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WikiHouse presents a multi-objective optimization of a modular wall system that integrates sustainability
Thermal insulation materials principles and alternative insulation materials to reduce energy demand for heating and cooling,
Assembly time carbon footprint, construction costs, and construction time. A workflow was developed, starting

with the definition of a case study, including its location and architectural configuration for a cold
climate, followed by dynamic energy simulations and optimization using evolutionary algo-
rithms. A total of 157 simulations were conducted with DesignBuilder and EnergyPlus, assessing
combinations of insulation materials (sawdust, wheat straw, and glass wool) and panel thick-
nesses. The optimal configuration included plywood panels and wheat straw insulation.
Compared to a traditional wall, this solution achieved an 11.12 % reduction in energy demand, a
1.80 % reduction in carbon footprint, and a 1.80 % reduction in cost, along with a construction
speed up to eight times faster under controlled test conditions. Additionally, when considering a
more realistic heat pump scenario (CoP = 3), the operational carbon footprint decreases by
approximately 66 %, reinforcing the environmental potential of the proposed system. These re-
sults demonstrate the capacity of optimized industrialized systems to deliver energy-efficient,
low-impact, and scalable housing solutions, particularly in cold climates with urgent social
housing needs.

1. Introduction

The construction sector represents one of the greatest challenges for global sustainability, as it is responsible for approximately 35
% of global energy consumption and 39 % of carbon dioxide (CO3) emissions worldwide [1,2]. This issue is particularly critical in the
residential sector, which accounts for 43 % greenhouse gas (GHG) emissions [3]. For instance, in cold-climate regions such as southern
Chile, residential buildings have heating and cooling energy demands exceeding 230 [kWh/m?year] [4], representing up to 53 % of
total energy consumption [5].

In this context, the building envelope has become a key factor in reducing residential energy demand for heating and cooling [6].
Several studies have shown that improving the thermal performance of walls can reduce heating demand by up to 41 % and cooling
demand by 47 % [7]. These reductions are largely attributed to the use of insulation materials with low thermal conductivity and high
thermal inertia, which help stabilize indoor conditions and reduce reliance on active HVAC (Heating, Ventilation, and Air Condi-
tioning) systems [8]. Among environmentally friendly materials that enhance building performance, lignocellulosic materials such as
wheat straw and sawdust stand out. These are widely available byproducts from Chile’s agricultural and forestry sectors. They exhibit
thermal conductivities ranging from 0.034 to 0.048 [W/mK], along with higher densities that contribute to both thermal resistance
and inertia [9,10]. Their application through blown-in insulation techniques [11] supports circular economy strategies and has been
the focus of recent research on sustainable construction systems. These materials are suitable for integration into various construction
systems, particularly within industrialized construction systems [12], which enhances sector productivity through modular or pre-
fabricated systems, reducing construction time, minimizing waste, improving quality control, and increasing energy performance [13].
There is growing evidence of the benefits of industrialized construction in relation to the four key indicators of modern construction:
cost, construction time, energy performance, and environmental impact [14].

Recent studies have shown significant advantages from applying multi-objective optimization strategies to building design. For
example, improving the building envelope in single-family homes has been shown to reduce heating consumption by up to 30.4 % by
lowering facade U-values from 1.81 to 0.91 [W/mzK], with global energy savings of 9.17 % and annual CO2 reductions of 162,8
[ktCOy/year] [15]. In construction processes, the simultaneous integration of cost, time, and CO2 emissions criteria has led to re-
ductions of 20.95 % in execution time, 2.09 % in cost, and over 9 % in carbon emissions, while also improving perceived quality [16].
Other research incorporating time stochasticity has achieved global cost reductions while maintaining high schedule reliability
(0.558-0.8) and quality levels above 0.9, demonstrating that balanced optimization of performance, cost, and time is attainable
through intelligent system reliability-based strategies and evolutionary algorithms [17].

However, current literature lacks evidence on multi-objective optimization processes specifically focused on the main component
of the building envelope (walls), and no clearly defined workflows have been proposed to address this approach. In addition, no studies
were found that examine the practical aspects of industrialized components (such as walls or other constructive elements) regarding
their performance in assembly and disassembly processes. While numerous optimization studies have explored energy performance or
material selection, indicators of constructability or execution time are rarely integrated [18,19].

Moreover, the current market also lacks industrialized construction systems that simultaneously incorporate practical validation,
bio-based materials, environmental, economic, and time-related sustainability criteria. Most existing studies address one or two of
these aspects in isolation, without combining them into an integrated framework or applying them to cold-climate contexts with urgent
social housing needs [20,21].

For these reasons, this study performed a multi-objective optimization [22] of an open-source modular wall construction system
based on the WikiHouse concept, considering the four key indicators of modern construction: energy demand, carbon footprint, cost,
and construction time. The optimization was carried out in DesignBuilder, which integrates evolutionary algorithms (NSGA-II) for
performance-based building design. The WikiHouse system [23] is characterized by its prefabricated plywood structure cut with CNC
technology, interlocking joint assembly, and high potential for low-cost replication, making it a relevant reference for affordable and
sustainable housing solutions. The evaluation was conducted for a single-family social dwelling located in southern Chile,
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representative of cold-climate regions facing urgent energy and environmental challenges.
2. Methods

The general methodology was developed based on the identification of the case study, its geographic location, and the specific
configuration of the evaluated dwelling. From these inputs, a baseline energy model was constructed to estimate heating and cooling
thermal demand. Subsequently, the elements subject to optimization were defined: the interior cladding (variable thickness) and the
thermal insulation layer (variable in type and thickness). The optimization process focused on three main objectives: energy demand,
carbon footprint, and cost, using an iterative evolutionary algorithm to generate a Pareto front of non-dominated solutions. From this
front, a representative configuration was selected and used to calculate and compare the energy, environmental, economic, and
construction time performance indicators of the dwelling.

2.1. Case study and location

The evaluated model corresponds to a single-family home adjusted to the dimensions and construction logic of the WikiHouse
modular system, specifically the Skylark 250 M type. This system uses CNC-cut structural plywood panels and allows for both con-
ventional thermal insulation materials (such as glass wool) and alternative bio-based options (such as wheat straw and sawdust) [24].
The selection of this system responds to its increasing use in guided self-construction contexts and its adaptability to low-cost solutions
with thermal efficiency. The base dwelling is derived from the work of Martinez-Soto (2021), who identified this model as the most
replicated in the Chilean housing stock, according to the national residential energy end-use and conservation potential study [25].

Since cold regions account for the highest thermal energy demand in residential buildings [26,27], the case study was in the
municipality of Lonquimay, in the Araucania Region of Chile (geographic coordinates: 38°15'00"; —71°15'00"). This municipality
presents climatic conditions comparable to those of Bergen (Norway), the Faroe Islands, Fiordland (New Zealand), and southern Chile,
as all share a subpolar oceanic climate, characterized by cold, wet winters and cool summers, where temperatures rarely exceed 20 °C
[28]. The geographic location and the influence of oceanic air masses result in a climate pattern with high annual relative humidity and
pronounced thermal seasonality, creating a highly demanding scenario for the energy performance of the building envelope. For this
reason, the specific climate of Lonquimay (classified as zone H under Chile’s thermal zoning) was selected as the basis for the energy
modeling of the case study.

2.2. Building characteristics

The base design of the case study considers a single-story dwelling with a total height of 2.40 [m]. Initially, the projected useable
area was 58.20 [m?]; however, to comply with the modular dimensions of the WikiHouse system, whose structural elements have a
standard width of 0.60 [m], the layout was adjusted to 11.4 [m] in length and 7.4 [m] in width. This modification resulted in a total
surface area of 63.0 [m?], maintaining volumetric compactness and respecting the construction logic of the system. The dwelling
analyzed is shown in Fig. 1, where (a) presents a rendered view and (b) shows the floor plan with the interior spatial layout.

The main parameters and input data used in the energy simulation model are summarized in Table 1. These include occupancy,

(a) (b)
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Fig. 1. Analyzed house: (a) rendered image, and (b) floor plan with interior spaces.
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schedules, temperature setpoints, lighting, ventilation, and air infiltration rates. The information defines the baseline operational
conditions for the dynamic simulations performed in DesignBuilder and EnergyPlus.

2.2.1. Construction elements

The configuration of the dwelling’s construction elements was defined according to validated solutions and material assemblies
compiled in Appendix A (Table A1). This appendix details the materials used in each component (walls, roof, floor, etc.), along with
their thicknesses and total thermal transmittance (U-values). Notably, the element identified as “Modular Wall” (shown in Fig. 2) is the
component subjected to energy optimization.

This wall features a multilayer composition arranged from exterior to interior as follows: an 18 [mm] exterior plywood panel,
followed by a thermal insulation layer with three alternative materials (each analyzed with incremental thicknesses of 10 [mm]).

a) Sawdust, ranging from 150 to 250 [mm],
b) Wheat straw, ranging from 110 to 250 [mm],
¢) Glass wool, ranging from 130 to 250 [mm].

Finally, an interior plywood panel of variable thickness was included, with options of 18, 21, 25, or 30 [mm]. The highest thermal
transmittance value observed in this configuration corresponds to the least favorable scenario (sawdust insulation with 18 [mm]
plywood panels on both sides), resulting in 0.288 [W/m?K], which complies with the thermal requirements of the studied climate
zone. This optimized modular wall element was also compared with a reference case using a traditional wall, to assess differences in
thermal and environmental performance.

Fig. 2 illustrates the materials and configuration of the analyzed modular wall. In parallel, the remaining components of the
dwelling’s thermal envelope were defined according to validated construction solutions from Chile’s Atmospheric Decontamination
Plans (PDA) and the Ministerio de Vivienda y Urbanismo (MINVU). The adopted U-values were 0.29 [W/m?K] for walls, 0.25 [W/m?K]
for the roof, 0.32 [W/m?K] for the ventilated floor, 2.80 [W/m?K] for windows, and 1.70 [W/m?K] for doors. These values comply
with the current Chilean thermal regulation for the cold-climate zone studied.

A detailed description of the composition, thicknesses, and material layers of each construction element, including the reference
wall, roof, ventilated floor, windows, and doors, is provided in Appendix A, which compiles all construction specifications used for the
thermal envelope of the case-study dwelling.

2.3. Multi-objective optimization

2.3.1. Energy simulation and optimization
The energy simulation was carried out using the DesignBuilder v7.3.0.029 graphical interface and the EnergyPlus v9.4 simulation
engine, with the objective of estimating the dwelling’s thermal behavior and annual heating and cooling energy demand. The model

Table 1
Summary of configuration and input data used in the simulation model.
Parameter Description/Value Reference/Source
Occupancy 5 occupants (two double bedrooms + one single). Occupancy density = 0.0794 [persons/m?]. Model assumption
Schedules Residential profiles (bedrooms, living-dining, kitchen, bathroom) from DesignBuilder defaults. [29]
Temperature setpoints Heating 20 °C/Cooling 24 °C (occupied); Heating 12 °C/Cooling 28 °C (unoccupied). [30,31]
Lighting load 12 LED luminaires x 9.5 W = 1.81 [W/m?], active during nighttime periods. [32]
Ventilation Qtotal = 0.015 x Afloor + 3.5 (Nbr + 1) — 14.95 [I/s] = 0.378 ACh. NCh 3309:2014
Air infiltration 5 ACh (0.196 [m®/s] total). Chilean thermal regulation

— Plywood

Plywood

Thermal insulation

Fig. 2. Materials of the analyzed modular wall.
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was built based on the previously defined geometry and configuration and was complemented with usage and operation data extracted
from software default templates and local references appropriate for residential buildings in Chile. The output of each simulation
included energy demand, material cost for the optimized wall, and the embedded carbon footprint.

A total of 157 simulations were conducted, covering all feasible combinations of insulation type and layer thickness. Specifically,
three insulation materials were analyzed: sawdust (150-250 mm), wheat straw (110-250 mm), and glass wool (130-250 mm), each
evaluated in 10 mm increments, together with four thickness options for the inner plywood panel (18, 21, 25, and 30 mm). This
produced 156 unique configurations, plus one reference wall case used for comparison, resulting in a total of 157 simulation runs. The
number of simulations ensured comprehensive coverage of the feasible design space, given the discrete and bounded nature of the
decision variables, without requiring higher-resolution steps that would not significantly affect the Pareto-front shape or the relative
ranking of optimal solutions.

The optimization focused exclusively on the wall assembly, which represents the largest portion of the building envelope and serves
as the primary modular and structural component within the proposed industrialized system [33]. External walls typically account for
the highest share of heat transfer through the envelope, ranging from 35 % to 45 % of total transmission losses, mainly due to their
extensive exposed surface area and continuous interaction with outdoor conditions [34].

The optimization was performed using DesignBuilder’s evolutionary algorithm, which follows the principles of the Non-Dominated
Sorting Genetic Algorithm II (NSGA-II). The algorithm was configured with a population of 50 individuals and a maximum of 30
generations, with crossover and mutation probabilities of 0.9 and 0.1, respectively. Convergence was achieved when the Pareto front
improvement remained below 1 % for five consecutive generations. These settings ensured a balance between computational cost and
solution diversity, allowing an adequate exploration of the solution space. The number of iterations used in this study is comparable to
that reported in research focused on the optimization of a single building component, which supports its validation against meth-
odologies previously employed in the literature [35]. However, it is lower than in studies that incorporate multiple design variables,
such as building orientation, roof configuration, or HVAC system selection, where the model’s complexity requires a higher number of
simulations to adequately explore the solution space [36].

2.3.1.1. Optimization considerations. The objective of the optimization process was to identify a modular wall configuration that
simultaneously minimized: (i) the annual heating and cooling energy demand, (ii) the carbon footprint associated with the materials
used, and (iii) the total construction cost. The optimization was performed using DesignBuilder’s multi-objective optimization module,
which applies an evolutionary genetic algorithm to generate the Pareto front. Although the software does not specify the exact al-
gorithm, its behavior is comparable to the Non-dominated Sorting Genetic Algorithm II (NSGA-II), which is widely used in engineering
multi-objective design problems [37]. Like NSGA-II, this approach enables the exploration of non-dominated solutions that balance
energy efficiency, environmental impact, and economic cost [38,39].

The design variables considered included the type and thickness of the thermal insulation material (sawdust, wheat straw, and glass
wool) and the thickness of the interior plywood panel in the modular wall. The objective variables defined in the software were: (i) Net
site energy, (ii) total energy demand of the building (kWh/year), and (iii) CO2eq carbon footprint (total emissions associated with the
materials used and one year of building operation). Appendix B provides the unit cost and carbon footprint values of the main materials
involved in simulation and optimization: plywood panels, sawdust, wheat straw, and glass wool. It also includes the corresponding
data for the materials used in the traditional reference wall (OSB board, gypsum board, and EPS). All values are expressed as kilograms
of CO; equivalent per kilogram of material (kgCO2eq/kg) and unit costs per square meter or cubic meter, as applicable.

2.3.1.2. Optimal solution selection criteria. The selection of the final solution from the Pareto front was carried out through a combined
approach, considering both the equity among objectives and their contextual relevance [40]. First, a central tendency criterion was
applied [41,42], selecting the configuration with the minimum Euclidean distance to the origin in the normalized space of the three
objectives: energy demand, carbon footprint, and cost. The distance D was calculated using equation (1):

D=+ )+ (B) =

where ﬁ, fAz and ng are the normalized values of each objective function.

Additionally, a contextual prioritization criterion was incorporated, as in cold climates (such as the one defined in this study), the
reduction of energy demand (EDD) has a direct impact on indoor comfort, CO, emissions, and overall cost. To reflect this priority, a
weighted score model was applied, assigning a higher weight to the energy variable, as shown in equation (2):

$=0.5 x fdda + 0.25 x fCO, + 0.25 x fcosto 2

2.3.2. Carbon footprint and construction costs

To estimate the carbon footprint and construction costs of the dwelling, the DesignBuilder software was used, as previously
described in section 2.3.1. This tool includes an extensive database of physical properties, environmental impacts, and unit costs for a
wide range of materials, which can be used directly or customized by the user. DesignBuilder allows energy simulation to be linked
with life cycle assessment (LCA) and life cycle cost (LCC) analysis, integrating its engine with the One Click LCA platform, widely used
in environmental impact studies of buildings [43]. In this study, the carbon footprint was estimated by considering two components: (i)
the embodied carbon of materials, including extraction and transportation phases, and (ii) the operational carbon footprint, calculated
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from the heating and cooling energy demand over one year of use, assuming a fully electric resistance heating device with an efficiency
(n) of 1.0 [44,45]. This assumption represents a conservative baseline scenario equivalent to direct electric resistance heating, allowing
the influence of the envelope configuration on energy demand to be isolated without introducing variability from HVAC system ef-
ficiency. To complement this, a sensitivity projection was performed considering CoP values between 2 and 4, typical for electric heat
pumps in residential buildings [46]. Under a representative value of CoP = 3, operational emissions would decrease by approximately
66 % compared to the baseline case, without affecting the relative ranking among optimized wall alternatives. Finally, total con-
struction costs were calculated directly in the software by summing up the unit costs of all materials used in the complete building
model [47]. These values represent only material costs, excluding labour, transportation, and other indirect expenses, since the
analysis focuses on comparative differences among wall configurations rather than full life-cycle economic evaluation.

2.3.3. Assembly and disassembly time

To estimate the time required to construct the house using the optimized modular system, an experimental activity was developed
based on the study by Bruno Bueno (2022), who analyzed the assembly times of the “Wall S” module from the WikiHouse Skylark 250
system [48]. This system, which requires no mechanical fasteners, allows the inner wall thickness to be adjusted based on the type of
insulation and is characterized by its ease of assembly and potential for part reuse. Given the hygroscopic behavior of wood-based
panels such as plywood, with a moisture content between 10 and 12 % [49], a dimensional tolerance of 1-2 mm was incorporated
in the design and CNC cutting stages to accommodate potential moisture-induced expansion or contraction induced by the relative
humidity of the environment. All components were fabricated and assembled under controlled indoor conditions to ensure dimen-
sional stability during testing.

The activity was conducted with five groups of second-year construction engineering students, selected to represent different levels
of manual experience. Each group received a basic assembly guide (see appendix B) and participated in the full-scale 1:1 assembly and
disassembly of a real wall module.

The following parameters were recorded during the exercise.

o Time for reading and understanding the instruction manual.
e Partial and total assembly and disassembly times, including interruptions, errors, and restarts.
e Qualitative observations regarding perceived difficulties, strategies used, and improvement suggestions.

A weighted average was calculated from this data, integrating results from all five groups. This allowed for the projection of the
total estimated construction and disassembly time of the full house using the WikiHouse system. The projection assumed execution by
a team of intermediate-skill users with no specialized tools. This activity was framed within a methodological approach for exploratory
constructability validation, associated with Design for Assembly (DfA) strategies, which have been widely applied in the development
and assessment of modular and prefabricated systems [50]. The participation of non-specialist users (such as students) allows for direct
observation of accessibility conditions, assembly complexity, and logical sequencing, while also identifying potential barriers to
real-world implementation in self-construction or progressive technical assistance scenarios. This type of testing has been proposed in
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Fig. 3. Energy simulation results for 157 cases and generation of the Pareto curve with optimal solutions and identification of the optimal
industrialized construction system solution.
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literature as a useful tool to evaluate open-source systems like WikiHouse, whose constructive logic is based on digital fabrication and
assembly without traditional mechanical fasteners [51]. It is important to note that the assembly times reported refers exclusively to
the structural module and do not include complementary systems (electrical, plumbing, or finishing). Consequently, the results should
be interpreted as indicative of assembly efficiency rather than complete construction productivity.

3. Results and discussion
3.1. Energy simulation and multi-objective optimization

The results of the energy simulation and the multi-objective optimization process are presented in Fig. 3, which shows a total of 157
evaluated scenarios and the resulting Pareto front, composed of 27 optimal solutions. These non-dominated solutions, shown in red,
correspond exclusively to configurations using wheat straw as the thermal insulation material. The solution selected for this study,
highlighted in green, achieves an energy demand of 3690 [kWh/year] and a carbon footprint of 5207 [kgCOzeq], representing a
favorable balance between thermal performance, environmental impact, and cost. In the central area of the figure, a group of solutions
using sawdust can be seen, characterized by lower energy demand than other alternatives, but with a higher carbon footprint. In
contrast, the solutions incorporating glass wool are grouped on the right side of the chart, showing higher levels of energy demand and
carbon footprint compared to the other alternatives. The figure also includes the simulation result for the traditional timber wall,
which lies outside the Pareto front, with lower thermal and environmental performance than the modular solutions, demonstrating its
reduced overall efficiency.

The optimal solutions are primarily associated with the use of wheat straw as a thermal insulation material, which can be explained
by its ability to achieve the lowest carbon footprint among the evaluated alternatives. This material exhibits the lowest thermal
conductivity of the group, 30 % lower than sawdust and 21 % lower than glass wool, in addition to a density eight times higher than
glass wool, although 35 % lower than sawdust [9]. This combination of properties enables strong thermal performance with low
environmental impact, positioning it as a particularly effective option for cold climates [52]. In contrast, configurations using sawdust
show higher carbon footprint results, although their energy demand is like that of the configurations on the Pareto front. This can be
attributed to sawdust’s high thermal storage capacity, reaching 93 [kJ/m2K], nearly double that of traditional materials [10]. This
property allows sawdust-based solutions to maintain energy demand levels comparable to those of wheat straw, despite their higher
thermal conductivity. However, several studies indicate that in cold climates, such as the one considered in this study, low thermal
conductivity has a greater influence on the overall energy performance of the envelope than the material’s thermal inertia [53]. In fact,
the energy demand variation range in sawdust-based configurations is narrower (9.7 %) compared to wheat straw-based optimal
solutions (14.7 %), suggesting more stable thermal behavior, although not necessarily more efficient. While this effect is attributed to
the material’s thermal inertia, which performs better in warm climates, its usefulness in cold regions is more limited. Therefore, it is
essential to select insulation materials according to the specific climatic context of each project. In this regard, sawdust may offer better
performance than wheat straw in temperate or warm regions, where its thermal capacity can be more effectively utilized [54,55].
Table 2 summarizes the main thermal and physical properties of the insulation materials evaluated, highlighting the contrasts in
conductivity, density, and thermal inertia that explain the differences observed in the simulation results.

3.1.1. Energy demand, carbon footprint, and costs

Table 3 presents a summary of the results obtained in terms of annual energy demand and carbon footprint for each of the simulated
configurations of the industrialized wall system. The combinations are organized according to the thicknesses of the thermal insulation
material (TIM) and the interior and exterior plywood panels (PP) of the modular wall. The results also include the traditional con-
struction solution, which is used as a reference for comparison.

It is observed that the lowest carbon footprint is achieved in the scenario using wheat straw with minimum thicknesses (18/110/18
mm), while the lowest energy demand is obtained with the maximum thickness configuration (30/250/18 mm). In contrast, the glass
wool scenario with minimum thickness (18/130/18 mm) results in the highest energy demand. The traditional construction solution
shows a lower carbon footprint than three industrialized configurations: those using glass wool at minimum and maximum thicknesses
(4.9 % and 2.98 % lower, respectively), and the one using sawdust at maximum thickness (0.26 % lower). However, in terms of energy
demand, the traditional solution only outperforms the least efficient glass wool configuration, with a 2.74 % difference. This behavior
indicates that, from an energy perspective, the optimal solution is the one with greater thicknesses, while from an environmental
(embodied carbon) and economic (total cost) perspective, configurations with lower thicknesses are more favorable. This tension
between objectives reinforces the need to apply multi-objective optimization approaches, which are widely used for the selection of

Table 2
Main thermal and physical properties of insulation materials used in the optimization.
Material Thermal conductivity [W/ Density [kg/ Specific heat capacity [kJ/ Thermal inertia [kJ/ Relative CO, footprint [kgCOxeq/
mK] m’] kgK] mK] kel
Wheat 0.034-0.048 81 1.6 60 0.1
straw
Sawdust 0.048-0.065 124 2 93 0.13
Glass wool 0.038-0.045 15 0.84 47 1.8
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Table 3

Summary of energy simulation results.
Wall Configuration Thickness [mm] Energy Demand [kWh/year] Carbon Footprint [kgCO.eq]
PP/TIM(wheat straw)/PP 18/110/18 4066 5162
PP/TIM(glass wool)/PP 18/130/18 4269 5316
PP/TIM(sawdust)/PP 18/150/18 3932 5289
PP/TIM(wheat straw)/PP 18/180/18 3690 5207
PP/TIM(wheat straw)/PP 30/250/18 3467 5291
PP/TIM(sawdust)/PP 30/250/18 3550 5460
PP/TIM(glass wool)/PP 30/250/18 3666 5562
Traditional wall According Table 1 4152 5302

integrated construction solutions [56], particularly in contexts with cost reduction and decarbonization targets for the housing sector
[57,58].

The percentage variation between the maximum and minimum energy demand was 18.8 %, with the best performance corre-
sponding to the configuration with wheat straw insulation and interior plywood at maximum thickness, and the worst to the
configuration with glass wool at minimum thickness. This improvement range is consistent with the findings of Ouanes & Sriti (2024),
who reported reductions between 13 % and 50 % in similar energy optimization scenarios. For carbon footprint, the variation between
extremes was 7.2 %, in favor of the configuration with wheat straw at minimum thickness, compared to the most material-intensive
case (glass wool + maximum panel thickness) [59].

In economic terms, the highest cost was estimated at USD 59,467, corresponding to the configuration with maximum thickness in
both components. In contrast, the lowest cost was USD 58,401, associated with the scenario using minimum thickness. The difference
between these two extremes represents a variation of approximately 1.80 %, indicating that cost has less relative dispersion compared
to the other performance indicators. This low-cost variation shows that it is possible to significantly improve thermal and environ-
mental performance with a relatively small increase in economic investment, which is attractive for implementation in housing policy
frameworks.

3.1.2. Selection of the optimal wall system design

Among the configurations evaluated during the optimization process, two optimal solutions stand out, both combining 18 [mm]
plywood panels with wheat straw insulation thicknesses of 170 [mm] and 180 [mm], respectively. This convergence of results is
consistent with other multi-objective optimization studies, where the selected alternatives along the Pareto front tend to cluster around
balanced configurations in key variables such as energy performance, which is directly related to operational costs and associated
emissions [60,61]. This relationship is especially relevant considering that energy consumption and GHG emissions in the residential

% Optimal designs *
Lar X Minimum D
X Minimum S
X
1.2F
5
(7]
[v]
N X
i
R)
T 1.0 X%
c
o X
X
he} X
8 X
w
X
X
0.81
X
X X
5
Xx X
X x
X x
0.6 X x X
0.3 0.4 0.5 0.6 0.7

Weighted score (S)

Fig. 4. Distribution of the optimal Pareto front solutions according to their weighted score (S) and Euclidean distance (D).



C. Rojas-Herrera et al. Case Studies in Thermal Engineering 76 (2025) 107306

sector currently account for nearly 40 % globally, with unfavorable projections if no substantive action is taken [62]. Of the two
alternatives mentioned, the configuration with 180 [mm] of wheat straw insulation achieves the lowest annual energy demand, with a
value of 3690 [kWh/year]. Compared to the traditional timber wall solution, this industrialized alternative shows a reduction of 11.12
% in energy demand, 1.80 % in carbon footprint, and 1.80 % in total costs. For a typical social dwelling located in southern Chile, an
11.12 % reduction in annual energy demand represents a saving of approximately 250-300 kWh/year, equivalent to several weeks of
winter heating. Achieving simultaneous reductions in energy demand, embodied carbon, and cost through a single design modification
underscores the effectiveness of the multi-objective optimization approach, which balances environmental, economic, and
constructive performance. In this sense, even moderate improvements at the material and component level can yield substantial
cumulative benefits when scaled across large social housing programs.

Moreover, when comparing the 180 [mm] solution to the alternative with 250 [mm] of insulation (also with 18 [mm] plywood
panels), the latter shows a slight improvement in energy demand, but at the expense of higher environmental and economic impacts:
an increase of 6.00 % in energy demand, 0.86 % in carbon footprint, and 1.20 % in costs. Considering that the carbon and cost dif-
ferences could be offset in the short term through energy savings, it is concluded that the 180 [mm] configuration represents an
optimal balance point. The resulting wall assembly consists of two 18 [mm] plywood panels (interior and exterior) and a central 180
[mm] layer of wheat straw insulation, resulting in a total wall thickness of 216 [mm]. This configuration achieves a simultaneous
reduction in energy demand, carbon footprint, and construction costs compared to the other alternatives analyzed. This selection was
quantitatively supported through the calculation of two metrics applied to the Pareto front solutions: the normalized Euclidean dis-
tance (D) and the weighted score (S), as defined in section 2.3.1.2. The selected configuration, composed of 18 [mm] plywood and 180
[mm] of wheat straw, presented the lowest values for both metrics: D = 0.5886 and S = 0.2960, confirming its position as the most
balanced alternative in terms of energy efficiency, environmental impact, and economic viability. Fig. 4 shows the distribution of these
metrics across the evaluated optimal solutions.

Fig. 5 presents the construction detail of the optimized modular wall, showing the layout and thicknesses of its components. For this
element, the embodied carbon footprint was calculated at 1.20 [kgCO2/kg], representing a 56 % reduction compared to the traditional
solution. Regarding cost, the value reached 20.23 [USD/m?], which is 23 % higher than the traditional alternative; however, this
increase is considered justifiable given the wall’s thermal and environmental efficiency and its replication potential in sustainable
solutions.

3.2. Case study results using the optimized construction system

3.2.1. Energy balance

Fig. 6 presents the annual energy balance of the dwelling using the optimized industrialized construction system, detailing the
thermal losses and gains by building components.

In terms of energy losses, the component with the greatest impact is the glazing (windows), with 1570 [kWh/year], equivalent to
24 % of total losses. This is followed by the ventilated floor, with 1490 [kWh/year] (22 %), the walls with 1176 [kWh/year] (18 %),
and the roof with 957 [kWh/year] (14 %). Ventilation accounts for 853 [kWh/year] (13 %), while air infiltration represents the
remaining 636 [kWh/year] (9 %). These results highlight the importance of wall design and optimization, since despite having 46 %
more surface area than the ventilated floor, the walls show 21 % less heat loss. Likewise, although wall losses are 19 % greater than
those of the roof, this corresponds to the wall’s 46 % larger surface area. Given the similar thermal transmittance values of these
components, 0.25 [W/m?K] for the roof, 0.29 [W/m?3K] for the walls, and 0.32 [W/m?K] for the floor, the thermal performance of the
optimized wall is clearly effective. This is attributed to the properties of the insulation used: low thermal conductivity and high relative
density compared to conventional materials, which are ideal for cold climates. Such performance eliminates the need for additional
strategies, such as phase change materials, multilayer composite systems, or supplemental insulation reinforcements [63,64].
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Fig. 5. Materials and thicknesses of the optimized industrialized construction system.
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Fig. 6. Energy balance; losses and gains of the dwelling.

Compared to retrofitting strategies, which can achieve up to 17 % reductions in energy demand with investment paybacks of 3-4 years,
these results suggest that early-stage design interventions, particularly in the selection of wall insulation, can be more effective and
sustainable [65,66].

Regarding energy gains, the main contribution comes from direct solar radiation, with 3448 [kWh/year], equivalent to 69 % of
total gains. This is followed by internal heat gains from occupants, with 1151 [kWh/year] (23 %), and lighting, with 402 [kWh/year]
(8 %).

3.2.2. Carbon footprint and costs

The total carbon footprint of the dwelling, considering emissions associated with material extraction and transport, as well as the
annual operational phase under the optimized industrialized construction system, was 5207 [kgCOzeq/year]. Normalized by surface
area, this equals 82.6 [kgCOseq/m?year], which is almost three times lower than that of homes built with traditional systems [67,68],
and up to five times lower compared to the maximum benchmark values established by some countries as future reference limits [69,
70]. However, when compared to a house built with CLT panels and a fully upgraded envelope, the case study’s footprint is almost
seven times higher [71]. This difference is partly explained by the assumption of a fully electric resistance heating system operating
with an efficiency (1)) of 1.0, representative of direct electricity-to-heat conversion. When considering a more realistic scenario with an
electric heat pump (CoP = 3), operational emissions would decrease by approximately 66 %, resulting in a total carbon footprint of
about 1740 [kgCOzeq/year] (equivalent to 27.5 [kgCOzeq/m2~year]). Under this condition, the environmental performance of the
proposed system would approach that of CLT-based buildings, reinforcing its potential as a low-carbon and energy-efficient con-
struction solution for affordable housing in cold-climate regions.

It is important to emphasize that comparison with CLT buildings should be interpreted considering the different construction
typologies and system boundaries considered. While CLT houses tend to show lower operational emissions due to their higher insu-
lation levels and integrated design, the proposed system achieves comparable environmental performance under realistic CoP values,
using simpler manufacturing processes and locally available bio-based materials. Therefore, the results highlight the potential for
achieving low-carbon outcomes through accessible and replicable industrialized systems, even when compared to high-performance
technologies such as CLT.

In this context, various studies have noted that combining industrialized construction, wood-based systems, and residual materials,
along with digital planning tools, can substantially reduce the carbon footprint compared to concrete or steel-based systems. For
instance, a Chilean study comparing lightweight timber-frame houses with solid wood houses found that the latter emitted an addi-
tional 2519 [kgCOqeq] during the extraction, production, transport, and assembly phases [72]. This finding aligns with others that
highlight that although wood has high carbon storage potential, its initial emissions may exceed those of conventional lightweight
systems [73,74]. Therefore, material selection must be carefully evaluated based on project type, geographic location, and con-
struction context [75,76].

As for total construction cost, the industrialized solution reached a value of USD 58,847. This amount falls within the eligible
subsidy range for brackets 2 and 3 of the Chilean housing program for middle-income families. However, this cost still represents a
barrier for direct application in lower-income segments (C1b to E), illustrating the structural challenge of balancing sustainability and
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affordability. Economic feasibility studies have shown that while using local and natural materials (such as lightweight quincha
systems) can reduce environmental impact, initial costs tend to increase due to the need for specialized training and limited availability
of materials in certain regions [77,78]. This has also been reported in other studies, which warn that implementing industrialized
systems may have the opposite effect, increase final housing costs if not plan holistically [79].

3.2.3. Assembly and disassembly time

Fig. 7 shows the student group during the assembly test, specifically during the manual review phase (a) and the full-scale labo-
ratory wall assembly (b).

Table 4 summarizes the results of the first attempt at assembling and disassembling the wall module, recording for each group the
manual reading time, number of restarts, total assembly time, and perceived difficulty.

The group that achieved the shortest assembly time was Group 1, with 9 min and 45 s, after reading the manual twice. In contrast,
Group 3 recorded the longest time (45 min), with two restarts and three manual readings. Although all teams reported low difficulty in
understanding the manual, the assembly process was generally evaluated as moderately difficult. A common observation was that
some pieces did not fit easily, which was attributed to moisture absorption during storage, causing expansion of 1-2 [mm] in certain
connection areas.

The disassembly process was considerably faster, with an average of 35 s, and was described as simple, although participants noted
that some joints could break if too much force was applied.

During the second attempt, summarized in Table 5, all groups significantly improved their time. Group 4 achieved the best result
with 1 min and 50 s, and Group 3 reduced its time by 90 % compared to the first attempt. Only two groups briefly reviewed the manual,
and all agreed that once the assembly logic was understood, the process became much smoother. The teams highlighted the importance
of collaborative work, focused effort, and the use of support tools such as rubber mallets to facilitate the fitting of slightly deformed
parts. Additionally, the wooden components showed stable dimensional behavior under the controlled indoor conditions of the test,
confirming the adequacy of the 1-2 mm tolerance considered during design and CNC cutting. In practical applications, however,
proper storage and humidity control are essential, since moisture uptake may alter panel dimensions and affect joint precision [80].

The time reduction between the first and second assembly attempts shows that this system features a rapid learning curve. This is
due in part to the fact that it does not require mechanical fasteners but is instead based on a fully plywood-based design with precisely
interlocking components. Therefore, material quality and storage conditions are key to maintaining assembly efficiency. Moreover, the
joint design facilitates an intuitive process, reinforcing the potential of this system for accelerated construction [81]. Nevertheless,
these findings should be interpreted as exploratory evidence of assembly efficiency and learning potential, rather than conclusive
indicators of large-scale productivity. Future validation with professional construction teams under real site conditions will be
necessary to confirm these trends. However, it is important to note that other industrialized systems requiring metal connectors or
external components must address criteria such as connection type, accessibility, component independence, and disassembly without
damage [82]. In this regard, various studies recommend that disassembly strategies be integrated from the early stages, alongside
energy and life cycle analyses. Tools like Building Information Modeling (BIM) are fundamental for advancing toward construction
systems aligned with circular economy models [83].

At the projection level, it was estimated that the case study dwelling would require 64 wall modules, equivalent to 128 plywood
panels. According to previous studies [10], cutting these pieces with a CNC machine would take approximately 85 h, which equates to
11 working days under 8-h shifts. Assuming a conservative average assembly time of 4 min per block, the complete structural assembly
of the walls would take approximately 4.3 h, or half a working day with a single team. In total, the cutting and wall assembly process,
under a conservative scenario with one CNC machine and one team, would require around 12 working days.

Extending this projection to the other structural components (floor: 11 days; roof: 10 days), the complete structural shell of the
dwelling could be assembled in about 33 days. It is important to note that these estimates refer exclusively to the structural phase and

Fig. 7. Student group in the process of wall assembly (a) and installation in laboratory prototype (b).
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Table 4
Details of the wall assembly and disassembly process, first attempt.
Group  Manual Reading Times the Manual Times the assembly Time from start to Total assembly Assembly
time [min] manual was read difficulty (1-5) was restarted restart [min] time [min] difficulty (1-5)
1 1:00 2 1 - - 9:45 3
2 0:30 3 1 1 20:00 25:00 5
3 0:16 3 1 2 4:00 45:00 2
4 0:41 1 1 1 2:00 11:35 2
5 0:21 1 2 - - 12:00 3
Table 5
Details of the wall assembly and disassembly process, second attempt.
Group  Manual Reading Times the Manual Times the assembly Time from start to Total assembly Assembly
time [min] manual was read difficulty (1-5) was restarted restart [min] time [min] difficulty (1-5)
1 0 0 1 0 0 2:25 3
2 0:20 1 1 0 0 3:15 3
3 0:20 1 1 0 0 4:15 2
4 0 0 1 0 0 1:50 1
5 0:20 1 1 0 0 3:00 1

exclude installations, finishes, and insulation application. Under this condition, the structural assembly rate of the system reaches 1.9
[m?2/day], which is nearly eight times faster than the national average for conventional systems in Chile and approximately five times
faster than the average reported for OECD countries [84]. Furthermore, if a second CNC machine and a second assembly line were
incorporated, the rate could increase to 3.8 [m2/day], exceeding the 3.3 [m2/day] minimum estimated as necessary to address the
housing deficit in several Latin American countries, including Chile (approximately 600,000 homes) within four years [85]. These
figures should be interpreted as indicative of potential structural assembly efficiency, rather than as comprehensive productivity
metrics for full construction workflows.

4. Conclusions

The study demonstrated that the proposed optimization methodology effectively integrates environmental, economic, and
constructive performance criteria to support decision-making in industrialized construction. The optimized modular wall system
achieved simultaneous improvements in energy efficiency, carbon footprint, and cost compared with a traditional wall configuration.
Under realistic operational assumptions using a heat pump (CoP = 3), the total carbon footprint of the dwelling decreases by
approximately 66 %, highlighting the relevance of operational efficiency in environmental assessments.

The findings also confirm that industrialized construction can significantly improve project efficiency by simplifying assembly
processes and reducing construction time. Under controlled test conditions, the modular wall system achieved assembly rates up to
eight times faster than conventional methods, illustrating its potential to accelerate construction without compromising quality.

Furthermore, the modular system exhibited practical advantages such as ease of assembly and disassembly, reusability of com-
ponents, and compatibility with parametric design and digital fabrication tools—key aspects of circular construction. These results
contribute to the advancement of sustainable and replicable housing solutions, particularly for cold-climate regions where reducing
energy demand and construction costs remains a critical challenge.

Overall, the study provides evidence that the integration of multi-objective optimization with industrialized and bio-based systems
offers a robust pathway toward more efficient, low-carbon, and scalable construction strategies.
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APPENDIX A. - Configuration and input data of the simulation model and envelope assemblies

This appendix presents the detailed composition of each construction element used in the case study dwelling, including materials,
thicknesses, and corresponding thermal transmittance (U-values). The configurations were defined according to validated solutions
from various Atmospheric Decontamination Plans (PDA) issued by the Chilean Ministerio del Medio Ambiente and officially approved
by the Ministerio de Vivienda y Urbanismo (MINVU). These details include the traditional wall used as a reference case, as well as the
roof, ventilated floor, windows, and doors, ensuring regulatory compliance for the studied cold-climate zone.

1. Model input parameters

- Occupancy density: The dwelling was designed to accommodate a maximum of five people, distributed across two double bed-
rooms and one single room. Based on this, the occupancy density was calculated as 0.0794 [persons/m?].

- Occupancy schedules: Occupancy profiles were defined using the default circulation templates provided by the energy simulation
software, applied to residential spaces such as bedrooms, living-dining areas, kitchens, and bathrooms [29].

- Design temperaturas: Setpoint temperatures were defined according to occupant thermal comfort requirements. During occupied
periods, heating and cooling setpoints of 20 °C and 24 °C were used, respectively. For unoccupied periods, the software’s secondary
setpoints were applied: 12 °C for heating and 28 °C for cooling [30,31].

- Lighting: The lighting load was calculated based on a system of 12 LED luminaires, each rated at 9.5 W, distributed throughout the
dwelling’s habitable areas. The total estimated load was 1.81 [W/m?], primarily assigned to nighttime occupancy periods [32].

- Ventilation: The minimum required ventilation rate was calculated according to Chilean Standard NCh3309:2014, using the
following equation (A1):

Qtotal = 0.015 x Afloor + 3.5 (Nbr+1) (A1)

where Qtotal is the ventilation rate in liters per second [1/s], Afloor is the useable floor area in square meters, and Nbr is the number of
bedrooms. For 63 [m?] home with three bedrooms, the calculated ventilation rate was 14.95 [1/s], equivalent to 0.378 air changes per
hour (ACh) for the total volume of the dwelling. This value was entered as a global building-level input and distributed across each
space.

-Air infiltration: The air infiltration rate was set to 5 [ACH], in accordance with the updated Chilean thermal regulation for the
studied climate zone. In the simulation model, this corresponds to a global infiltration flow of 0.196 [m?/s] at the building level.

2. Envelope assemblies
- Traditional wall (reference): Solution F9 from the PDA of Temuco and Padre Las Casas (“Timber stud wall with internal insulation
and external EIFS system™). From interior to exterior: 10 [mm] gypsum board, 2 x 4" pine stud frame, 90 [mm] EPS (density: 30

[kg/m3]), 11.1 [mm] plywood panel, and a second 40 [mm] EPS layer (same density). Total thermal transmittance: 0.292 [W/
2
m“K].

13



C. Rojas-Herrera et al.

Case Studies in Thermal Engineering 76 (2025) 107306

- Roof: Solution F10 from the Osorno PDA (“Roof truss with fiberglass insulation over ceiling”). From interior to exterior: 10 [mm]
gypsum board, 2 x 2’ pine framing, and 160 [mm] fiberglass insulation. Thermal transmittance: 0.25 [W/m?K].

- Ventilated floor: Solution F14 from the Osorno PDA (“Double expanded polystyrene insulation™). Layers: 18 [mm] plywood panel,
vapor barrier, 50 [mm] EPS (density: [15 kg/ms]), 2 x 6" pine joists, additional 80 [mm] EPS (same density), moisture barrier, and
6 [mm] fiber-cement exterior finish. Thermal transmittance: 0.32 [W/m?K].

- Windows: Double-glazed sealed units (two 4 [mm] panes separated by a 12 [mm] air gap) with PVC frames. Thermal transmittance:

2.80 [W/m?K].

- Doors: Solid wood, 45 [mm] thick. Thermal transmittance: 1.70 [W/m?K].

Table Al

Details of materials and thicknesses of the dwelling’s building elements.

Building Element Material Thickness [mm] Thermal Transmittance [W/m2K]
Modular Wall Plywood 18 0.288
Thermal Insulation:
a) Sawdust 150-250
b) Wheat Straw 110-250
c¢) Fiberglass 130-250
Plywood 18-30
Traditional Wall Plasterboard 10 0.290
Pine IPV 2 x 4" 920
Expanded Polystyrene 90
Plywood 11.1
Expanded Polystyrene (EIFS) 40
Roof Plasterboard 10 0.250
Pine IPV 2 x 2" 45
Fiberglass 160
Ventilated Floor Plywood 18 0.320
Vapor Barrier 0.2
Expanded Polystyrene 50
Pine IPV 2 x 6" 150
Expanded Polystyrene 80
Moisture Barrier 0.37
Fibercement 6
Windows Glass 4 2.80
Air gap 12
Glass 4
Doors Solid Wood 45 1.70

APPENDIX B. - Background of materials used in the energy simulation/optimization

1. Costs
Table B1
Plywood board cost
Thickness [mm] Dimensions [m] Yield [m?] Costs [USD]
Width Height Total Unitary [USD/m?]
18 1.22 2.44 2.98 24.17 8.12
21 1.20 2.40 2.88 28.77 9.99
25 1.22 2.44 2.98 29.96 10.06
30 1.22 2.44 2.98 40.95 13.62
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Table B2
Sawdust cost
Thickness [m] Density [kg/m’] Cost [USD/kg] Cost [USD/m?]
0.15 124 0.34 6.38
0.16 6.81
0.17 7.23
0.18 7.66
0.19 8.09
0.20 8.51
0.21 8.93
0.22 9.36
0.23 9.79
0.24 10.22
0.25 10.64
Table B3
Wheat Straw cost
Thickness [m] Density [kg/m3] Cost [USD/kg] Cost [USD/mz]
0.11 81 0.28 2.50
0.12 2.72
0.13 2.95
0.14 3.18
0.15 3.41
0.16 3.63
0.17 3.86
0.18 4.09
0.19 4.31
0.20 4.54
0.21 4.77
0.22 4.99
0.23 5.22
0.24 5.45
0.25 5.67
Table B4
Glass wool cost
Thickness [mm] Dimensions [m] Yield [m?] Costs [USD]
Width Height Total Unitary [USD/mZ]
40 1.2 24 28.8 46.31 1.61
50 1.2 24 28.8 72.76 2.53
60 1.2 12 14.4 55.62 3.86
80 1.2 8.33 9.9 45.68 4.57
100 1.2 7.5 9 63.44 7.05
120 1.2 7.5 9 68.99 7.66
140 1.2 7.5 9 52.31 5.81
160 1.2 5 6 45.26 7.54

2. Carbon footprint

Table B5
Carbon footprint of materials
Material [kg CO2eq] [kg CO2eq/kg]
OSB 192 0.30
Plywood board 33.2 0.06
Gypsum board 2.52 0.21
Sawdust 26.5 0.13
EPS 5.05 0.17
Glass wool 1.08 1.80
Wheat straw 10.3 0.10
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APPENDIX C. - Modular wall assembly manual

1. Identification of pieces.

Front piece (x1)

Lateral piece (x2)

Connecting strip (x5)

1. Assembly instructions.

- Place one lateral piece on the floor, on a flat surface.

- Insert the wall cap into the lateral piece, ensuring all the tabs fit correctly. Make sure the notches of the ties (see detail) are oriented
outward from the wall module.

- Insert the five connecting strips into the lateral piece.
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- Insert the other lateral piece of the module, following the same direction as the first lateral piece, ensuring that both the tabs of the
cap and the tabs of the connecting strips align properly.

- Firmly press the pieces together to ensure proper assembly. Use a hammer or similar tool if necessary. To ensure the stability of the
wall module, screws of 1 4" can be placed along the lateral sides of the wall to secure the pieces.

Data availability

Data will be made available on request.
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