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Abstract 

Improving indoor thermal comfort in high-altitude rural housing remains a persistent challenge for 
low-income communities in the Peruvian Andes. This study evaluates the thermal performance of a 
standardized Sumaq Wasi modular dwelling in Langui (Cusco, Peru, 3969 m.a.s.l.) and proposes 
passive envelope modifications that enhance comfort while preserving economic feasibility. A multi-
objective optimization approach combining EnergyPlus simulations with the NSGA-II algorithm was 
applied to minimize total thermal discomfort (𝑇𝐷𝐼௧௢௧௔௟), bedroom underheating (𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦), and 
10-year life cycle costs (𝐿𝐶𝐶). The calibrated model incorporated field measurements of indoor air 
temperatures. Global sensitivity analysis using Morris and Sobol methods identified ceiling thermal 
transmittance as the dominant contributor for 𝑇𝐷𝐼௧௢௧௔௟, and exterior wall solar absorptance as the 
driver of 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦. Optimization reduced 𝑇𝐷𝐼௧௢௧௔௟ and 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ to 22% and 8% of the base 
case, requiring additional investments of USD 2,347 and USD 1,959, above the base case cost (USD 
8,100), respectively. Cost-neutral strategies, raising exterior-wall solar absorptance to 0.9 and 
increasing the skylight-to-roof ratio (13.1%), reduced bedroom underheating to 30% of the base case 
and outperformed a scenario with two 400W electric heaters. These results demonstrate that context-
appropriate passive design can substantially improve comfort under severe climatic and financial 
constraints. 

Keywords: thermal comfort; rural housing; EnergyPlus; NSGA-II; retrofit; building energy; energy 
efficiency; high-altitude 
 

1. Introduction 

Despite decades of public investment in housing programs, residents of high-altitude rural areas 
in Peru still face poor indoor thermal comfort and limited access to heating [1]. The cold indoor 
temperatures in these homes have been linked to adverse health outcomes and social vulnerability 
[2–5]. At the same time, housing policies and design guidelines often replicate construction solutions 
that fail to address the specific climatic and socioeconomic context of the Andean region [6,7]. This is 
especially critical given that a large proportion of the rural population in the Peruvian Andes resides 
above 3,500 m.a.s.l., where night-time temperatures during the coldest months commonly fall below 
0-5°C [6,8,9]. Improving the energy performance of homes in these contexts could contribute to 
reducing energy poverty, improving health outcomes, and increasing social resilience, especially for 
vulnerable groups such as the elderly and young children [5,7,10,11]. However, there remains a lack 
of evidence-based guidance on cost-effective passive solutions, such as reduction of infiltration, 
increasing of solar gains, or passive heating methods, tailored to this setting [7,9,12,13]. 

Optimization strategies in building design aim to improve environmental performance and 
support informed decision-making through the systematic improvement of predefined building 
typologies and retrofit options [14–16]. Multi-objective optimization models are particularly useful 
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in this context, as they allow competing objectives, such as minimizing energy use and maximizing 
thermal comfort, to be evaluated simultaneously [17,18]. These models enable the comparison of 
alternative performance improvement scenarios under predefined geometric, technical, and 
economic constraints [19]. Among optimization techniques, genetic algorithms (GAs), which mimic 
natural selection processes, are widely used due to their effectiveness in navigating complex solution 
spaces [19,20]. The Non-dominated Sorting Genetic Algorithm II (NSGA-II), in particular, has proven 
to be a robust and efficient tool for solving multi-objective problems in building energy performance 
optimization [15,16,21]. 

Passive methods remain the most cost-effective approach to enhancing thermal comfort in 
buildings, especially in low-income settings [16,22,23]. These strategies rely on the climatic adaptation 
of building geometry, materials, and envelope configurations to reduce energy demand [24,25]. In 
high-altitude Andean contexts, vernacular construction techniques, such as adobe walls, thermal 
mass floors, and compact layouts, demonstrate local knowledge of climate-responsive design [26–
29]. Recent studies advocate for the integration of traditional passive techniques with modern 
performance evaluation tools to identify affordable and culturally appropriate retrofit strategies 
[7,8,30–34].Passive methods remain the most cost-effective approach to enhancing thermal comfort 
in buildings, especially in low-income settings [22,35]. These strategies rely on the climatic adaptation 
of building geometry, materials, and envelope configurations to reduce energy demand [24,36,37]. In 
high-altitude Andean contexts, vernacular construction techniques, such as adobe walls, thermal 
mass floors, and compact layouts, demonstrate local knowledge of climate-responsive design [26–
29,38]. Recent studies advocate for the integration of traditional passive techniques with modern 
performance evaluation tools to identify affordable and culturally appropriate retrofit strategies 
[7,8,19,30–32]. 

Most existing studies on passive energy efficiency strategies in buildings are based on urban or 
temperate climates and fail to account for the extreme environmental conditions and socio-cultural 
realities of high-altitude rural settlements like those in the Peruvian Andes [39–41]. This creates a 
contextual mismatch that limits the applicability of global best practices to Andean housing 
programs. Moreover, although optimization studies frequently demonstrate the benefits of passive 
design, they often propose solutions that are economically or technically unfeasible for low-income 
rural households [41,42]. As a result, there is a lack of research that evaluates affordable, locally viable 
retrofit strategies through simulation-based optimization methods tailored to the Andean context. 
Without such evidence, housing programs risk promoting interventions that are either ineffective or 
inaccessible to the communities they aim to serve [40]. 

This study focuses on optimizing the building envelope of the Sumaq Wasi modular house, a 
widely implemented public housing solution in high-altitude Andean regions, where Sumaq Wasi is 
a Quechua term referring to a good-quality or dignified dwelling. The research addresses three 
specific objectives. (1) To quantify the impact of feasible passive envelope modifications on indoor 
thermal discomfort under local climatic conditions. (2) To identify the envelope parameters that 
strongly influence thermal comfort using global sensitivity analysis. (3) To determine cost-effective 
combinations of passive retrofit strategies that minimize thermal discomfort and life cycle cost. These 
objectives are addressed using calibrated EnergyPlus simulations combined with sensitivity analysis 
and NSGA-II multi-objective optimization, The analysis focuses on passive envelope measures 
including insulation levels, thermal mass, airtightness-related parameters, and surface solar 
absorptance, within the technical and economic constraints of a standardized housing typology. To 
contextualize the economic relevance of passive interventions, the study includes a benchmark 
scenario using two 400W electric heaters.  This benchmark represents a practical and readily 
available option that households may adopt to reduce cold discomfort. Since the base case has no 
space heating system, energy consumption is introduced rather than reduced. The primary objective 
is therefore not to minimize energy use, but to achieve acceptable indoor thermal conditions at the 
lowest possible life cycle cost. The findings support the identification of cost-effective envelope 
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retrofit strategies that respond to local climatic conditions, resource limitations, and user behavior 
with the goal of improving indoor comfort for low-income households in the Peruvian Andes. 

2. Materials and Methods 

This study evaluates cost-effective passive strategies to improve thermal comfort in a 
government-built Sumaq Wasi modular house, representative of high-altitude rural housing in Peru. 
The methodology integrates field observations, empirical measurements, building energy simulation, 
sensitivity analysis, and multi-objective optimization. Field measurements were used to calibrate and 
validate the simulation model, while performance evaluation is conducted using simulation results. 
To evaluate the performance of the optimized solutions, three objective functions were defined, 
corresponding to the quantities minimized in the optimization: total discomfort, bedroom 
underheating, and life cycle cost. The evaluation compared the optimized passive designs against 
two benchmarks. The first benchmark was the base case, representing the existing Sumaq Wasi 
configuration without envelope modifications or space-heating systems. The second benchmark 
involved the use of 400W electric heaters in the bedrooms, included as a practical reference option 
for alleviating cold discomfort.  

2.1. Study Context and Case Description 

The study was conducted in Langui, a district in the Cusco region of Peru located at an elevation 
of 3969 meters above sea level. Winter conditions are characterized by cold nights, intense solar 
radiation during the day, and significant daily temperature fluctuations (Figure 1). Residents face 
multiple socio-economic challenges, including inadequate housing quality, which, when combined 
with low night-time outdoor temperatures and strong radiative cooling under clear-sky conditions, 
result in harsh and often uncomfortable living environments. 

 

Figure 1. Hourly meteorological data use for EnergyPlus model calibration, recorded over a one-week 
measurement period in May 2023. 

In response, the Peruvian government has implemented a rural housing program in the high 
Andes, introducing a modular house design known as Sumaq Wasi. These government-built 
dwellings in Langui have a typical floor area of 33 m² and feature adobe walls, an insulated metal 
roof, gypsum ceilings, and single-glazed windows (Figure 2 and Figure 3). The baseline construction 
systems and their thermal transmittance values are summarized in Table 1, which presents two 
Sumaq Wasi variants based on adobe and fire clay brick exterior walls. The table includes all major 
envelope components, including a skylight located in the main living space. Several envelope 
components exhibit relatively high U-values, indicating limited thermal resistance. Field 
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observations and previous studies also indicate high infiltration rates and absence of  any active 
heating systems [1]. These factors contribute to poor indoor thermal conditions. Consequently, 
residents often rely on adaptive behaviors, such as wearing multiple garments and using thick 
blankets, to cope with by cold indoor conditions [43]. 

 
Figure 2. View of a Sumaq Wasi house. 

 

Figure 3. Geometry of the base case model. 

Table 1. Constructions of the surfaces. 

 
Sumaq Wasi design with 

adobe as exterior wall main 
material 

Sumaq Wasi design with fired 
clay bricks as exterior wall main 

material 

Constructions 
Material layers 
(from exterior to 

interior) 

U value 
(W/m2•K) 

Material layers 
(from exterior to 

interior) 

U value 
(W/m2•K) 

Exterior walls Adobe 1.471 
Hollow clay brick 

EPS 
Hollow clay brick 

0.732 

Interior walls 

Gypsum panel 
0.0127 
airgap 

Gypsum panel 
0.0127 

2.22 Hollow clay brick 2.155 

Windows Single glazing 5.7 Single glazing 5.7 

Skylight 

Transparent 
corrugated 

polycarbonate 
sheet 

5.59 

Transparent 
corrugated 

polycarbonate 
sheet 

5.59 
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Ceiling 
Vinyl-coated 

gypsum ceiling 
panel 

3.521 
Vinyl-coated 

gypsum ceiling 
panel 

3.521 

Roof 

Painted 
Corrugated 

Galvanized Steel 
Sheet + 

Expanded 
polystyrene (EPS) 

0.583 

Painted 
Corrugated + 

Galvanized Steel 
Sheet + Expanded 
polystyrene (EPS) 

0.583 

Floor 
Concrete floor slab 
+ Gravel bedding 

layer 
2.775 

Concrete floor 
slab + Gravel 
bedding layer 

2.775 

Window´s shutter 
Plywood + air gap 

+ plywood 
2.805 

Plywood + air gap 
+ plywood 

2.805 

Entrance door 
Plywood + EPS + 

Plywood 
1.045 

Plywood + EPS + 
Plywood 

1.045 

Bedroom doors 
Plywood + EPS + 

Plywood 
0.974 

Plywood + EPS + 
Plywood 

0.974 

Although Table 1 presents two construction variants implemented with the Sumaq Wasi 
program, this study focuses exclusively on the adobe wall design. This choice reflects commonly 
recognized environmental considerations related to material availability, construction practices, and 
the use of locally sourced earth-based materials in rural Andean contexts [44,45]. Nevertheless, the 
fired clay brick wall configuration is retained as a benchmark case.  It allows the performance of the 
optimized passive solutions to be evaluated against an alternative construction system that has also 
been implemented by the housing program. 

2.2. Simulation Model and Calibration 

A base case model was developed using EnergyPlus 24.2.0 to represent a typical Sumaq Wasi 
house. This dynamic building simulation software employs interconnected modules to calculate 
heating and cooling loads under specific environmental and operational conditions. Simulations are 
based on the heat balance method [46] that assumes uniform air temperature within a thermal zone's 
volume and homogeneous surface temperatures with one-dimensional heat conduction [47]. 
Additional assumptions include diffuse surface radiation emission and uniform irradiation. The 
model solves four core processes using energy conservation equations: heat balance on the exterior 
wall surface, one-dimensional heat conduction through walls, heat balance on the interior wall 
surface, and indoor air heat balance. Since the thermal zones analyzed in this study lacked active 
heating, cooling, and we assumed no air exchange with other zones, the indoor air heat balance 
simplifies accordingly [47]: 

energy stored 
in zone air 

[W] 
= 

sum of 
convective 

internal loads 

[W] 

+ 

convective heat 
transfer from the 

zone surfaces 

[W] 

+ 

heat transfer 
caused by air 

infiltration 

[W] 

       
 

 𝐶௔ ௗ்೔ௗ௧ = ∑ 𝑄ሶ ௟ೕேೞ೗௝ ୀଵ + ∑ ℎ௞𝐴௞൫𝑇௦ೖ − 𝑇௜൯ேೞೠೝ೑ೌ೎೐ೞ௞ୀଵ +  𝑚 ሶ ௜௡௙𝑐௣ሺ𝑇௢ − 𝑇௜), (1) 

where: 𝐴௞ = area of the zone surface 𝑘 [m2] 𝑐௣  =  specific heat of the air [J/(kg•K)] 
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𝐶௔ = air capacitance [J/K] ℎ௞  = convective heat transfer coefficient with surface 𝑘 [W/(m2•K)] 𝑚 ሶ ௜௡௙ =  air infiltration mass flow [kg/s] 𝑁௦௟ =  number of convective internal loads [-] 𝑁௦௨௥௙௔௖௘௦ = number of surfaces in the thermal zone [-] 𝑄ሶ ௟ೕ = heat from internal load 𝑗 [W] 𝑇௦ೖ   =  temperature of surface 𝑘 [K] 𝑇௜  =  indoor air temperature [K] 𝑇௢  =  outdoor air temperature [K] 
 
The EnergyPlus model inputs were defined based on a combination of documented building 

specifications, field observations, and environmental data sources. Geometry, materials, and thermal 
properties were extracted from government reports, literature, and field studies [47,48] (Figure 2 and 
Table 1). Internal heat gains included one person per bedroom sleeping between 20:00 and 5:00 (70 
W each); lighting loads of 100 W in the living room, and 50 W in each bedroom from 4:00-5:00, and 
19:00-20:00. Window shutters were modeled as closed between 20:00 and 5:00. External 
meteorological inputs required by the simulation were provided through an EPW weather file. In 
this study, the Cusco EPW file was used. Model calibration was required to ensure that the simulated 
indoor temperatures realistically represent the thermal behavior of Sumaq Wasi dwellings under real 
operating conditions. Among the processes influencing the indoor air heat balance, air infiltration 
plays a dominant role in lightweight rural dwelling operating without active heating [9]. However, 
reliable references for infiltration characteristics of Sumaq Wasi houses are not available, which 
prevents direct specification of infiltration-related parameters. For this reason, calibration was carried 
out by comparing simulated and measured indoor air temperatures from 1-8 May 2023 (Figure 4). 
Three temperature sensors placed in one bedroom, while outdoor conditions were monitored with a 
nearby meteorological station (Table 2 and Figure 1) 

 

Figure 4. Result of calibration process 

Table 2. Specifications of measurement instruments. 

Parameter measured Name of 

instrument 

Range Accuracy 

Indoor air temperature Elitech RC-4HC -40°C to +85°C ±0.5°C 

Solar radiation 
ONSET smart 
sensor S-LIB-

M003 
0 to 1280 W/m2 ±10W/m2 
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Outdoor air temperature 
ONSET S-THC-

M002 
-40°C to +75°C ±0.20°C  

outdoor air relative humidity 
ONSET S-THC-

M002 
0 to 100% ±2.5% 

Wind direction ONSET S-WCF-
M003 

0 to 355 degrees ±7 degrees 

Wind speed ONSET S-WCF-
M003 

0 to 76 m/s ±1.1 m/s 

Data logger 

HOBO RX3004 
Remote 

Monitoring 
Station 

- - 

Air infiltration was modeled using the effective leakage area method implemented in 
EnergyPlus. In this formulation, infiltration is driven by buoyancy (stack) and wind effects, and it is 
expressed as: 𝑉௜௡௙ = ஺ಽଵ଴଴଴ඥ𝐶௦(Δ𝑇) + 𝐶௪𝑈ଶ  , (2) 

where: 𝑉𝑖𝑛𝑓  = air infiltration rate, m3/s 𝐴𝐿  = effective air leakage area, cm2  𝐶𝑠  = stack coefficient, (L/s)2/(cm4•K), in our case equal to 0.0000145 according to [47] 𝛥𝑇  = 𝑇௜ − 𝑇௢, indoor-outdoor temperature difference, K 𝐶𝑊  = wind coefficient, (L/s)2/[cm4(m/s)2], in our case equal to 0.000319 according to [47] 𝑈 = local wind speed, m/s 
The effective leakage area 𝐴𝐿 was treated as the calibration parameter and iteratively adjusted. 

The calibration identified 𝐴𝐿 = 600 cm2  as the valued with the lowest error indicators (Figure 4): 
Normalized Mean Bias Error (NMBE) = 0.78 %; Root Mean Square Error (RMSE) = 1.03; Coefficient of 
Variation of RMSE (CV(RMSE)) = 8.51. This value was subsequently used for all base case 
simulations. 

In addition to the calibrated base infiltration, adaptive window opening during overheating was 
represented by temporarily increasing the 𝐴௅  of the corresponding zone. When the operative 
temperature exceeded an upper comfort threshold, the effective leakage area was increased to 
simulate enhanced air exchange due to window opening. This approach directly modifies the 
infiltration term in Eq. (2), increasing the airflow driven by stack and wind effects. In the base case, 
the activation threshold was set to 25 °C and its influence was further examined in the sensitivity 
analysis. 

2.3. Objective Functions 

Three objective functions were defined to evaluate the performance of the base case scenario. 
The first objective function was the Total Thermal Discomfort Index (𝑇𝐷𝐼௧௢௧௔௟) defined as the annual 
sum of hourly deviations of operative temperature outside an acceptable comfort range in the 
bedrooms and living room. The comfort range was set between (14°C and 25°C)  based on field 
measurements and occupant surveys conducted in Langui, reflecting locally adapted thermal 
comfort conditions [49]. Upper temperature limits were retained to ensure acceptable indoor 
conditions over the full diurnal cycle and to avoid optimization solutions that reduce cold discomfort 
at the expense of overheating. The 𝑇𝐷𝐼௧௢௧௔௟ was calculated as: 
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𝑇𝐷𝐼௧௢௧௔௟ = ෍ 𝑇𝐷𝐼௭௢௡௘ଷ
௭௢௡௘ୀଵ  𝑤ℎ𝑒𝑟𝑒 𝑧𝑜𝑛𝑒 ∈ ሼ𝑙𝑖𝑣𝑖𝑛𝑔𝑟𝑜𝑜𝑚, 𝑏𝑒𝑑𝑟𝑜𝑜𝑚ଵ,𝑏𝑒𝑑𝑟𝑜𝑜𝑚ଶሽ        (3) 

where: 

𝑇𝐷𝐼௭௢௡௘ = ෍ 14 − 𝑇௢௣, 𝑖𝑓 𝑇௢௣ < 14°𝐶𝑇௢௣ − 25, 𝑖𝑓 𝑇௢௣ > 25°𝐶0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
଼଻଺଴
௜ୀଵ                       (4) 

where 𝑇௢௣  denotes the operative temperature at hour 𝑖  of one room (°C), and 8760 is the 
number of hours during the simulated year.  

The second objective function was the Thermal Discomfort Index due to Underheating in 
Bedrooms (𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦), which specifically targets cold-related discomfort during sleeping hours.  
Unlike 𝑇𝐷𝐼௧௢௧௔௟, which accounts for both cold and warm deviations across all occupied spaces, this 
index considers only temperature deviations below 14°C and is evaluated exclusively in bedrooms. 
This objective reflects the most frequently reported thermal complaint in the community and 
prioritizes nighttime thermal conditions associated with health and well-being, and was defined as: 

𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ = ෍ 𝑇𝐷𝐼𝑈௥ଶ
௭௢௡௘ୀଵ  𝑤ℎ𝑒𝑟𝑒 𝑧𝑜𝑛𝑒 ∈ ሼ𝑏𝑒𝑑𝑟𝑜𝑜𝑚ଵ,𝑏𝑒𝑑𝑟𝑜𝑜𝑚ଶሽ  (5) 

where 

𝑇𝐷𝐼𝑈௭௢௡௘ = ෍ 14 − 𝑇௢௣, 𝑖𝑓 𝑇௢௣ < 14°𝐶0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒଼଻଺଴
௜ୀଵ        (6) 

The third objective function was the Life Cycle Cost (𝐿𝐶𝐶 ) of the building over a 10-year 
evaluation period. The 𝐿𝐶𝐶 included both the initial investment cost for the envelope and heating 
systems, and the discounted operational cost of electricity used for heating. The operational costs 
were calculated monthly and aggregated annually, using a fixed discount rate r. 𝐿𝐶𝐶 was calculated 
following standard life-cycle cost assessment procedures [50,51]: 

𝐿𝐶𝐶 = 𝐶௜௡௩ + ෍ 𝐶௢௣,௬(1 + 𝑟)௬ଵ଴
௬ୀଵ     (7) 

𝐶௜௡௩ : initial investment cost (USD) 𝐶௢௣ : operating cost in year 𝑦 (USD/year) 𝑟 : discount rate, set at 10% to reflect the high capital risk and local preference for minimizing 
upfront investments. 𝐶௢௣ was assumed to include only electricity costs. In Langui, electricity tariffs follow a tiered 
block structure. For monthly consumption below 30 kWh, electricity is charged at 0.150 USD/kWh. 
For consumption between 31 and 140 kWh, the first 30 kWh are charged at a rate of 0.045 USD/kWh, 
while all additional consumption above 30 kWh is charged at 0.215 USD/kWh. For monthly 
consumption exceeding 140 kWh, a flat rate of 0.220 USD/kWh is applied to the entire consumption 
[52]. 

2. ,4 Sensitivity Analysis 

A two-stage Global Sensitivity Analysis (GSA) was conducted. We adopted a two-stage 
approach commonly used in building performance studies [53–55].  First, we applied the Morris 
method (elementary effects) to screen and reduce the dimensionality of the input space by identifying 
the most impactful parameters [56,57]. Then, we performed a focused Sobol’ analysis on this reduced 
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set to quantify the contribution of each input variable and their interactions to the variance of the 
model outputs [56]. Both stages relied on Monte Carlo-based sampling strategies to systematically 
generate randomized combinations of input parameters, each of which was used to run an individual 
EnergyPlus simulation. This procedure enabled a comprehensive assessment of both main effects and 
higher-order interactions across the entire plausible range of each parameter. 

The Morris method is a qualitative method that allows us to rank the variable according to their 
relative influence and allows us to screen the important variables. Here, the output of interest is a 
function 𝑦(𝑥) where 𝑥 is a vector of 𝑘 coordinates each representing an input variable, then 𝑥 =(𝑥ଵ, 𝑥ଶ,𝑥ଷ, … , 𝑥௞) ∈ ℝ௞. Each coordinate is converted to a normalized value between 0 and 1 using 𝑥௜∗ = ௫೔ି௫೘೔೙    ௫೘ೣି௫೘೔೙ . The space between 0 and 1 is divided into 𝑝 points that are decided by the user.  

After these definitions, the method starts but creating an initial point with random values of the 
variables, then it creates subsequent 𝑘 points changing one variable at a time a step Δ୧, the selection 
of the modified variable is randomly chosen, and this group of 𝑘 + 1 points is called trajectory. To 
ensure equal probability for each value of each point, Morris suggested to make 𝑝 even and the step Δ௜ = ௣ଶ(௣ିଵ). The method chose the direction of the step analyzing if 𝑥௜ is higher or lower than 0.5 to 

stay always inside the grid (0,1) [55].  

Then an indicator elementary effect (𝐸𝐸) is defined to measure how much the output changes 
when only variable 𝑥௜ is changed: 

𝐸𝐸௜ = 𝑦(𝑥 + Δ௜ ⋅ 𝑒௜) − 𝑦(𝑥)Δ௜    (8) 

Where, 𝑒௜  is a vector with 1 in the 𝑖-th position and 0 elsewhere. As for each trajectory the 
method only modified each 𝑥௜ once in all the steps, then the respective steps are selected to calculate 𝐸𝐸௜. During the method 𝑟 amount of trajectories are created, then for each variable 𝑖 the standard 
mean 𝜇௜, the mean of absolute values 𝜇௜∗, and standard deviation 𝜎௜ of the elementary effects are 
calculated [55]: 

𝜇௜ = 1𝑟෍𝐸𝐸௜௧௥
௧ୀଵ  (9) 

𝜇௜∗ = 1𝑟෍|𝐸𝐸௜௧|௥
௧ୀଵ  (10) 

𝜎௜ = ඩ 1𝑟 − 1෍(𝐸𝐸௜௧ − 𝜇௜)ଶ௥
௧ୀଵ  (11) 

Based on these indicators, the 𝑖  variables could be ranked according to their impact on the 
output 𝑦(𝑥). The size of 𝜇 gives information of the importance of the variable, but sometimes the 
mean values among trajectories could be positive or negative and cancel out, so 𝜇∗ was defined. The 
size of 𝜎 gives information about the linearity or non-linearity of the effect, and its interaction with 
other variables. Thus, a variable with low 𝜇∗ and low 𝜎 has a negligible effect; a variable with high 𝜇∗ and low 𝜎 has important linear effect; and a variable with high 𝜇∗ and high 𝜎 has important 
non-linear effects or interacting effects. In building simulation, non-linear and interacting effects are 
very common [55]. 

In this case, the Morris method was applied to two objective functions 𝑦(𝑥) : 𝑇𝐷𝐼௧௢௧௔௟  and 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦. The Morris method is used here as a screening tool to identify the most influential 
physical drivers of indoor thermal behavior. For this reason, the 𝐿𝐶𝐶 objective was not included in 
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the sensitivity analysis, as its response to design modifications is directly computed from assigned 
unit costs, without complex physical interactions.  

A total of 𝑘 = 20 input parameters were selected from the EnergyPlus model. These parameters 
represent envelope properties and key use-related inputs that can be modified and are relevant for 
indoor thermal performance (Table 3). The definition and range of each parameter are presented in 
the following subsection.  

The Morris analysis was conducted using 𝑝 =4, uniformly spaced across their respective ranges. 
A total of 𝑟 = 50 trajectories was used to ensure robustness of the sensitivity indices[58,59], resulting 
in 𝑟 × (𝑘 + 1) = 1050model evaluations.  

Table 3. Envelope, geometry, and use-related parameters and their variation ranges used in the Morris 
sensitivity analysis. 

Desing variable Range Description 
roof_u [0.122-0.570] U-value of the roof [W/K·m2] 

exterior_wall_u [0.291-1.471] 
U-value of exterior walls 

[W/K·m2] 

interior_wall_u [0.28-2.22] 
U-value of interior walls 

[W/K·m2] 
floor_u [0.149-3.33] U-value of the floor [W/K·m2] 

ceiling_u [0.149-3.579] 
U-value of the ceiling 

[W/K·m2] 

window_u [1.2-5.7] 

U-value of windows [W/K·m2]. 
From base case up to four-layer 

single glass window with air 
gaps 

interzone_door_u [0.312-0.92] 
U-value of interior doors 

[W/K·m2] 

exterior_door_u [0.398-2.538] 
U-value of entrance door 

[W/K·m2] 
srr [0.033-0.131] Skylight to roof ratio [-] 

wwr [0.036-0.145] Window to wall ratio [-] 
skylight_transparency [0.2-0.8] Transparency of the skylight [-] 

internal_mass_ahc 
[16051.2-
4012.8] 

Areal heat capacity of the 
zone’s internal mass [J/m·K] 

external_wall_extra_ahc [49784.5-
198738] 

Areal heat capacity added to 
external walls [J/m·K] 

internal_wall_extra_ahc [49784.5-
198738] 

Areal heat capacity added to 
internal walls [J/m·K] 

window_opening_upper_threshold [2–9] 
Degrees over 14°C when 

people open windows because 
of overheating [°C] 

infiltration [0.25-1] 
Fraction of an effective leakage 

area of 2000 cm2 [-] 

shutter_u [0.312-0.92] 

U-value of window shutters 
[W/K·m2] from an interior gap 
filled with 0.07m EPS to base 

case 

people_activity_level [25–100] Heat produced by people 
inside zones [W] 

rotation [0–270] Rotation angle from the north 
[°] 
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external_wall_solar_absorptance [0.10- 0.95] 
Solar absorptance of the 

exterior surface of exterior 
walls [-] 

overhang_solar_transmittance [0–75] 
Solar transmittance of the 

roof’s overhang 

Two variables, infiltration and people activity level, were included in the Morris screening stage to 
assess their relative influence, even though they are not controllable through design in the studied 
context. Infiltration is highly uncertain and largely dependent on construction quality, while activity 
level is governed by occupant behavior. Due to the lack of empirical evidence on how modifications 
to the building envelope could reduce infiltration, we did not explore design solutions targeting its 
mitigation. Furthermore, it is well established infiltration is one of the dominant parameters 
influencing thermal behavior in these types of buildings [9]. To prevent infiltration from 
overshadowing other parameters in the sensitivity analysis, its variation was restricted to a narrow 
range centered on the calibrated effective leakage area (𝐴௅ = 600𝑐𝑚2), corresponding to 25-100% of 
this value (Table 3). While people activity level is also beyond the control of envelope design, it remains 
a critical factor as it represents the primary source of internal heat gains. 

The second step of the GSA involved applying the Sobol method, a variance-based approach 
well suited for complex, nonlinear models such as those used in building energy simulation 
[56,60,61]. This method quantifies the extent to which output variance is attributable to individual 
input parameters or to their interactions. Due to its computational intensity, the Sobol method was 
applied only to a subset of the most influential variables identified during the Morris screening stage.  

To determine which parameters to include in the Sobol analysis, we established thresholds based 
on the indicators 𝜇∗ and 𝜎 from the Morris method. These thresholds were 𝜇∗ > 0.2 ∙ max(𝜇∗) and 𝜎 > 0.5 × 𝜇∗ . This approach aligns with screening criteria proposed in previous studies [57,62]. 
Additionally, the parameters infiltration and people activity level were excluded from the Sobol stage 
since they cannot be addressed through the envelope design strategies evaluated in the subsequent 
optimization. While both are influential, they fall outside the scope of design-controllable variables 
in this context. 

The Sobol method decomposes the total variance of the model output 𝑌 , denote 𝑉(𝑌) , into 
additive terms that reflect the influence of individual input parameters and their interactions: 𝑉(𝑌) = ෍𝑉௜௜ + ෍𝑉௜,௝௜ழ௝ + ෍ 𝑉௜,௝,௞௜ழ௝ழ௞ + ⋯   (12) 

Where 𝑉௜  represents the first-order effect of parameter 𝑋௜ , and 𝑉௜,௝ , 𝑉௜,௝,௞ , … correspond to 
higher-order interaction effects. In this way, Sobol’s method allows one to quantify the share of 
output variance attributable to each input variable, whether due to its direct influence or interactions. 

For each parameter, two sensitivity indices were computed. The first-order Sobol index 𝑆௜   
measures the effect of 𝑋௜ alone on the variance of 𝑌: 

𝑆௜ = 𝑉௑೔(𝐸∼௜  ሾ𝑌 ∣ 𝑋௜ሿ)𝑉(𝑌)    (13) 

The total-order Sobol index 𝑆𝑇௜   accounts for both the individual contribution of 𝑋௜  and all 
its interactions with other variables: 

𝑆𝑇௜ = 1 − 𝑉∼௑೔(𝐸௑೔  ሾ𝑌 ∣ 𝑋∼௜ሿ)𝑉(𝑌)    (14) 

In these expressions, 𝐸ሾ∙ሿ denotes the expectation operator, i.e., the average of the model output 
over repeated sampling, and 𝑉(∙) denotes the variance, which measures the dispersion around the 
mean. These operators are applied conditionally to isolate the effects of one or more parameters on 
the output variance. 
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The Sobol indices were estimated using the Monte Carlo-based sampling scheme originally 
proposed by Sobol [61] and later refined by Homma and Saltelli [63]. This method constructs 
structured samples to efficiently approximate the sensitivity indices through model evaluations. Two 𝑁 × 𝑘 sampling matrices 𝐴 and 𝐵 are first generated, where 𝑘 is the number of input parameters 
and 𝑁 is the number of base samples. Then, hybrid matrices are built by swapping one column at a 
time between 𝐴  and 𝐵 , yielding a total of 𝑁 × (𝑘 + 2)  simulations. In this study, 𝑁  = 512 was 
chosen to ensure robust estimation of the sensitivity indices, in line with established 
recommendations for building energy modeling [59]. 

Design variables for the GA optimization were selected using Sobol total-order indices. 
Parameters were ranked by their 𝑆𝑇௜ and retained until their cumulative 𝑆𝑇௜  exceeded 0.85, ensuring 
that the selected set captured the majority of output variance. Non-design factors (e.g., infiltration, 
occupant activity) were excluded from the optimization set. 

2.5. Construction Alternatives 

We focused on selecting a range of possible construction alternatives to establish wide parameter 
bounds for the Morris and Sobol sensitivity analyses. The cost of each alternative was estimated only 
after identifying the most influential parameters. Because the Sumaq Wasi housing program operates 
under tight budget constraints, with each module costing approximately USD 8,100, our selection of 
construction modifications prioritized affordability, local material availability, and simplicity of 
implementation. For the sensitivity analysis, we sought to define broad variable ranges to ensure 
methodological robustness, without prematurely restricting options based on practical feasibility. 

To model improvements in the thermal resistance of roofs, walls, floors, ceilings, doors, and 
shutters, we drew on the work of Juanicó and Gonzáles [64] and Juanicó [65]. These authors 
developed low-cost multilayer insulation panels combining expanded polystyrene (EPS), air gaps, 
and low-emissivity layers such as aluminum foil. Their findings showed that, for a 21°C temperature 
difference between indoor and outdoor environments, multilayer EPS-air panels outperformed solid 
EPS panels of equal thickness. Furthermore, lining the interior surface with aluminum foil 
significantly reduced radiative heat transfer, resulting in lower U-values at minimal additional cost. 

Following this methodology, we calculated U-values for three multilayer configurations: solid 
EPS, EPS with air gaps, and EPS with both air gaps and aluminum foil. All insulation layers were 
assumed to be 0.01 m thick. For roof, floor, and ceiling assemblies, total insulation thicknesses up to 
0.5 m were considered, producing U-values ranging from 3.5 to 0.068 W/m²·K. For exterior and 
interior walls, U-values ranged from 3.5 to 0.179 W/m²·K. A summary of the ranges produced by 
these construction alternatives is provided in Table 3. 

Modifications to solar heat gains were also incorporated by adjusting the size of windows and 
skylights, represented by the variables window-to-wall ratio (wwr) and skylight-to-roof ratio (ssr), 
respectively. Additionally, the orientation of the building with respect to true north was varied to 
evaluate the impact of solar exposure on thermal performance (Table 3). Local terrain shading from 
surrounding mountains was not explicitly modeled; solar access was therefore assumed to be 
unobstructed to isolate the influence of orientation and envelope-related design parameters 

2.6. Optimization 

The optimization aimed to identify modifications to the Sumaq Wasi building that would 
minimize the three objective functions: 𝑇𝐷𝐼௧௢௧௔௟ ,  𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ , and 𝐿𝐶𝐶 . Only the design 
parameters which cumulative 𝑆𝑇௜  accounted for 0.85 of the total variance in the Sobol sensitivity 
analysis were considered in the optimization process, and the associated costs of their construction 
alternatives were estimated in advance. The range of values explored for each variable matched those 
used in the GSA (Table 3). 

The optimization was performed using the Non-dominated Sorting Genetic Algorithm II 
(NSGA-II), implemented through multiple simulations using EnergyPlus and Python. GAs are 
population-based, stochastic optimization techniques widely used in building performance 
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optimization due to their ability to explore large, nonlinear, and multi-dimensional design spaces 
[66–68].  

In this framework, each candidate solution represents a specific combination of design variable 
values. For implementation within the GA, each solution is encoded as a chromosome, where each 
gene corresponds to one design variable in the simulation model. The performance of each candidate 
solution is evaluated by running the EnergyPlus model and computing the corresponding values of 𝑇𝐷𝐼௧௢௧௔௟,  𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦, and 𝐿𝐶𝐶. 

The optimization proceeded over successive generations, through genetic operators such as 
selection, crossover, and mutation. NSGA-II extends conventional Gas by applying non-dominated 
sorting and elitism, enabling the identification of a Pareto-optimal front that represents trade-offs 
among the three objective functions [68,69].  

2.7. Selection and Comparison of Optimized Solutions 

After constructing the Pareto front, a subset of optimized solutions was selected for detailed 
analysis based on their performance with respect to the three objective functions. We prioritized the 
solutions that exhibited the lowest values of 𝑇𝐷𝐼௧௢௧௔௟ , 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ , and 𝐿𝐶𝐶 . They were labeled 
optimized lowest 𝑇𝐷𝐼௧௢௧௔௟, optimized lowest  𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦, and optimized lowest 𝐿𝐶𝐶, respectively, and 
a number was added to distinguish cases sharing the lowest value of any objective function. 

To contextualize the performance of the optimized passive strategies, four benchmark scenarios 
were defined. The first was the unmodified base case, representing the standard Sumaq Wasi 
construction. The second benchmark consisted of the Sumaq Wasi variant with fired clay brick walls 
instead of adobe. The third scenario simulated the use of 400W electric heaters installed in the 
bedrooms and controlled by a thermostat with a heating setpoint of 14°C. In this scenario, heaters 
operate only when bedroom operative temperature falls below 14°C and are switched off otherwise.  
This solution considered both feasible and practical given local practices and affordability. The fourth 
benchmark represented an idealized reference case, in which electric heaters were used to fully 
prevent bedroom underheating by always maintaining operative temperatures at or above 14°C. This 
scenario was intended to estimate the minimum heating energy required to eliminate cold discomfort 
in bedrooms during sleeping hours. These benchmarks represent a spectrum of realistic and idealized 
adaptations that households may consider reducing nighttime cold discomfort. 

All Pareto-optimal solutions identified through the optimization process were compared against 
these benchmarks using the three objective functions. This comparative evaluation provided valuable 
insights into the trade-offs and feasibility of passive design improvements versus conventional 
heating in high-altitude Andean housing. 

3. Results 

The Morris analysis identified the ceiling U-value as the most influential parameter for 𝑇𝐷𝐼௧௢௧௔௟ 
(Figure 5) and the exterior wall solar absorptance for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ (Figure 6). The exterior wall U-
value was also ranked among the most impactful variables for both objective functions. An increase 
in ceiling U-value reduced 𝑇𝐷𝐼௧௢௧௔௟ (negative 𝜇) but increased 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ (positive 𝜇), reveling 
a trade-off between daytime and nighttime performance: higher ceiling transmittance reduces overall 
annual discomfort while simultaneously worsening nighttime underheating in bedrooms.. In 
contrast, increasing roof U-value increased both 𝑇𝐷𝐼௧௢௧௔௟  and 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ ,highlighting the 
sensitivity of the dwelling’s thermal behavior to roof heat transfer. Exterior wall solar absorptance 
showed a strong influence on 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ , where higher absorptance reduced underheating 
discomfort, reflecting the importance of solar gains. The exterior wall U-value also exhibited 
consistent influence across both objective functions, confirming its role in governing heat exchange 
through the envelope. 
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Figure 5. Morris sensitivity results for 𝑇𝐷𝐼௧௢௧௔௟: (a) 𝜇⋆ (importance) and 𝜇 (direction). Parameters are ordered 
by decreasing 𝜇 and only the ten highest-ranked variables are displayed. 

 

Figure 6. Morris sensitivity results for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ : (a) 𝜇⋆  (importance) and 𝜇 (direction). Parameters are 
ordered by decreasing 𝜇 and only the ten highest-ranked variables are displayed 

Regarding solar gains, the skylight-to-roof ratio (SRR) ranked 2nd in importance for 𝑇𝐷𝐼௧௢௧௔௟ 
(Figure 5), where increasing SRR led to higher overall discomfort. In contrast, SRR ranked only 14th 
for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ , where increasing SRR reduced underheating. This behavior is consistent with 
increased solar irradiation through roof glazing. Additional solar gains help mitigate cold discomfort 
but intensify overheating during high-irradiation periods, leading to a net increase in annual total 
discomfort. Meanwhile, window-to-wall ratio (WWR) ranked 6th for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  and 12th for 𝑇𝐷𝐼௧௢௧௔௟ . Increasing WWR reduced both indicators. This suggests that vertical glazing provides 
beneficial solar gains during cold periods without substantially increasing overheating, indicating a 
different thermal role compared to skylights under the studied climate conditions. 

In both objective functions, parameters such as the thermal mass of interior objects and exterior 
walls, as well as the transmittance of doors, shutters, and windows were consistently ranked as the 
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least influential parameters. This does not imply that these parameters have no effect: rather, within 
the tested parameter ranges, their contribution to the variance of the discomfort indices was small 
relative to dominant factors. Across most variables, the magnitude of 𝜇  were similar to  𝜇∗ , 
indicating limited sign changes in the elementary effects. This suggests that the direction of influence 
(positive or negative) remained consistent across the sampled trajectories, with minimal cancellation 
effects.  In contrast, the relatively large values of 𝜎  for several parameters indicate non-linear 
behavior and interaction effects within the explored parameter space.  

For the Sobol analysis, thirteen parameters were retained based on the Morris screening results.  
Using the established thresholds (𝜇∗ > 0.2 ∙ max(𝜇∗) and 𝜎 > 0.5 × 𝜇∗ ), two screening plots were 
generated (Figure 7 & Figure 8). For 𝑇𝐷𝐼௧௢௧௔௟ , eight parameters exceed both thresholds, indicating a 
limited subset of influential variables with notable interaction effects. In contrast, fifteen parameters 
exceed the thresholds for  𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦, suggesting a broader sensitivity structure and stronger non-
linear or interaction effects in the underheating response. All eight parameters identified for 𝑇𝐷𝐼௧௢௧௔௟ 
were also among those for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦. From this set, infiltration, and people activity level were 
excluded from the Sobol analysis due to their classification as non-design parameters, resulting in a 
final subset of thirteen design variables, 

 
Figure 7. Morris screening results for 𝑇𝐷𝐼௧௢௧௔௟ 

 

Figure 8. Morris screening results for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ 
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The Sobol method revealed that for 𝑇𝐷𝐼௧௢௧௔௟, the most influential parameters were the thermal 
transmittance of ceiling and roof, the SRR, the thermal transmittance of exterior wall, and the exterior 
wall solar absorptance (Figure 9). For 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ the key contributors were exterior wall solar 
absorptance, floor thermal transmittance, the thermal mass of the interior walls, and the thermal 
transmittance of both exterior and interior walls (Figure 10). Collectively, these parameters accounted 
for more than 85% of the output variance. Several other parameters exhibited first-order (𝑆௜) and 
total-order (𝑆𝑇௜) Sobol indices with confidence intervals extending to or near zero, suggesting their 
individual contributions were negligible or indistinguishable from noise given the dominance of the 
primary factors. In the case of 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ , 𝑆௜  indices were substantially higher than the 
corresponding 𝑆𝑇௜  indices for parameters such as floor, exterior walls, interior walls, and ceiling 
thermal transmittance, as well as for the thermal mass of interior walls (Figure 9 &  Figure 10). This 
suggests stronger interaction effects among input parameters for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  compared to  𝑇𝐷𝐼௧௢௧௔௟, where the 𝑆௜ and 𝑆𝑇௜ values were generally more aligned across all parameters. 

 

Figure 9. Sobol sensitivity indices with confidence interval for 𝑇𝐷𝐼௧௢௧௔௟. 
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Figure 10. Sobol sensitivity indices with confidence interval for 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠ 

Only the parameters that collectively accounted for more than 85% of the variance of each 
objective function in the Sobol analysis were retained for the optimization (Table 4). These included 
the thermal transmittance of, ceiling, roof, exterior and interior walls, and floor, together with the 
SRR, exterior wall solar absorptance, and the thermal mass of interior walls. For each parameter, 
discrete design alternatives were defined based on realistic construction modifications within the 
ranges identified in the sensitivity analysis. Investment costs were estimated using local supplier 
price data collected in Cusco (2023) and represent material-only costs for envelope modifications 
relative to the base case. 

The NSGA-II algorithm was configured with a population size of 50and 100 generations, 
producing a Pareto front of 50 optimal solutions. From this set,  six representative configurations 
were selected (Table 5): Solutions 01 to 04 that are the four pareto solutions with the lowest 𝐿𝐶𝐶, 
solution 05 that had the lowest 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦, and solution 06 that had the lowest 𝑇𝐷𝐼௧௢௧௔௟,. The 
four lowest 𝐿𝐶𝐶   pareto solutions (solutions 01 to 04) maintained an 𝐿𝐶𝐶  of 8,100 USD with a 𝑇𝐷𝐼௧௢௧௔௟  ranging from 8953°C·h up to 12,067°C·h and 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ ranging from 618°C·h up to 
998°C·h. Solution 05 achieved a 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  equal to 164°C·h with an 𝐿𝐶𝐶  of 10059 USD. 
Solution 06 achieved a 𝑇𝐷𝐼௧௢௧௔௟  equal to 3437°C·h at a 𝐿𝐶𝐶  of 10457USD.. These solutions 
represent distinct trade-offs along the Pareto front 
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Table 4. Design parameter alternatives and associated material costs considered in the NSGA-II optimization 

Ceiling Exterior wall Floor Interior wall Roof 
Exterior wall 

solar 
absorptance 

Extra thermal 
mass interior 

walls 
SRR 

U-value 
(W/m2·K) 

Cost 
(USD) 

U-value 
(W/m2·K) 

Cost 
(USD) 

U-value 
(W/m2·K) 

Cost 
(USD) 

U-value 
(W/m2·K) 

Cost 
(USD) 

U-value 
(W/m2·K) 

Cost 
(USD) 

- Cost 
(USD) 

[J/m·K] Cost 
(USD) 

[-] Cost 
(USD) 

3.521 0 1.471 0 2.775 0 2.22 0 0.583 0 0.9 0 0 0 13.1 0 
1.755 398 0.549 1060 1.548 398 0.628 866 0.5 406 0.8 0 198738 700 9.8 0 
1.254 567 0.474 1171 1.144 567 0.532 957 0.449 578 0.6 0   6.6 0 
0.701 580 0.418 1282 0.665 580 0.462 1048 0.35 592 0.4 0   3.3 0 
0.584 641 0.373 1393 0.559 641 0.408 1139 0.318 653 0.3 0     
0.394 749 0.338 1504 0.383 749 0.366 1229 0.252 764 0.2 0     
0.320 810 0.337 1590 0.312 810 0.365 1300 0.219 826       
0.231 931 0.308 1615 0.227 931 0.331 1320 0.173 949       
0.219 1046 0.295 1701 0.215 1046 0.316 1391 0.166 1066       
0.166 1113 0.283 1726 0.164 1113 0.302 1411 0.134 1135       
0.149 1235   0.148 1235 0.28 1481 0.123 1259       

Table 5. Representative Pareto-optimal solutions selected from the NSGA-II optimization, including configurations minimizing 𝐿𝐶𝐶, 𝑇𝐷𝐼௧௢௧௔௟, and 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ . 
Indicator  Units Lowest 𝑳𝑪𝑪 Lowest 𝑻𝑫𝑰𝑼𝒃𝒆𝒅𝒓𝒐𝒐𝒎𝒔 Lowest  𝑻𝑫𝑰𝒕𝒐𝒕𝒂𝒍 Base case Sumaq 

Wasi 
fired clay 

bricks 

Sumaq 
Wasi - 
Ideal 

electric 
heaters 

Sumaq 
Wasi -

2x400W 
electric 
heaters 

  01 02 03 04 05 06     𝐿𝐶𝐶 USD 8100 8100 8100 8100 10059 10457 8100 8100 8370 8506 𝑇𝐷𝐼௧௢௧௔௟ [°C·h] 8953 9224 10440 12067 4476 3437 15756 37016 33445 38792 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ [°C·h] 998 814 699 618 164 270 2077 1872 47 684 
 

Parameters 
           

Roof U-value [W/K·m2] 0.583 0.583 0.583 0.583 0.123 0.123 0.583 0.583 0.583 0.583 
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Exterior wall U-
value 

[W/K·m2] 1.471 1.471 1.471 1.471 1.471 1.471 1.471 0.732 1.471 1.471 

Ceiling U-value [W/K·m2] 3.521 3.521 3.521 3.521 3.521 3.521 3.521 3.521 3.521 3.521 
Floor U-value [W/K·m2] 2.775 2.775 2.775 2.775 2.775 1.548 2.775 2.775 2.775 2.775 

SRR [-] 3.3 6.6 9.8 13.1 13.1 6.6 9.8 9.8 9.8 9.8 
Exterior wall solar 

absorptance 
[-] 0.9 0.9 0.9 0.9 0.9 0.9 0.5 0.5 0.5 0.5 

Interior wall U-
value 

[W/K·m2] 2.22 2.22 2.22 2.22 2.22 2.22 2.22 2.155 2.22 2.22 

Interior wall 
additional heat 

capacity 

[J/m·K] 0 0 0 0 198738 198738 0 0 0 0 

Heating systems [-] No No No No No No No No 2xIdeal 
electric 
heaters 

2x400W 
electric 
heaters 
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Across all selected configurations, exterior wall solar absorptance increased from 0.5 to 0.9 
relative to the base case, highlighting the importance of solar gains. In Solution 06 (lowest 𝑇𝐷𝐼௧௢௧௔௟), 
the roof and floor U-values were reduced and SRR decreased, while interior walls thermal mass 
increased, which in practice meant to replace the air gap from the base case with adobe walls. In 
Solution 05 (lowest 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦)roof U-value decreased and both SRR and interior walls thermal 
mass increased. The four lowest 𝐿𝐶𝐶  Pareto solutions primarily differed in their SRR values: higher 
SRR increased 𝑇𝐷𝐼௧௢௧௔௟ but reduced 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦. None of the selected modifications modified the 
U-values of the exterior walls, ceiling, or interior walls relative to the base case. 

To benchmark the cost of avoiding bedroom underheating, we computed two heating cases. 
First, we estimated the ideal heating requirement, defined as the monthly heating energy and peak 
power that would be necessary to maintain bedroom operative temperatures at or above 14°C  at all 
times (unlimited heating capacity; Figure 11). Second, we simulated a capacity-limited case with two 
fixed 400 W electric heaters (one per bedroom) controlled with a 14 °C on/off thermostat (Figure 12). 
Heating demand occurred throughout most months of the year due to persistent nighttime operative 
temperatures below 14°C, typical of these high-altitude locations. In the ideal case, June had the 
highest heating demand (89 kWh) and a peak power requirement of 0.89 kW, resulting in an 
electricity cost of 14 USD under the local tariff. In the 2x400 W case, June electricity use increased to 
114 kWh (19 USD). Despite the added electricity use, the 2x400W case does not eliminate 
underheating during cold hours, which results in a higher annual 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ (684 °C•h) than the 
ideal requirement benchmark (47°C•h). 

 

Figure 11. Ideal heating requirement for the two bedrooms: monthly heating energy and peak power needed to 
maintain operative temperature over 14°C 
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Figure 12. Capacity-limited electric heating case (2×400 W, one per bedroom): monthly electricity consumption 
and peak power with on/off control at 14°C 

Figure 13 compares the six solutions selected from the Pareto-front (Table 5) against four 
benchmarks: the unmodified base case, the fired-clay variant, the 2x400W heater case, and the ideal 
heating requirement case. The Pareto solutions clustered in the lower 𝑇𝐷𝐼௧௢௧௔௟ relative to the base 
case, indicating that envelope modifications reduce annual total discomfort without introducing 
operational electricity use. occupy the low. The ideal heating requirement case yielded the lowest 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  by definition, but it was not considered a feasible option because it assumes 
unrestricted heating capacity with perfect control... Among the feasible alternatives, the solution 
minimizing 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  (Solution 05) achieved the lowest bedroom underheating within the 
Pareto set at moderate 𝐿𝐶𝐶. If cost is prioritized, Solution 04 provides the lowest 𝐿𝐶𝐶 among the six 
Pareto solutions while reducing bedroom underheating relative to the base case through higher SRR 
and higher exterior wall solar absorptance. . Notably, Solution 04 also resulted in lower 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ 
than the 2x400 W heater case while avoiding additional electricity use. 

 

Figure 13. Trade-off between 𝑇𝐷𝐼௧௢௧௔௟, 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦, and 𝐿𝐶𝐶 for the six solutions selected from the Pareto-
front (Table 5) and benchmark cases. Faint gray points correspond to additional Pareto-optimal configurations 
and are shown only in objective space; their color does not encode 𝐿𝐶𝐶. 
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4. Discussion 

This study evaluated envelope modifications to a standardized public housing dwelling to 
improve indoor thermal comfort in high-altitude rural Peru. Solution 06 minimized total discomfort 
(𝑇𝐷𝐼௧௢௧௔௟  =3437 °C·h; 𝐿𝐶𝐶  =10,457 USD), while Solution 05 minimized bedroom underheating 
(𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ = 164 °C·h;𝐿𝐶𝐶 =  10,059 USD). These correspond to reductions to 22% and 8% of the 
base case values for 𝑇𝐷𝐼௧௢௧௔௟ and 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦, respectively, with associated 𝐿𝐶𝐶 increases of 2,357 
USD and 1,959 USD. A low-cost envelope modification consisting of increasing exterior wall solar 
absorptance to 0.9, and the SRR to 13.1 reduced 𝑇𝐷𝐼௧௢௧௔௟ to 12,067 °C·h and a 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ to 618 
°C·h (77% and 30% of the base case, respectively) while maintaining the same 𝐿𝐶𝐶, assuming that 
wall color selection and semi-transparent roofing did not alter investment costs. Notably, this passive 
configuration achieved lower bedroom underheating than the 2x 400W electric heater case which 
yielded 𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ = 684 °C·h, and 𝐿𝐶𝐶 = 8506 USD. 

A key limitation of this study relates to the modeling of infiltration. Infiltration strongly 
influences indoor temperatures in high-altitude dwellings due to large diurnal temperature 
differences. Although the GSA indicated moderate sensitivity within the selected parameter range, 
this was primarily a consequence of constraining the infiltration range. Large variations in infiltration 
rates would substantially alter thermal performance outcomes. Infiltration has opposing seasonal 
effects: it increases heat losses during cold periods but may reduce overheating during warm hours. 
Therefore, its net influence on annual discomfort reflects a trade-off between underheating and 
overheating. The selected Effective Leakage Area (𝐴𝐿) value was determined through calibration 
against field measurements. While this approach improved model reliability, it does not capture 
short-term variability such as intermittent door openings. Consequently, the results should be 
interpreted assuming similar infiltration conditions. Given that public housing programs replicate 
the same construction typology and usage patterns, this assumption is considered reasonable. 
Expanding monitoring campaigns would further strengthen future analyses.  

Despite these limitations, this study advances the understanding of building thermal behavior 
in rural high-altitude regions of the Peruvian Andes. Indoor air temperatures in such buildings are 
highly influenced by outdoor climatic conditions characterized by large diurnal temperature 
variations. However, energy simulation studies addressing tropical mountainous climates at high 
elevations remain limited. By combining sensitivity analysis with multi-objective optimization, this 
study provides quantitative evidence to support envelope design and retrofit decisions in public 
housing programs adapted to regional conditions. The analysis focused solely on low-cost, 
technically simple interventions that are feasible within the local social and economic context. This 
contrasts with much of the building simulation literature, which frequently evaluates advanced 
solutions that may not be applicable to low-income rural communities. Prioritizing practical, low-
tech modifications enables more informed decision-making under financial constraints. The 
systematic sensitivity analysis further supports this objective by identifying parameters with the 
greatest influence on thermal performance, thereby assisting in the prioritization of interventions.  
An additional contribution of this study is the comparison between passive envelope upgrades and 
electric heating over a ten-year life cycle period. Although electric heating is not proposed as a viable 
long-term solution for low-income households, it serves as a benchmark to evaluate whether passive 
improvements are economically justified. This comparison provides a transparent framework for 
assessing the cost-effectiveness of envelope strategies and may inform policy decisions regarding the 
allocation of public resources to reduce indoor thermal discomfort in vulnerable populations. 

 When comparing these results with the existing literature, it is important to recognize that 
parameter significance is inherently dependent on the climatic context, building typology, and 
modelling assumptions. Therefore, the influence of individual parameters identified here should be 
interpreted within the specific conditions evaluated in this study. Research on rural buildings in the 
Andean region has primarily focused on mitigating low nighttime indoor temperatures, particularly 
during frost periods that pose health risks to children and the elderly [9,10,12,26,27].  Our findings 
extend this perspective by evaluating thermal comfort throughout the entire day. Although rural 
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lifestyles often involve outdoor daytime activities, occupants such as elderly or ill individuals may 
remain indoors for extended periods, making whole-day thermal performance relevant. 

Previous studies in the Andes have examined passive strategies including skylights [12,24], 
attached greenhouses [6,8,12,22,24], increased thermal mass from earth materials [6,12,22,24,26,27] , 
exposing natural earth floors [6,9,22], improved roof insulation [6,9,12,22,27], increased airtightness 
[6,7,9,12,22,24], and the use of double-glazed windows with shutters [9,12]. Consistent with this 
literature, the present study identified skylight area, interior wall thermal mass, floor transmittance, 
and roof transmittance as influential design parameters within the evaluated configuration space. 

Notably, the Pareto-optimal solutions obtained through genetic algorithm optimization did not 
favor reducing exterior wall transmittance via added insulation. This result highlights the advantage 
of heat storage in wall surfaces through thermal mass rather than further increasing insulation, under 
the climatic conditions studied. In high-altitude tropical climates characterized by strong diurnal 
temperature variation and high solar radiation, storing daytime solar gains and releasing them 
during nighttime hours may be more beneficial than simply minimizing conductive heat losses. 
Additional insulation may reduce useful daytime solar heat gains without proportionally improving 
nighttime thermal conditions. 

For the floor, the Pareto set revealed a trade-off between transmittance and the two discomfort 
metrics. The configuration minimizing 𝑇𝐷𝐼௧௢௧௔௟ exhibited the lowest floor transmittance, whereas the 
configuration minimizing 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  exhibited the highest transmittance (i.e., exposed earth 
floors). This pattern aligns with reports that exposed earth floors can dampen daytime temperature 
peaks due to thermal mass [6,22], and with studies suggesting that omitting floor insulation may 
improve night-time thermal conditions [22], although other studies report contrasting results [7,24]. 
The results also highlight the importance of thermal mass in interior walls, a parameter rarely 
examined in the literature, likely because traditional Andean rural dwellings are typically 
single-room structures [9]. As suggested in [9] and confirmed here, not all intuitive modifications, 
such as simply increasing insulation, lead to improved thermal performance; their effectiveness 
depends on the overall building configuration and climate context. 

One parameter that has received comparatively little attention is the solar absorptance of exterior 
walls. In our study, all selected Pareto configurations adopted the maximum tested solar absorptance 
value (0.9), which reduced 𝑇𝐷𝐼௧௢௧௔௟  and 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  without additional investment, assuming 
wall color change is cost-neutral. This finding is consistent with the recognized role of wall heat 
storage and supports the relevance of wall solar absorptance in high-altitude Andean dwellings. 
Although darker wall colors would offer the greatest benefit, cultural acceptability should be 
considered. Earth-toned dark colors could offer a middle ground and merit further investigation. 
Finally, although roof solar reflectance has been widely examined (e.g. [30]), in our analysis, roof 
solar absorptance was not among the most impactful parameters. 

An important trade-off arises when modifying the skylight-to-roof ratio (SRR). Although 
skylights are often recommended for these houses, our results indicate that increasing SRR tended to 
reduce 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦  while increasing. This suggests that greater solar gains may alleviate cold 
nighttime conditions but can increase daytime discomfort under certain conditions. While severe 
overheating is unlikely in this climate, elevated daytime operative temperatures may reduce comfort 
during occupied hours. A comprehensive design strategy should therefore consider comfort across 
the full 24-hour cycle. Future work should quantify this trade-off and evaluate measures (e.g., 
selective glazing, internal blinds, or adjustable shutters) to capture solar gains while moderating 
daytime temperature peaks. 

To maintain indoor temperatures above 14 °C over a full year, the Sumaq Wasi dwelling 
required 290 kWh of heating (≈ 0.9 kWh/day; 8.8 kWh·m⁻²·year⁻¹). Operating two 400 W electric 
heaters resulted in an annual demand of 436 kWh (≈ 1.5 kWh/day; 13.2 kWh·m⁻²·year⁻¹). For 
comparable bioclimatic buildings, Molina et al. [8] estimated daily energy needs of 4.2 kWh and 
7.6 kWh for a minimum indoor temperature of 12.4 °C, and Iruri-Ramos et al. [22] reported 
55.38 kWh·m⁻²·year⁻¹. In both cases, the Sumaq Wasi design used less energy than these passive 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2026 doi:10.20944/preprints202602.1796.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1796.v1
http://creativecommons.org/licenses/by/4.0/


 24 of 29 

 

alternatives, underscoring its effectiveness. Moreover, the two-heater scenario also remained below 
those reported figures, making it advantageous from an energy perspective. While we recognize that 
electricity bills may pose a burden for low-income households, these findings suggest under the 
studied conditions, electric heating may represent a lower cost intervention than some passive 
alternatives. This comparison provides a basis for future policy discussions regarding thermal 
comfort strategies in vulnerable populations. 

Future research should address the uncertainties associated with modeling infiltration and 
evaluating the effectiveness of measures intended to reduce it. As shown in this study and others in 
the literature, indoor comfort in this type of building is highly sensitive to infiltration rates. In our 
case, the model was calibrated using field measurements; however, to enhance the robustness of the 
model and its outputs, additional data should be collected, and more Sumaq Wasi dwellings should 
be calibrated to assess this parameter more thoroughly. Further studies should aim to quantify the 
airtightness of these buildings using conventional methods such as blower door tests. Although such 
field studies require additional resources, they would provide valuable insights into the potential 
impact of simple measures, such as improving door and window frame sealing, on reducing 
infiltration. While this study did not include infiltration-reduction measures due to the lack of data 
on the effectiveness of such interventions, it is widely accepted that decreasing infiltration can 
significantly enhance indoor comfort. 

The findings of this study provide an evidence-based foundation for designing low-cost, 
thermally comfortable housing in high-altitude rural regions. By prioritizing simple, context-
appropriate passive measures and evaluating them through robust simulation and optimization 
methods, we offer realistic alternatives for improving well-being in vulnerable communities. If 
implemented at scale, these strategies could reduce health risks, alleviate energy poverty, and 
enhance the effectiveness of public housing programs in high-altitude regions. 

5. Conclusions 

This study aimed to optimize the envelope design of a standardized dwelling from the Sumaq 
Wasi housing program using passive strategies and evaluated performance in terms of thermal 
comfort and life cycle cost. The solution minimizing total discomfort reduced 𝑇𝐷𝐼௧௢௧௔௟ to 22% of the 
base case value, while the solution minimizing bedroom underheating 𝑇𝐷𝐼𝑈௕௘ௗ௥௢௢௠௦ to 8% of the 
base case. These improvements required additional investments of USD 2,347 and 1,959 USD, 
respectively, relative to the base case cost (USD 8,100). 

A cost-neutral modification combining exterior wall solar absorptance (0.9) and higher skylight-
to-roof ratio (SRR = 13.1) reduced total discomfort and bedroom underheating to 77% and 30% of the 
base-case values, respectively. This passive configuration outperformed the installation of two 400W 
electric heaters in terms of bedroom underheating while avoiding additional operational electricity 
costs.   

Methodologically, this study demonstrates the value of combining global sensitivity analysis 
(Morris and Sobol) with multi-objective genetic algorithm optimization to identify context-
appropriate passive design strategies under conditions of financial constraints and climatic severity. 
The comparison with electric heating provides a transparent benchmark for evaluating the economic 
efficiency of passive envelope upgrades in high-altitude rural housing. 

These findings offer evidence to support more targeted investments in public housing programs 
serving vulnerable populations in the rural Andes. By prioritizing interventions with the highest 
impact per unit cost, housing initiatives can improve indoor thermal comfort while using limited 
resources more effectively. 
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