assembly of the NA127 housing typology according to the Sustainable 325 

Construction Standard (SCS) [45]. 326 

Construction 

assembly 
Material 

𝛒𝛒 

[𝐤𝐤𝐤𝐤/𝐦𝐦𝟑𝟑] 

k 

[𝐖𝐖/(𝐦𝐦 ∙ 𝐊𝐊)] 

𝐂𝐂𝐩𝐩 

[𝐉𝐉/𝐤𝐤𝐤𝐤 ∙ 𝐊𝐊] 

Thickness 

[𝐦𝐦] 

𝐔𝐔 

[𝐖𝐖/𝐦𝐦𝟐𝟐 ∙ 𝐊𝐊] 

Exterior walls 
Machine 

made bricks 
1920 0.3929 840 0.1400 1.900 

Internal 

partitions 

Plasterboard 900 0.25 1000 0.0100 

2.040 

Air gap -- -- -- 0.0800 

c 
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Plasterboard 900 0.25 1000 0.0100 

Roof 

Zinc board 7690 44.97 418 0.0004 

0.468 

Asphalt felt 

paper 
960 0.19 837 0.0010 

Air gap -- -- -- variable 

Glass wool 12 0.04 840 0.0350 

Ceiling 

Glass wool 12 0.04 840 0.0350 

Plasterboard 900 0.25 1000 0.0100 

Pediment 

Slotted 

wood panel 
930 0.26 1420 0.0100 

Asphalt felt 

paper 
960 0.19 837 0.0010 

Floors 

Concrete 

slab 
2400 1.63 840 0.1500 

3.072 

Ceramic 

tiles 
1900 0.85 840 0.0200 

Exterior doors Wood 700 0.19 2390 0.0350 2.823 

Inner doors 

Plywood 700 0.15 1420 0.0060 

2.500 Air gap -- -- -- 0.0300 

Plywood 700 0.15 1420 0.0060 

Windows Single glass 2500 0.9 840 0.0060 5.778 
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We first contrasted the external temperature measured by the outdoor sensor of the dwelling 327 

with the dry bulb temperature for the validity assessment of the Design-Builder climate file. 328 

Figure 3a shows how the external temperatures almost overlap during the typical winter week, 329 

except for the maximum temperatures during the last four days, but a similar behavior was 330 

noticed. The calibration relies on the internal temperature of ReNaM’s NA127 dwelling 331 

measured each hour during the typical winter week (19/08–25/08). The first approach gave 332 

CV(RMSE) and MDE values of 24.78% and - 17.29%, respectively, which indicates that the 333 

proposed typology based on SCS does not represent the actual house (Figure 3b). According to 334 

ReNaM’s records, House NA127 was built before 2000, and the SCS for houses draws on the 335 

thermal regulation updated in 2007. Therefore, we modified two construction assemblies in the 336 

energy simulation: the thermal transmittance of the exterior walls, considering machine-made 337 

bricks, with values ranging from 1.9 to 3.8 W/m2K, and the air infiltrations ranging from 2.5 to 338 

40 air renewals per hour, according to the baseline established for residential buildings in the 339 

Manual of Air Tightness of Buildings in Chile [47]. These ranges were changed to 36 340 

simulations from the one with U = 3.8 W/m2K and 40 air renewals per hour due to air 341 

infiltrations representing the lowest CV(RMSE) and MDE values of 16.75 and - 1.08%, 342 

respectively (Figure 3c). Further, we eliminated the thermal insulation of the ceiling assembly 343 

(Table 2). As a result, the CV(RMSE) rose to 17.93%, and the MDE dropped considerably to 344 

0.0079%. Figure 3d shows how the interior temperature curve of the simulated house with 345 

lower thermal insulation conditions better captures the actual house’s internal temperature 346 

behavior. This precarious insulation condition may explain the poor thermal sensation declared 347 

to ReNam by the house’s inhabitants during summer and winter. 348 

  a b 
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Figure 3. External temperature of dwelling NA127 (a), internal temperature of NA127 housing 349 

typology according to SCS (b), considering Uwall = 3.8 W/m2K, infiltration rate of 40 air 350 

renewals/hour, with (c), and without (d) thermal insulation in the ceiling. 351 

3.3. Passive and active thermal performance analysis of the base case 352 

Passive thermal analysis refers to assessing of thermal comfort of NA127 dwelling without an 353 

HVAC system. On the contrary, the active thermal analysis focuses on the energy consumption 354 

of a hypothetical HVAC system installed in the NA127 dwelling to maintain comfort levels. 355 

The passive analysis of the NA127 dwelling typology was carried out for one year, covering 356 

8760 hours. The thermal discomfort hours, calculated from the method of ASHRAE Standard 357 

55 [48] when the occupants wear winter or summer clothing, were chosen as a parameter for 358 

comparing the satisfaction of the occupants of the dwelling. Table 3 summarizes the number of 359 

discomfort hours in dwelling rooms during the four seasons. In general, the inhabitant of the 360 

dwelling experience 6778.3 hours of thermal discomfort throughout the year, which means that 361 

in 22.6% of the period studied, the occupants experienced good thermal comfort. This result of 362 

thermal discomfort hours of the base case is high and is like those reported by Lin et al. [49], 363 

which ranges between 6350 and 6790. In this work, the authors minimized the life cycle cost 364 

and thermal discomfort hours of one single-story concrete residential building in five different 365 

Chinese cities of Cfa and Cwa climate. 366 

The active analysis of the calibrated housing typology NA127 contemplates HVAC equipment 367 

to determine the heating and cooling demand, considering the thermostat setting temperatures 368 

established by the Chile SCS [45]. The conditioned zones of the dwelling are the three 369 

c d 
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bedrooms, the living room, the dining room, and the kitchen, totaling an area of 60.43 m2. The 370 

HVAC equipment used for each zone corresponds to a PTAC (packaged terminal air 371 

conditioner) with electric heating. The HVAC equipment incorporates the following elements: 372 

an outside air mixer, a DX cooling coil (direct expansion cooling) with COP of 3, an electric 373 

heating coil with 100% efficiency, and a constant volume air supply fan with an efficiency of 374 

90%. Table 4 summarizes the active analysis results for heating and cooling demands. 375 

Table 3. ASHRAE 55 (all clothing) thermal discomfort hours. 376 

Zone 

Summer Autumn Winter Spring 

Total 

Dec.–Feb. Mar.–May Jun.–Aug. Sep.–Nov. 

Bedroom 1 1906.9 2006.3 2133.3 1941.1 7987.6 

Bedroom 2 1428.6 1611.0 1909.8 1552.9 6502.4 

Bedroom 3 1493.9 1627.8 1940.9 1538.6 6601.3 

Living room, dining room, and kitchen 1599.9 1727.3 1904.7 1637.9 6869.9 

Dwelling 1570.1 1699.1 1897.7 1611.3 6778.3 

The living room, dining room, and kitchen have the highest heating annual demand (5214.59 377 

kWh) due to the larger area (27.53 m2), followed by the annual heating demand of bedrooms 378 

one, two, and three, with 2889.24, 2409.34, and 1651.22 kWh, respectively. The heating 379 

demand intensity of the entire dwelling, which considers only the heated area, is 201.30 380 

kWh/(m2·year), although Bedroom 2 has the highest demand intensity (241.17 kWh/(m2·year)), 381 

while Bedroom 3 has the lowest (175.47 kWh/(m2·year)). According to these results, the heating 382 

demand intensity of the calibrated base case exceeds 2.84 and 13.45 times the limit value 383 

established by the SCS for the Metropolitan region in 2020 (71 kWh/(m2·year)) and 2050 (15 384 

kWh/(m2·year)), respectively. Regarding the annual demand for cooling, the living room, dining 385 
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room, and kitchen present the highest, representing 43% of the total cooling demand. 386 

Nevertheless, Bedroom 2 has the highest demand intensity (48.60 kWh/(m2·year)), while the 387 

living room, dining room, and kitchen have the lowest (42.69 kWh/(m2·year)). Therefore, the 388 

cooling demand intensity of the calibrated base case (45.36 kWh/(m2·year)) exceeds 3.02 and 389 

9.07 times the limit value established by the SCS for the Metropolitan region in 2020 (15 390 

kWh/(m2·year)) and 2050 (5 kWh/(m2·year)), respectively. 391 

Table 4. Annual heating and cooling demands of the NA127 housing typology zones. 392 

Zone 
Heating 

[kWh] 

Cooling 

[kWh] 

Heating 

[kWh/(m2·year)] 

Cooling 

[kWh/(m2·year)] 

Bedroom 1 2889.24 641.56 213.86 47.49 

Bedroom 2 2409.34 485.54 241.17 48.60 

Bedroom 3 1651.22 438.72 175.47 46.62 

Living and dining room 5214.59 1175.14 189.41 42.69 

Dwelling 12164.38 2740.95 201.30 45.36 

3.4. Selection of objective functions and decision variables 393 

 The housing typology (base case) shows a precarious condition, i.e., a high amount of thermal 394 

discomfort hours and an elevated energy demand for air conditioning. This precarious condition 395 

is not uncommon, considering that 32% of dwellings in Chile were built before 2008 [39] when 396 

a more rigorous thermal standard did not exist yet. Therefore, we chose the electrical 397 

consumption required for heating and cooling and the thermal discomfort hours (ASHRAE 55 398 

for all clothing) as minimum objective functions. Both objective functions are opposed to each 399 

other since reducing energy consumption implies a reduction in thermal comfort hours.  400 
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In Chile, social apartments built with concrete or brick present air infiltrations mainly 
401 

throughout doors, and windows, giving values in the range of 6–10 air renewals/hour at 50 Pa. 
402 

Meanwhile, social apartments built with light materials, such as structural panels with steel 
403 

profiles and envelopes of OSB, fiber cement, or gypsum plasterboard, show higher infiltration 
404 

rates of 25–30 air renewals/hour due to walls contributing to air infiltration. Dwellings with 
405 

higher construction standards made of concrete or brick present lower infiltration rates (2.5–4.0 
406 

air renewals/hour) [50]. Under this scenario, we decided to perform the optimization process 
407 

using an air tightness value of 4.0 renovations/hour. 
408 

A multi-objective optimization problem (MOP) aims to find a vector of decision variables that 409 

satisfies the constraints and optimizes a vector function whose elements represent the objective 410 

functions. Equation (3) shows the vector x with n decision variables: 411 

𝑥𝑥 = [𝑥𝑥1, 𝑥𝑥2 ,     … , 𝑥𝑥𝑛𝑛]𝑇𝑇 (3) 

Then, the following are objective functions to be minimized or maximized 𝑓𝑓(𝑥𝑥) 412 

𝑓𝑓(𝑥𝑥) = [𝑓𝑓1(𝑥𝑥), 𝑓𝑓2(𝑥𝑥),     … ,𝑓𝑓𝑛𝑛(𝑥𝑥)]𝑇𝑇 (4) 

Since there are several objective functions, the notion of optimum changes since multi-objective 413 

problems seeks to find a trade-off, resulting in a set of non-dominated solutions. 414 

Genetic algorithms (GA) have gained popularity in the optimization of building performance 415 

thanks to some advantages, such as including continuous variables, discrete variables, suitable 416 

for parallel computing, do not “get stuck” in local optima and have a low sensitivity to 417 

discontinuities and constraints, making GA very robust algorithms. GA is suitable for solving 418 

MOPs since they are population-based and can locate multiple optimal solutions on Pareto 419 

fronts. The Design Builder software brings the NSGA-II for conducting multi-objective 420 

optimization analysis.  421 

We analyze five decision variables for the base case NA127 housing typology. Three of them 422 

correspond to the modification of the exterior walls of the dwelling to meet the following 423 



 

24 
 
 

thermal regulations: (i) west-facing walls of Bedroom 1 and the living room (M1), (ii) exterior 424 

walls of the north wing of Bedrooms 1 and 2 (M2), and (iii) east-facing exterior walls of 425 

Bedrooms 2 and 3 (M3). These modifications consist of a thermal envelope comprising the 426 

combination of polyester fiber insulation layers (PF), SSPCM, and plasterboard, as shown in 427 

Figure 4. SSPCM uses wood as a support material by using the impregnation process and 428 

different phase change temperature PCMs as impregnated. The PCM occupies the wood cell 429 

structure, within vessels in hardwood species and the tracheid in softwood species [51]. The 430 

combinations result in 129 possible types of exterior walls, and Figure 5 shows the possible wall 431 

combinations. 432 

 Brick 
 
Insulation 
 
SSPCM 
 
Plasterboard 

Figure 4. Configuration of the retrofitted exterior walls. 433 

The fourth variable corresponds to the improvement of the roof’s thermal insulation, 434 

considering that the base case has no thermal insulation. In this case, we consider two insulation 435 

options, glass wool insulation of 80 mm thickness and PF of 100 mm thickness. All of these are 436 

followed by a layer of 10 mm plasterboard, giving U-values of 0.427 and 0.487 [W/m2K], 437 

respectively; both options fulfill the thermal regulations of the roof assembly for the 438 

Metropolitan Region. Finally, the window type is the fifth constructive variable to intervene 439 

since the base case has single-glazed windows of 6 mm thickness. For the optimization process, 440 

six options of window types are available (Table 5). 441 

Table 5. Windows configuration is for the optimization process. 442 

Windows 

glazing 

Single-

clear 

Single-

clear 

Double-

transparent 

Double-

clear 

Double-

transparent 

Double-

clear 
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Glass 

thickness 

(mm) 

6 6 3 3 6 6 

Spacing (mm) -- -- 6 13 6 13 

U (W/m2K) 5.894 5.778 3.159 2.716 3.094 2.665 

The construction assemblies and windows were chosen based on the feasibility of performing a 443 

retrofitting procedure on an existing dwelling in Chile. Considering the five design variables, 444 

exploring all of the possible combinations would take about 12.9 million simulations. Therefore, 445 

before analyzing the optimization results by implementing Steps 7–10 of the methodology 446 

(Figure 1), we explain in the following section the incorporation of PCM-impregnated thermal 447 

properties in the simulations with Design Builder.  448 

 449 

Figure 5. Combinations for walls (A) M1, M2, and M3. (B) Type of thermal insulation, S.A.: 450 

without insulation, and PF: polyester fiber insulation. (C) The thickness of insulation. (D) Type 451 

PCM for impregnation. (E) The thickness of the wood layer impregnated with PCM. 452 
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3.4.1. Thermal properties of PCM impregnated Pinus radiata Wood 453 

We used the rule of mixtures (5) and the volume fraction (6) to estimate the thermal properties 454 

of impregnated Pinus radiata wood with different PCMs. Moreover, we assessed the feasibility 455 

of using the rule of mixtures by calculating the relative error of the predicted thermal 456 

conductivity and specific heat for PCM’s liquid and solid states in the experimental results 457 

(Table 6) as reported by Fuentes et al. [23]. 458 

E𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = x ∙ EPCM + (1 − x) ∙ E𝑤𝑤 (5) 

x =
VPCM

VPCM + V𝑤𝑤

 (6) 

where E𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 , ∙ EPCM and E𝑤𝑤 are any property of the impregnated wood, PCM, and 459 

wood, respectively. The volumes VPCM and V𝑤𝑤 correspond to that of PCM and unimpregnated 460 

wood, respectively. 461 

Table 6. Experimental thermal properties for predicting them in octadecane-impregnated Pinus 462 

radiata wood, using the rule of mixtures. 463 

Thermal 

property 

Octadecane 

[23] 

Pinus 

radiata [23] 

Impregnated 

Wood [23] 

Impregnated 

wood (Rule of 

mixtures) 

Relative 

error 

𝛒𝛒 [𝐤𝐤𝐤𝐤/𝐦𝐦³] 780.0 388.0 836.1 836.1 -- 

𝐤𝐤𝐒𝐒 [𝐖𝐖/𝐦𝐦𝐦𝐦] 0.4489 0.3111 0.3255 0.3605 11% 

𝐤𝐤𝐋𝐋 [𝐖𝐖/𝐦𝐦𝐦𝐦] 0.1252 -- 0.2185 0.2442 12% 

𝐂𝐂𝐏𝐏,𝐒𝐒  

[𝐤𝐤𝐤𝐤/𝐦𝐦³𝐊𝐊] 
3634.4 1141.0 2130.8 2037.0 4% 

𝐂𝐂𝐏𝐏,𝐋𝐋 2229.2 -- 1361.8 1348.2 1% 
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 [𝐤𝐤𝐤𝐤/𝐦𝐦³𝐊𝐊] 

𝐋𝐋𝐅𝐅 [𝐤𝐤𝐤𝐤/𝐤𝐤𝐤𝐤] 133.2 -- 133.2 133.2 -- 

Additionally, we used Equations (7) and (8) extracted from the work of Vasco et al. [52] to 464 

estimate the enthalpy curve as a function of temperature using both the experimental properties 465 

of octadecane-impregnated wood and those predicted by the rule of mixtures. Figure 6a shows 466 

that both enthalpy curves are close. 467 

h =
1
ρ
�Cp,S ∙ (1 −φ) + Cp,L ∙ f� ∙ T +

WPCM

W𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
∙ LF ∙ φ

 
(7) 

φ = �
0       if T < Tpc
1       if T ≥ Tpc

 
(8) 

where ρ is the apparent average density of impregnated wood, Cp,S
 and Cp,L

 are the volumetric 468 

heat capacity of impregnated wood with solid and liquid PCM, respectively. 469 

WPCM Wimpregnated wood⁄  is the PCM mass and impregnated wood mass ratio. LF is the phase 470 

change enthalpy, Tpc is the phase change temperature, and φ is the liquid fraction of the PCM 471 

used. 472 

The PCMs used to estimate the properties of impregnated wood are those that are made 473 

commercially available by PureTemp® [53], which are fatty oils of natural origin and an 474 

environmentally friendly alternative to petroleum-based paraffin. The thermal properties of the 475 

selected biobased PCMs (Table 7) and the rules of mixtures allow obtaining the thermo-physical 476 

properties of impregnated wood (Table 8). 477 
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478 

 
479 

Figure 6. Enthalpy-temperature curves of octadecane and octadecane-impregnated Pinus 480 

radiata wood using experimental data [23] and the rule of mixture (a). Enthalpy-temperature 481 

curves of PureTemp® impregnated Pinus radiata wood calculated with the rule of mixture (b). 482 

Table 7. Thermo-physical properties of PureTemp® bio-based PCMs [53]. 483 

PCM 
𝛒𝛒𝐋𝐋  

[𝐤𝐤𝐤𝐤/𝐦𝐦³] 

𝛒𝛒𝑺𝑺  

[𝐤𝐤𝐤𝐤/𝐦𝐦³] 

𝐤𝐤𝐋𝐋  

[𝐖𝐖/𝐦𝐦𝐦𝐦] 

𝐤𝐤𝐒𝐒  

[𝐖𝐖/𝐦𝐦𝐦𝐦] 

𝐂𝐂𝐏𝐏,𝐋𝐋 

[𝐤𝐤𝐤𝐤/𝐦𝐦³𝐊𝐊] 

𝐂𝐂𝐏𝐏,𝐒𝐒 

[𝐤𝐤𝐤𝐤/𝐦𝐦³𝐊𝐊] 

𝐋𝐋𝐅𝐅 

[𝐤𝐤𝐤𝐤/𝐤𝐤𝐤𝐤] 

PT 8 860 950 0.14 0.22 2.15 1.85 187 

PT 15 860 950 0.15 0.25 2.56 2.25 182 

PT 18 860 950 0.15 0.25 1.74 1.47 192 

PT 20 860 950 0.14 0.23 2.15 2.07 171 

PT 23 830 910 0.15 0.25 1.99 1.84 201 
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PT 25 860 950 0.15 0.25 2.29 1.99 187 

PT 27 860 950 0.15 0.25 2.63 2.46 202 

Table 8. Estimated thermophysical properties of impregnated Pinus radiata wood with different 484 

PureTemp® PCMs. 485 

PCM 𝛒𝛒 [𝐤𝐤𝐤𝐤/𝐦𝐦³] 𝐤𝐤𝐋𝐋 [𝐖𝐖/𝐦𝐦𝐦𝐦] 𝐤𝐤𝐒𝐒 [𝐖𝐖/𝐦𝐦𝐦𝐦] 𝐂𝐂𝐏𝐏,𝐋𝐋[𝐤𝐤𝐤𝐤/𝐦𝐦³𝐊𝐊] 𝐂𝐂𝐏𝐏,𝐒𝐒[𝐤𝐤𝐤𝐤/𝐦𝐦³𝐊𝐊] 𝐋𝐋𝐅𝐅[𝐤𝐤𝐤𝐤/𝐤𝐤𝐤𝐤] 

PT 8 834.2 0.2495 0.2783 1333.6 1249.5 178 

PT 15 834.2 0.2531 0.2891 1448.5 1361.6 182 

PT 18 834.2 0.2531 0.2891 1218.7 1143.0 192 

PT 20 834.2 0.2495 0.2819 1333.6 1311.2 171 

PT 23 834.2 0.2531 0.2891 1288.7 1246.7 201 

PT 25 834.2 0.2531 0.2891 1372.8 1288.7 187 

PT 27 834.2 0.2531 0.2891 1468.1 1420.5 202 

3.5. Optimization parameters 
486 

Genetic algorithms, especially NSGA-II, have gained prominence in optimizing architectural 487 

and constructive variables of buildings for design, retrofitting, and refurbishment. Vukadinović 488 

et al. [54] compiled a series of studies of building design variables, emphasizing the parameters 489 

of different optimization algorithms. Among them are NSGA-II, such as population size, the 490 

maximum number of generations, crossover ratio, and mutation probability, which play a role in 491 

the algorithm and depend mainly on each optimization problem. The maximum number of 492 

generations ranges between 25 and 200, 100 being the most common. The population size 493 

varies between 20 and 64, and the crossover rate ranges between 0.7 and 0.95, 0.9 being the 494 

most commonly used value. Lei and Shan [59] also recommend that the crossover rate should 495 

range between 0.4 and 0.99. The mutation rate controls the frequency of the mutation gene 496 
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operation. Lei and Shan [55] recommend a range between 0.0001 and 0.1. The tournament size 497 

is the size of a random sample taken from the current generation and selects better solutions 498 

from the current generation. In this case, we used the default value of the Design-Builder 499 

software. On the other hand, Ascione et al. [56] recommend values of the population size from 2 500 

to 6 times the number of design variables. According to the above, Table 9 shows the 501 

parameters configured for the NSGA-II multi-objective optimizations. 502 

Table 9. Configuration of the NSGA-II parameters. 503 

NSGA–II Parameter Value 

Maximum number of generations 100 

Initial population size 30 

Tournament size 2 

Crossover rate 0.9 

Mutation probability 0.3 

4. Results and discussion 
504 

This section details Steps 7–10 of the proposed methodology. Specifically, we present and 505 

analyze the optimization results by forming groups according to the typical characteristics of the 506 

Pareto solutions. Moreover, we chose a Pareto solution to continue with the analysis proposed 507 

in our methodology. 508 

4.1. Optimization results 
509 

The NSGA–II optimization process gave place to 21 optimal retrofit options, constituting the 510 

Pareto front. Figure 7a shows all of the feasible solutions and the Pareto front, and Figure 7b 511 

shows the Pareto front remarking in green one Pareto point, which is worth analyzing in detail, 512 

as it corresponds to the solution with the lower distance to the UP, obtained throughout the 513 
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interception of the vertical and horizontal dashed lines in the exact figure. These vertical and 514 

horizontal dashed lines intercept the Pareto solutions corresponding to the minimum electricity 515 

consumption (ME) and minimum discomfort hours (MD). The base case gives values for the 516 

energy consumption and discomfort hours of 13247.92 kWh and 6182.4 hours, respectively. 517 

Regarding these values, we calculated the electricity consumption and discomfort hours 518 

reductions for each Pareto solution (Figure 8). The reductions in discomfort hours vary between 519 

18.8% and 21.7%; the reductions in electricity consumption vary between 76.4% and 80.5%, 520 

with average reduction values of 20.4 ± 1.0% and 78.7 ± 1.2%, respectively. 521 

 522 

 523 

Figure 7. The balance between the two opposing objective functions: discomfort hours and 524 

electricity for cooling and heating (a) and Pareto front with the optimal points classified 525 

according to different groups(b). 526 

UP 

a 

b 
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527 

Figure 8. Reduction of electricity consumption and thermal discomfort hours of the 24 non-
528 

dominated solutions. 
529 

Figure 9 presents the distribution of PF insulation thickness in the three retrofitted walls of the 
530 

house. For M1 (west-facing), the non-dominated solutions present a higher proportion (76%) of 
531 

50 mm thickness PF In M2 (north-facing), most of the non-dominated solutions coincide in not 
532 

using insulation (67%) even though 33% of the non-dominated solutions predict the use of PF 
533 

thickness of 50 mm. Finally, most of the non-dominated solutions (90%) predict a PF-layer 
534 

thickness of 85 mm for the east-facing wall (M3). 
535 

 

M1 M2 M3 

Figure 9 Thickness distribution of polyester fiber (mm) insulation in walls M1, M2, and M3 for 536 

the 24 non-dominated solutions. 537 

 
538 

Regarding the thickness of PCM-impregnated Pinus radiata wood (SSPCM-W), the solution’s 
539 

distribution is broad (Figure 10). For M1 (west-facing), the non-dominated solutions present an 
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equal proportion (24%) for impregnated wood-layer thicknesses of 8 and 12 mm, whereas, 
541 

minor fractions of 19, 14, and 10% correspond to 5 and 18, and 5 and 10 mm thicknesses, 
542 

respectively. In the north-facing wall (M2), most of the non-dominated solutions (33%) 
543 

correspond to an impregnated wood-layer thickness of 18 mm, followed by 10 mm (29%), 15 
544 

and 5 mm (14%), and 12 mm with 10%. Finally, for the east-facing wall (M3), the thicknesses 
545 

of 18, 15, 12, and 10 are represented by the same percentage (19%) converged, followed by 
546 

wood layers of 5 mm (14%) and 8 mm (10%). 
547 

 

M1 M2 M3 

Figure 10. Distribution of the PCM-impregnated wood-layer thickness (mm) in walls M1, M2, 
548 

and M3 for the 24 non-dominated solutions. 
549 

Figure 11 shows the distribution of the wood layer impregnated with PCMs in the retrofitted 
550 

walls. For the west-facing wall (M1), most of the non-dominated solutions (57%) coincide with 
551 

using P.T. 27, following the options of P.T. 25 (19%), P.T. 23, and P.T. 20 (10%), and P.T. 8 is 
552 

the less common option with 8%. In wall M2 (north-facing), the non-dominated solutions 
553 

correspond mainly to P.T. 25, P.T. 27, and P.T. 23 with 48% and 38%, and 14%, respectively. 
554 

For the east-facing wall, most of the non-dominated solutions (95%) coincide in using an 
555 

impregnated wall with P.T. 23, and 5% predict the use of P.T. 25. It must be noted how none of 
556 

the non-dominated solutions predict using non-impregnated wood in the retrofitted walls. 
557 
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M1 M2 M3 

Figure 11. Distribution of commercial PT PCM types in walls M1, M2, and M3 for the 24 non-
558 

dominated solutions. 
559 

Konstantinidou et al. [57] evaluated the impact of gypsum panels with microencapsulated PCM 560 

on the envelope of a 144 m2 office building in Athens (Greece), which has the same Köppen 561 

climate classification as Santiago de Chile, Csa. The authors conducted a multi-objective 562 

optimization with NSGA-II, minimizing the cooling loads and the thermal discomfort hours. 563 

They found that all of the non-dominated solutions include a PCM with a melting temperature 564 

of 22 °C in the south wall. These results are similar to those of our study where the melting 565 

temperature was found to be 23–27 °C. Further, Soares et al. [58] found more significant energy 566 

savings in warmer climates due to PCMs incorporation (about 55%). Thus, optimum thickness 567 

of the PCM-enhanced gypsum board was achieved when its thickness was 40 mm more than 568 

was the case with our findings, as depicted in Figure 10, for the same melting temperature. 569 

Regarding the type and thickness of the thermal insulation in the ceiling, almost all of the non-570 

dominated solutions (95%) coincide when using a glass wool layer of 80 mm, which is less than 571 

what was determined by Carreras et al. [59], i.e., 110 mm. Finally, regarding the type of 572 

windows, all of the non-dominated solutions require the use of double-glazed windows of 3 mm 573 

glass thickness with 13 mm spacing (2.716 [W/(m2·°C)]). 574 

Figure 7b shows the Pareto solutions classified into six groups, with four crossed by the line 
575 

corresponding to the lower electricity consumption and lower discomfort hours (reference line). 
576 
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The other two groups are between the reference line and horizontal and vertical lines whose 
577 

interception gives place to UP. Table 10 tabulates the common characteristics shared by the 
578 

optimal points of each group. According to their position in the reference line, groups blue and 
579 

red are opposite. The optimal points of the blue group have better thermal insulation than those 
580 

of the red group. The orange group’s optimal points have thermal insulation similar to those of 
581 

the blue group, but the wood layers are thicker in the former group. The green group’s optimal 
582 

points are a combination of those of the blue and red groups, thermally insulated in the M1 and 
583 

M3 walls and without thermal insulation in the M2 wall. The black and yellow groups out of the 
584 

line share several characteristics even though the range of the wood-layer thickness of the 
585 

yellow group is more than the black one.  
586 

Table 10. Shared characteristics of the optimal points. The classification corresponds to the 587 

group colors in Figure 7b. 588 

Group (Optimal points) Characteristic M1 West-facing M2 North-facing M3 East-facing 

Blue (3) 

PF layer 50 mm 50 mm 85 mm 

Tpc 23 and 25 °C 23 °C 23 °C 

SSPCM-W layer -- 10 and 15 mm 10 and 12 mm 

Orange (5) 

PF layer 50 mm 50 mm 85 mm 

Tpc 20 and 23 °C 25 °C 23 °C 

SSPCM-W layer - 18 mm 12 and 18 mm 

Green (3) 

PF layer 85 and 50 mm No insulation 50 and 85 mm 

Tpc -- 23 °C 23 and 25 °C 

SSPCM-W layer -- 15 and 18 mm 8 and 10 mm 

Red (3) PF layer No insulation No insulation 85 mm 
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Tpc 25 and 27 °C 25 and 27 °C 23 °C 

SSPCM-W layer 10 and 12 mm 12 and 15 mm -- 

Black (2) 

PF layer 50 mm No insulation 85 mm 

Tpc 23 °C 25 °C 23 °C 

SSPCM-W layer -- 18 mm 5 mm 

Yellow (5) 

PF layer 50 mm No insulation 85 mm 

Tpc 23 and 25 °C 25 °C 23 °C 

SSPCM-W layer -- -- -- 

4.2. Analysis of the chosen optimal results 
589 

This analysis focuses on three optimal points of the Pareto front: the points with the MD and 
590 

ME, and the point that meets the criteria of minimum distance to UP, i.e., the DM point. Table 
591 

11 present the constructive characteristics of the selected optimal points. According to the 
592 

optimal MD, the house does not need thermal insulation in the west and north-facing walls, but 
593 

these walls would require a PCM with a higher melting temperature. Regarding the same walls, 
594 

the optimal solutions ME and DM are similar, presenting differences between the melting 
595 

temperatures of the PCMs used in the west-facing wall and the thickness of the impregnated 
596 

wood layer. Regarding the east-facing wall, the three optimal solutions coincide with using the 
597 

same thickness of PF, the same melting temperature of the PCM used, but different layer 
598 

thicknesses of impregnated wood. The three optimal solutions for the ceiling and windows 
599 

required the same choices. 
600 

 
601 

 
602 

 
603 
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Table 11. Characteristics of the retrofitted solutions for the selected optimal points. 604 

Optimal point Characteristic 

M1 

West-

facing 

M2 

North-

facing 

M3 

East-

facing 

Ceiling Windows 

Minimum 

electricity 

consumption (ME) 

PF layer 50 mm 50 mm 85 mm 

Glass 

wool 80 

mm 

Double glazed  

3 mm 

thickness/13 mm 

spacing 

Tpc 23 °C 23 °C 23 °C 

SSPCM-W layer 12 mm 15 mm 15 mm 

Decision maker 

(DM) 

PF layer 50 mm 50 mm 85 mm 

Tpc 25 °C 23 °C 23 °C 

SSPCM-W layer 18 mm 10 mm 12 mm 

Minimum 

discomfort hours 

(MD) 

PF layer -- -- 85 mm 

Tpc 27 °C 27 °C 23 °C 

SSPCM-W layer 12 mm 10 mm 10 mm 

The passive analysis considers the variation in comfort hours regarding the base case of the 
605 

three optimal points during the year (Figure 12). The living and dining room (Figure 12a) 
606 

presents an overall reduction in discomfort hours during the year, especially during the spring 
607 

and autumn seasons. It is interesting to notice that the optimal point, ME presents better thermal 
608 

comfort conditions under a passive scenario. Regarding Bedroom 1 (Figure 12b), which is west-
609 

facing, the thermal comfort improves during winter, ranging from 14.8 to 18.4%. The 
610 

improvement in thermal comfort during spring improves slightly with values of less than 1%. 
611 

During summer and autumn, the hours of discomfort hours increase by 11.6 and 3.4% on 
612 

average, respectively. The east-oriented Bedrooms 2 (Figure 12c) and 3 (Figure 13 c) show an 
613 

increase in thermal discomfort hours during the year, especially during the year’s warmer 
614 
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seasons. During winter, the increase in thermal discomfort hours is lower than 2.5% and 10% 
615 

for Bedrooms 2 and 3, respectively. It is interesting to notice how under a passive scenario, the 
616 

optimal results give place to a thermal comfort improvement in the dwelling’s zone with the 
617 

highest occupation rate, i.e., the living and dining room. Moreover, the higher rise in thermal 
618 

discomfort hours occurs during the warmer seasons in the east-facing bedrooms. Therefore, 
619 

even under a passive scenario, the retrofitted dwelling may provide better comfort conditions to 
620 

the dwelling’s inhabitants. 
621 

Figure 13 shows the heating and cooling energy consumption variation over a year for the three 
622 

chosen optimal points. The optimal point of MD presents higher heating and cooling demands 
623 

than the optimal point with ME and the DM point. Regarding the heating consumption, the 
624 

difference between the optimal solutions ME and DM does not exceed 1% during winter, even 
625 

though the optimal solution MD presents a higher heating demand of 25.2% on average. The 
626 

cooling consumption of the optimal points DM and ME are pretty similar during summer but, 
627 

on average, 20% higher than the optimal point MD.  
628 

  

(a) Living and dining room (b) Bedroom 1 
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(c) Bedroom 2 (d) Bedroom 3 

Figure 12. Variation in comfort hours regarding the base case of the optimized dwelling. 
629 

Minimum discomfort hours (MD), minimum electricity consumption (ME), and decision maker 
630 

(DM) optimal point. 
631 
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Figure 13. Heating and cooling energy consumption of the optimized dwelling during the year. 
635 

Minimum discomfort hours (MD) and minimum electricity consumption (ME), and decision 
636 

maker (DM). 
637 

Table 12 shows the obtained electricity consumption values per conditioned building area of the 
638 

optimized dwelling. Generally, the heating demand is one order of magnitude greater than the 
639 

cooling demand for the three optimal points, and the heating and cooling demand per 
640 

conditioned building area for the optimal DM is only 0.77% and 4.20% higher than the optimal 
641 

ME values. Regarding thermal comfort, a decrease of only 3.6% in thermal discomfort hours, 
642 

which is the difference between the optimal points MD and DM, requires an increase of 21% 
643 

and 32% in heating and cooling demand, respectively. 
644 

Finally, let us compare the results of Table 12 with Table 4 for the base case. We find that the 
645 

retrofitting optimization of the dwelling envelope reduces the heating and cooling electricity 
646 

consumption per conditioned building area by 5 and 10 times, respectively.  
647 

Table 12 Energy consumption per conditioned building area of the optimized dwelling. 648 

Minimum discomfort hours (MD), minimum electricity consumption (ME), and decision maker 649 

(DM) optimal point. 650 

Zone 

Heating 

[kWh/(m2·year)] 

Cooling 

[kWh/(m2·year)] 

DM MC ME DM MC ME 

Bedroom 1 40.35 61.51 39.91 4.22 8.09 4.14 

Bedroom 2 46.93 58.11 46.45 3.30 3.68 3.28 

Bedroom 3 26.50 26.26 26.39 3.56 3.59 3.55 

Living and dining room 46.40 49.02 46.14 5.56 5.96 5.16 
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Dwelling 41.59 49.93 41.27 4.46 5.65 4.28 

4.3. Economic analysis 
651 

To analyze the technical-economic feasibility of the decision–maker’s optimal solution for the 
652 

housing typology of the Metropolitan region, we used economic indexes such as the PNV, IRR, 
653 

and PBP. The optimized dwelling is in the Municipality of Macul, where the electricity 
654 

consumption is composed of three parts: a fixed monthly charge of USD 0.75, the second one is 
655 

a charge for the transport of electricity, which amounts to 0.014 USD/kWh, and the third one 
656 

consists of a charge for electricity consumed of 0.12 USD/kWh. Therefore, given that the 
657 

annual electricity savings by implementing the DM optimal solution are 13,140.44 kWh, the 
658 

annual savings amount to USD 1,712.7 (Table 13). 
659 

Table 13. Annual electricity consumption of the decision maker’s optimal solution and the base 660 

case. 661 

Annual electricity consumption Cost [USD] 

Base case [kWh] 15,905.33 2,082.03 

DM optimal [kWh] 2,764.89 369.33 

Savings [kWh] 13,140.44 1,712.7 

On the other hand, to estimate the cost of Pinus radiata wood layers with PCM, we used the 
662 

price per pound of PCM from the supplier PureTemp [53], which is 2–5 USD/pound. Equation 
663 

(9) allows calculating the price of the layers of wood impregnated with PCM for each wall, 
664 

PW−PCM =  (AW ∙ PW + QPCM ∙ PPCM) ∙ 1.36 (9) 

where the constant 1.36 has been obtained from the average price increase of Pinus radiata 
665 

lumber when impregnated with Chromated copper arsenate is 36% in the national market, 
666 

PW−PCM is the price of the wood layer impregnated with PCM for each wall; 𝐴𝐴𝑊𝑊 and 𝑃𝑃𝑊𝑊 are the 
667 
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area of the wood layer and the price per unit area, respectively. QPCM corresponds to the mass of 
668 

PCM required for each wall and PPCM is the PCM price per kilogram. Table 14 shows the 
669 

quantities and prices of the materials that make up each wood layer impregnated with PCM for 
670 

the three intervened walls. Even though leakage and thermal stability of SSPCMs are vital 
671 

issues, a consideration of these aspects is beyond the scope of this work. Leakage has been 
672 

identified as an issue in several studies of SSPCM based on wood, showing that PCM viscosity, 
673 

PCM load, and the wood species are relevant parameters [51]. Assuming that the leakage issue 
674 

would be overcome, according to the PCM manufacturer, PureTemp, PCMs do not experience 
675 

thermal degradation when exposed to over 65,000 thermal cycles [60], which implies that PCMs 
676 

can endure up to 7 thermal cycles per day during the project. Therefore, we assume that the 
677 

SSPCM-wood panels are stable during the payback period. Table 15 presents the other required 
678 

materials incorporated into the thermal envelope of the dwelling. Despite the high investment 
679 

for retrofitting shown in Table 15, the Chilean Housing and Neighborhood Improvement 
680 

Program would fund 55% of the materials investment, including thermal insulation and 
681 

windows. 
682 

Table 14. Quantity and price of PCM-impregnated wood layer materials used for the three 
683 

walls. 
684 

Wall 𝐀𝐀𝐖𝐖 [𝐦𝐦𝟐𝟐] 𝐏𝐏𝐖𝐖 [𝐔𝐔𝐔𝐔𝐔𝐔/𝐦𝐦𝟐𝟐] 𝐐𝐐𝐏𝐏𝐏𝐏𝐏𝐏 [𝐤𝐤𝐤𝐤] 𝐏𝐏𝐖𝐖−𝐏𝐏𝐏𝐏𝐏𝐏 [𝐔𝐔𝐔𝐔𝐔𝐔] 

M1 10.21 11.74 161.58 2,999.95 

M2 17.50 9.14 153.91 2,919.60 

M3 13.3 10.00 140.39 2,645.78 

For the calculation of the PNV and the PBP, the discount rate is the opportunity cost of not 
685 

dedicating the funds of the initial investment in adjustable savings account with profitability of 
686 

U.F. + 0.1%, which considering the average inflation of the last two years, results in a discount 
687 

rate of 3.1%. The above added to a project horizon of 25 years, as suggested by the study of 
688 



 

43 
 
 

Hernandez et al. [61], results in a PNV of USD 5,453.63, an IRR of 5.04%, and a PBP of 12.9 
689 

years. 
690 

Table 15. Quantity and price of other materials required for the decision maker’s optimal 
691 

solution. 
692 

Material Quantity [m2] USD/m2 Total (USD) 

PF 85 mm 13.3 2.87 38.26 

PF 50 mm 27.7 1.41 39.02 

 Glass wool 80 mm 145.6 2.88 418.78 

Plasterboard 10 mm 406.7 2.10 853.20 

Windows -- -- 2,177.34 

Wood-PCM 25 18 mm 10.21 -- 2,999.95 

Wood-PCM 23 10 mm 17.50 -- 2,919.60 

Wood-PCM 23 12 mm 13.3 -- 2,645.78 

HVAC Systems -- -- 1,633.00 

Installation  -- 10,315.33 

  Total 22,040.26 

Conclusion 693 

This work presents a methodology to find the optimum configuration of different passive 
694 

constructive variables, especially the incorporation of Pinus radiata wood panels impregnated 
695 

with PCMs in the thermal envelope. This methodology can help retrofit low-income dwellings 
696 

that do not meet the requirements of the thermal regulations. In the presented study, we applied 
697 

it to a housing typology in the Metropolitan Region of Chile. The calibration of the typology 
698 
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allowed us to identify a low thermal performance situation, where the thermal discomfort hours 
699 

and the rate of infiltration were both high, a situation that is common in the existing houses in 
700 

Chile that were built before 2008. The active analysis of the housing typology found an energy 
701 

demand intensity for heating and cooling of 201.3 kWh/(m2/year) and 45.4 kWh/(m2/year), 
702 

respectively. These values can potentially reduce to 41.6 kWh/(m2/year) for heating and 4.5 
703 

kWh/(m2/year) for cooling, respectively, by incorporating an optimized retrofitting solution. 
704 

The results of the economic analysis that was carried for the retrofitting solution suggest that 
705 

despite the high investment required for incorporating PCMs in the thermal envelope, its 
706 

payback period of 12.9 years is reasonable. 
707 

  
708 
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	Figure 4. Configuration of the retrofitted exterior walls.
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	Figure 5. Combinations for walls (A) M1, M2, and M3. (B) Type of thermal insulation, S.A.: without insulation, and PF: polyester fiber insulation. (C) The thickness of insulation. (D) Type PCM for impregnation. (E) The thickness of the wood layer impr...
	3.4.1. Thermal properties of PCM impregnated Pinus radiata Wood
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	Additionally, we used Equations (7) and (8) extracted from the work of Vasco et al. [52] to estimate the enthalpy curve as a function of temperature using both the experimental properties of octadecane-impregnated wood and those predicted by the rule ...
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	Figure 7. The balance between the two opposing objective functions: discomfort hours and electricity for cooling and heating (a) and Pareto front with the optimal points classified according to different groups(b).
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	Figure 9 Thickness distribution of polyester fiber (mm) insulation in walls M1, M2, and M3 for the 24 non-dominated solutions.
	Konstantinidou et al. [57] evaluated the impact of gypsum panels with microencapsulated PCM on the envelope of a 144 m2 office building in Athens (Greece), which has the same Köppen climate classification as Santiago de Chile, Csa. The authors conduct...
	Regarding the type and thickness of the thermal insulation in the ceiling, almost all of the non-dominated solutions (95%) coincide when using a glass wool layer of 80 mm, which is less than what was determined by Carreras et al. [59], i.e., 110 mm. F...
	Table 10. Shared characteristics of the optimal points. The classification corresponds to the group colors in Figure 7b.
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