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Abstract: The construction industry faces a significant challenge in addressing both the housing
crisis and climate change. To mitigate this challenge, there has been a push toward the incorporation
of industrialization in the construction process to improve product quality, reduce execution times,
and lower production costs. However, it is also crucial to implement materials with sustainable
characteristics to decrease the environmental impact of housing. In light of this, the present study
analyzes the environmental and economic impacts through the development(design) of a modular
construction system using materials with low environmental impact. Specifically, the structural
components of the system are constructed using plywood boards, thermal insulation is provided
by wheat straw, and the interior finish is made of clay plaster. The Skylark 250 model served as the
chassis for the structure, with the wheat straw being applied through a blowing process and the
clay plaster applied manually. Thermal transmittance, energy demand, environmental impact, and
economic analysis were all evaluated for this solution. The study results yielded a modular housing
solution with an energy demand of 55 (kWh/m2/year), which, when paired with photovoltaic panels,
meets the Net Zero challenge. In terms of construction time, the proposed system requires 44% less
time than traditional construction methods and is 29% less expensive economically, making it an
attractive option for the housing market.

Keywords: sustainable construction; WikiHouse; subtractive manufacturing; Net Zero

1. Introduction

The main accelerators of climate change are human influence and the high lev-
els of greenhouse gases (GHG) released into the atmosphere [1], which are mainly at-
tributed to the activity of the construction sector [2]. By 2021, it was estimated that
this sector would consume nearly 40% of the available energy worldwide, generating
one-third of global greenhouse gas emissions during the construction and operation of
buildings [3,4]. Based on this, the sector’s efforts are focused on reducing the energy
demand and environmental impact of buildings, improving the design phase, and taking
advantage of energy conservation measures [5].

In Chile, 66.2% of homes have energy efficiency problems, attributed to the fact that
66% of these homes were built before the implementation of thermal regulations in 2000 [6].
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In addition, multidimensional poverty has prevented many families from accessing better-
quality materials [7], and this situation has recently been aggravated by the increase in
prices in the market [8]. According to the Chilean Chamber of Construction, the housing
construction cost indicator (ICE) for housing increased by 8.8% at the beginning of the
second quarter of 2022 (compared to the previous quarter), while the costs associated
with the construction of buildings (ICEA) increased by 17.2% annually in the same period,
causing an increase in the sales value [9]. The average value of houses and apartments
in Chile increased by 11.7% in the fourth quarter of 2021 compared to the same period in
2020, ranking 23rd among countries with the highest increase in housing prices [10]. This
situation increased the housing deficit, which currently affects more than 640,000 families,
equivalent to 10% of the country’s households [11]. Ministerio de Vivienda y Urbanismo
(MINVU) presented the Emergency Housing Plan, which establishes the construction of
260,000 housing units in four years [12]. This plan proposes several alternatives to meet
the housing demand, one of them being updating the construction method to improve the
sector’s productivity indexes. This update consists of incorporating industrialization in the
housing construction process, which improves product quality, reduces execution times,
and reduces production costs [13], in addition to achieving a 15.6% actual carbon and a
3.2% reduction in operational carbon [14].

In North America, a construction system known as “Quick House” has been imple-
mented, which is based on the use of standardized metal modules for the construction
of the walls of a building. This method allows for a significant reduction, up to 60%,
in execution time compared to conventional systems [15]. It offers excellent versatility,
durability, and a warranty of up to 30 years [16]. Despite its benefits, to date, no studies
have been carried out analyzing the environmental impact that the “Quick House” con-
struction system may generate. On the other hand, there is the Dutch brand of modular
buildings adapted to different environments and occupations, known as Finch Build-
ings. This construction solution is based on plywood panels joined with an ecological
adhesive, which gives it high quality and a low execution time. In addition, it adapts
to different structural requirements [17]. The construction proposal of Finch Buildings
aims to offer high-quality housing with low CO2 emissions into the atmosphere during
all construction stages. This solution is similar to the proposal of WikiHouse, although
without an analysis of the construction system that compares the cost-benefit with respect to
conventional systems.

WikiHouse is an open-source system that aims to design and build homes efficiently
by optimizing the use of materials and reducing assembly times. Additionally, this system
offers affordable and creative housing designs [18]. The WikiHouse digital platform has a
block library that makes up a home, allowing the user to make cuts of the pieces through
subtractive manufacturing and then assemble them quickly and easily. A study carried
out by the Leeds Sustainability Institute of Leeds Beckett University has shown that the
“WikiHouse” system can significantly reduce construction time compared to traditional
brick or block construction systems, with a reuse rate of parts close to 80%. Furthermore,
according to studies carried out in the application of WikiHouse Den Bosh (Netherlands)
in response to the housing crisis, the construction of a 44 (m2) home with second-hand
materials requires an approximate cost of 38,000 euros [19], which represents a pretty
attractive figure compared to the national situation, in which the construction cost has
increased considerably in recent times, surpassing the value of the Quick House system.
Another relevant factor is that WikiHouse generates less than half of the greenhouse gases
(CO2eq) compared to conventional construction systems, thanks to its low demand for air
conditioning, estimated at around 2000 kWh/year, in contrast to the 4200 kWh/year of
conventional systems.

In the current context, it is essential to address the housing issue in an efficient and
sustainable manner. The WikiHouse construction system offers an attractive solution by
providing fast construction and low cost while also meeting high standards of energy
efficiency necessary to achieve the European Union’s goals of reducing greenhouse gas
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emissions by 55% by 2030 and achieving carbon neutrality by 2050 [20–22]. To this end,
using high-performance thermal insulation materials within construction solutions is fun-
damental in reducing energy consumption for heating and cooling during the operational
stage of the housing units [23–25]. However, it is also necessary to consider the environ-
mental impacts associated with manufacturing these materials. For instance, an element
composed of OSB panels with expanded polystyrene requires 256 (MJ/m2), while a material
made from wheat waste only requires 7 (MJ/m2) [26].

In summary, the construction industry faces several challenges that provide opportu-
nities for improvement and possibilities for innovation, research, and entrepreneurship.
Although solutions have been proposed, they have yet to be evaluated under Chile’s specific
standards and conditions, including their environmental impact and economic cost. In this
study, different components were analyzed to manufacture a modular construction system
that contributes to reducing the housing deficit problem while minimizing environmental
impact and simultaneously achieving the Sustainable Development Goals, particularly
Goal nine on building resilient infrastructure, promoting sustainable industrialization, and
fostering innovation; Goal 11 on making cities inclusive, safe, resilient, and sustainable,
and Goal 13 on taking urgent action to combat climate change and its impacts. The concept
of industrialized construction was used to create a quickly executable, accessible, and
low-energy-consumption housing solution. The WikiHouse system was proposed as the
structure of the system to be developed through subtractive manufacturing. To give it
a sustainable and low environmental impact approach, wheat straw insulation and clay
plaster finishing were incorporated.

2. Methods

The methodology considered thematic areas associated with subtractive manufac-
turing, thermal modeling, environmental impacts, and economic analysis. For this, the
equipment of the Sustainable Construction 4.0 laboratory of the Universidad de La Frontera
was used for the manufacture of prototypes using CNC laser and CNC router equipment,
in addition to the equipment and tools necessary for the analysis of the final product.

2.1. Modular System Construction

The present project focuses on the design and construction of a building solution
based on the WikiHouse Skylark 250 model, which was adapted to a useful surface of
14.88 (m2). To carry out the design, a dimensional adjustment was made to each section
of the Skylark 250 model of “M” size, reducing it to a scale of 1:10 using the AutoCAD
software. Subsequently, the information was transferred to RD Works V8 to configure the
cut that had to be made on 3 (mm) thick MDF boards with 80 (W) laser CNC equipment.

Once a first approximation of the design was obtained, a scale model of the building
system was elaborated to verify its functionality and the correct assembly of its pieces.
Once the correct functioning of the scale prototype was verified, the cuts were made at full
scale using the Fusion 360 software, in which the configuration was adjusted for cutting
with a 3 (W) power CNC Router equipment. This configuration includes the trajectory of
the mill, with a feed rate through rotary and translational movements at a spindle speed of
18,000 (rpm). In addition, the characteristics of the elements to be used were incorporated,
such as the dimensions of the 8 (mm) thick carbide mill and the 18 (mm) thick structural
plywood board.

Finally, the necessary pieces were obtained to form the different blocks that make up
the building solution. The assembly was done manually, starting with the floor, consisting of
6 floor blocks of dimensions 0.38× 0.60× 0.5436 (m) each. Next, 23 2.40× 0.60× 0.318 (m) wall
blocks were installed on the 4 facades, a door block of 2.40 × 1.20 × 0.318 (m), a window
of 2.40 × 0.60 (m), and a large window of 3.60 × 1.80 (m). The ceiling, on the other hand,
has the same characteristics as the floor, and on top of it, IPV pine pieces were installed on
which the structural plywood and Zinc sheets were supported.
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2.1.1. Thermal Insulation

To install the wheat straw using the blowing technique, it was necessary to process the
material with two passes through a biomass chopper; it consists of a mechanism of rotating
blades mounted on a metal chassis with an electric motor of 11 (kW) power. In this way, a
more homogeneous material was obtained, with fibers of a length of less than 5 (cm) [27].

Tests were carried out on a 60 × 42 × 9 (cm) specimen, to which wheat straw was
blown with an X-Floc M99 DS, a machine designed to install loose-fill insulation materials
inside the internal spaces of a construction element with pressurized air. This machine can
inject the wheat straw fibers tested in this study inside the test panel, reaching densities
between 80 and 100 (kg/m3); it uses different percentages of power of blowing, aperture
of the airlock feed gat, and the RPM of airlock speed to determine which parameters
of the blowing machine are optimal for wheat straw blowing, according to the thermal
conductivity, the blowing time and the final density of each sample. Each sample’s thermal
conductivity was measured three times at different points of the volume of material with
a KD2 Pro, a device used in other studies to analyze the thermal insulation properties of
construction materials based on natural fibers [28–30]. This device uses an interchangeable
sensor that is inserted into the material to analyze the behavior of the insulating material
variables and delivers the sample’s thermal conductivity in a time between 2 and 10 min.
The measuring principle is based on the transient heat source method, according to the
specifications of the IEEE 442-1981 and ASTM D5334-0 standards [31,32].

2.1.2. Clay Plaster

The following elements were considered for preparing the plaster: clay, sand with a
maximum diameter of 0.2 cm, wheat straw with a length of less than 5 cm, and water. In
order to verify that the soil sample used had clay characteristics, a soil hydrometry test was
carried out according to the specifications of standard NCh 3236-2010. This test allowed
the determination of the quantity of material of different particle sizes in the soil sample,
specifically the capture of the percentage of particles smaller than 0.002 mm in diameter.

Once the clayey nature of the soil was confirmed, the clay was prepared, which in its
natural state was dry and hard. For this purpose, a 3 kg sample was taken, and 2 L of water
was added to it, achieving a thick mixture.

Subsequently, the missing elements were incorporated in different proportions. Firstly,
a ratio of 1:2:0.15 of clay, sand, and wheat straw was used [33]. In the following samples,
the amount of wheat straw was increased by 2.5% and 5%, respectively, compared to the
first sample. The resulting mixtures were placed in rilem test tubes with dimensions of
40 × 40 × 160 mm and left to dry for a period of 7 days at a temperature of 20 ◦C ± 3.
Subsequently, the thermal conductivity of the samples was measured using a KD2 Pro
device, and the dosage to be used was selected based on this parameter and the final
appearance of the plaster (neat finish).

2.2. Hygrothermal Analysis of Modular System and Energy Required for Heating and
Cooling Energy

The hygrothermal analysis of the constructive solution was carried out using the
Ubakus tool. To this end, the components of each section of the modular system, including
the structural plywood, insulation, clay coating, and hydrophobic membrane, were entered
together with the climatic details of Temuco, Chile. In this way, it was possible to determine
the thermal transmittance of the structure in units of (W/(m2K)), as well as the thermal
behavior of the interior of the dwelling in relation to the temperature changes outside.

On the other hand, a modeling of the energy demand required for the climate control
of the module was performed, in units of (kWh/year), using the thermal transmittance
obtained to verify compliance with the Net Zero or equivalent energy consumption chal-
lenge. For this purpose, the data corresponding to the modular system, including the
thermal transmittance of each element, the surfaces, and the location of the placement in
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Temuco with a Southwest orientation, were entered into the energy rating calculation tool
for housing of the Ministry of Housing and Urban Development.

2.3. Life Cycle Analysis

A life cycle assessment (LCA) allows for the visualization and reporting of the en-
vironmental impacts of a product throughout its entire life cycle [34]. The principles of
a Life Cycle Assessment (LCA) were considered under the guidelines of ISO 14040 and
14044 [35,36], considering the energy consumption, the different construction materials,
and the transportation required in each stage.

This LCA study follows the standard process indicated by ISO 14044.

2.3.1. Definition of Objective and Scope

This study aims to evaluate the environmental impacts generated by the modular
construction system under a high thermal standard. For this purpose, the WikiHouse
Skylark 250 model in size “M” was considered, which contemplated thermal insulation
based on wheat straw and an interior lining of clay plaster in the interior of the blocks.

The functional unit was set at 1 m2 of living area for a period of 50 years, and the
limits of the system covered the set of materials that make up the construction element, the
off-site manufacturing stage, assembly, use and end of life, also considering the transport
of materials between stages.

2.3.2. Life Cycle Inventory Analysis

A life cycle inventory is a collection of input and output data that links the system’s
processes under study. Often, this information is extracted from LCA databases; however,
given that the new construction system incorporates uncommon materials in the real estate
market, it was decided to generate the inventory from scratch. For this purpose, data
on materials and energy required to manufacture and transport elements were collected.
The inventory reflected the conditions of Temuco, Chile, considering the climate and the
feasibility of raw materials for its manufacturing.

(A) Material production phase

The production phase of the material was considered from the extraction of raw
material for processing to its transportation to the destination where it will be used. The
amount of structural plywood required was obtained according to the design plans, the
thermal insulation according to the calculation of the volume of the blocks to be filled, and
the clay plaster according to the surface area to be covered. Table 1 shows the inventory to
manufacture the modular construction system.

Table 1. Materials required to build 1 m2 module.

Materials Section Unit Quantity

Structural plywood 18 mm Wall Pla 3.02
Screws Wall Kg 1.60
Wheat straw Wall Kg 48.60
Clay Wall Kg 92.02
Wheat straw Wall Kg 16.10
Sand Wall Kg 184.04
Structural plywood 18 mm Floor Pla 4.00
Screws Floor Kg 1.44
Wheat straw Floor Kg 80.35
Structural plywood 18 mm Ceiling Pla 4.00
Screws Ceiling Kg 1.44
Wheat straw Ceiling Kg 80.35
Pine 2 × 8′ ′ Roof Unit 0.80
Structural plywood 18 mm Roof Pla 0.33
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Table 1. Cont.

Materials Section Unit Quantity

Corrugated zinc Roof Pla 0.39
Clove Roof Kg 0.56

(B) Construction phase

The materials were transported from the factory or sales center to the Universidad de
La Frontera, where the modular construction system parts were cut.

The energy considered for the manufacture of the structure is that required by the
CNC router for the manufacture of the block pieces and the dust extraction system; in
contrast, for the insulation, the energy consumed by the biomass grinder for crushing the
wheat straw and by the X-floc M99 DS insufflator for inserting the insulating material
into the blocks, was considered. Table 2 shows the energy consumption required by the
equipment to construct the module.

Table 2. Equipment required to build 1m2 of module.

Equipment Section Unit Quantity

CNC Wall kWh 5.01
CNC vacuum cleaner Wall kWh 3.67

Biomass grinder Wall kWh 8.25
Blowing machine Wall kWh 4.81

CNC Floor and Ceiling kWh 6.45
CNC vacuum cleaner Floor and Ceiling kWh 4.73

Biomass grinder Floor and Ceiling kWh 12.83
Blowing machine Floor and Ceiling kWh 7.95

Saw Roof kWh 0.800

Finally, the blocks were transported to the site where the project was assembled. In
the Pueblo Nuevo sector, Temuco.

(C) Use phase

For the use phase, the energy demand necessary to achieve a comfortable temperature
inside the module throughout its useful life was considered.

(D) End of useful life

The assigned useful life was based on values indicated in the literature for houses
with high thermal standards; a period of 50 years was designated for this study [37]. After
this time, the subsequent disassembly of the structure and transportation to the dump
is required.

2.3.3. Life Cycle Impact Assessment

The life cycle impact assessment (LCIA) translates the inventory data into potential
environmental impact indicators. Its analysis has several methodologies such as CML
2001, Eco-indicator 99, Ecological Scarcity Method 2013, ILCD 2011, ReCiPe 8, TRACI 2.1,
and USEtox 2.0 [38], each covering different areas of interest. However, for the purposes
of this study, the ReCiPe 2016 method was considered, adopting the Midpoint indicator,
which evaluates the environmental impact at a cause-effect chain level from the release of
substances or resource consumption to the endpoint level [39], which allowed accounting
for the embodied carbon emissions during the entire life of the modular system [40].

The procedure was carried out in the SimaPro 9.2.0.2 software, using mainly Agri-
footprint 5 and Ecoinvent databases, which allow for the inclusion of data from different
sectors such as energy, transportation, building materials, etc.
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2.4. Economic Analysis of Modular System

A budget was made for the module based on an initial quantification of the required
materials guided mainly by design plans. For the structure, 18 (mm) structural plywood
was used, wheat straw was used as insulation, clay plaster was considered for the interior
finishing, and the roof was made of 2 × 8′ ′ SPF trusses with corrugated zinc sheeting. The
module also featured a 2 × 0.9 (m) pine door and two hermetically sealed double-glazed
windows with PVC frames, one measuring 1.2 × 1.4 (m) and the other 2.4 × 0.6 (m). The
budget also included the energy required by the equipment, including a 3 (KW) CNC
router connected to a 2.2 (KW) dust extractor, an 11 (KW) biomass cutter, and a 3.6 (KW)
blower, which was used at 80% of its total power. As for off-site labor, one person was
required to prepare cuts and four for assembly.

In order to reduce the environmental impact, two photovoltaic panels were installed
for energy generation. Additionally, the budget included the installation of a floating floor
to compare construction costs with those of a wooden house.

3. Results
3.1. Modular System Construction
3.1.1. Modular System Chassis

Once the scale model is built, it is decided not to install “End” and “Corner” blocks
to save time and material; however, it is observed that there is complexity in connecting
the side walls with the rear and front facade. Figure 1 shows the scale model in detail.
Therefore, the side piece of the wall was modified, which consists of incorporating the
notch for joining with the adjacent wall. In Figure 2, the modification can be observed,
which allowed for improved assembly and structural stability of the element.
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Figure 1. 1:10 scale model of Skylark 250. The front view of the module is shown in (a), and the rear
view in (b).

During the assembly process of the full-scale construction system, the benefit resulting
from the aforementioned modification was evidenced, which is directly related to the
reduction of raw material consumption by using fewer blocks and the consequent decrease
in execution time. This fact is illustrated in Figure 3, which shows the progress in the
assembly process of the full-scale house using the Skylark 250 construction system with the
corner joint modifications implemented. The data collected during this process are detailed
in the corresponding Tables 3 and 4.
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Figure 3. Skylark 250 assemblies with modifications. In (a), there is progress up to the beginning of
the ceiling installation, and in (b), there is only one missing facade.

Table 3. 18 (mm) structural plywood boards required for the modular system.

Block Number of Boards
Per Block Number of Blocks Total Plywood

Boards

FLOOR-M 4 5 20
FLOOR-M 4 5 20
WALL-M 2 17 34
WINDOW-M1 2 1 2
DOOR-M1 2 1 2
COMB_CS4_1 2.50 2 5
END_M 3.30 2 6.60
CORNER_M 1.30 4 5.20

Total boards with END and Corner blocks 94.80

Total boards without END and Corner blocks 83
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Table 4. Execution time of the modular system.

Block Block Quantity Manufacturing (h) Assembly (h) Total Execution (h)

FLOOR-M 6 2 0.80 16.80
FLOOR-M 6 2 0.80 16.80
WALL-M 17 1 0.50 25.50
DOOR-M1 1 0.50 0.50 1.00
COMB_CS4 1 1.18 0.10 1.30
END_M 2 1.75 0.50 4.50
CORNER-M 4 0.63 0.30 3.70

Total h of execution considering END and CORNER blocks 69.60
Total h of execution per m2 considering END and CORNER blocks 4.00

Total h of execution without considering END and CORNER blocks 61.40
Total h of execution per m2 without considering END and CORNER blocks 4.10

The non-inclusion of the END and CORNER blocks translates into a quantifiable
benefit regarding raw material and execution time savings. Specifically, a decrease in
consumption of 11 plates has been achieved, resulting in a significant reduction of 8.22 h
between the manufacturing and assembly stages, resulting in a total time of 4.10 h per
square meter. This result demonstrates excellent potential for competing with existing
prefabricated construction solutions, as their execution times are surpassed by the solution
under study [41].

3.1.2. Thermal Insulation

For the chopping of the material, it is fed into the biomass cutter. In Figure 4, the
difference between passing the material through the equipment once and twice can be
clearly seen. By making two passes, the size of the material is further reduced, which in
turn allows for a more uniform final product for use in blowing.
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Once the material was ready to be used, preliminary blowing tests were carried out.
The X-floc M99 DS blowing machine has three modifiable parameters, the blowing

power, the opening of the gate through which the material exits and the revolutions per
minute (RPM) that adjust the speed of the rotary valve that feeds the material blowing
system. The parameters that allow the material to be injected are shown in Table 5.

Table 5. Wheat straw insufflation results.

Power (%) RPM (%) Damper
Opening

Blowing
Time (min)

Density
(kg/m3)

Average Thermal
Conductivity (W/mK)

100 100 2 3:37.72 94.35 0.039
80 80 2 4:21.06 97.88 0.040
60 60 2 5:05.63 82.01 0.039
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Through the blown-in tests, it was possible to verify that the material’s thermal
conductivity does not vary significantly between different trials. However, a higher density
was achieved when the equipment was used at 80% of its capacity. It can be inferred
that increasing the amount of material in the volume reduces air spaces and increases the
thermal conductivity of the sample, although the values remain close to 0.04 (W/mK).
When comparing this value with conventional insulation materials available on the current
market, it is observed that the thermal capacity of the material is similar [42,43]. However,
in terms of performance, it was found that wheat straw achieves a blowing rate of up to
0.40 m3/h (ratio between the volume of the tested sample and the minimum blowing time),
which is relatively low if a fast execution system is sought [44].

3.1.3. Clay Plaster

Despite the slight variation in the weight of the material in each sample, its lightness
results in a significant increase in added volume, leading to a clear difference in thermal
conductivity between samples 1 and 3 (Detail in Table 6), but even so, they all markedly
decrease the conductivity of the clay alone (0.93 (W/mK) [43]), benefiting in thermal issues
the use of this mixture.

Table 6. Thermal conductivity of quarry mixes.

Sample
Proportion Thermal

Conductivity (W/mK)Clay Wheat Straw Sand

a 1 0.150 2 0.441
b 1 0.175 2 0.320
c 1 0.200 2 0.239

On the other hand, regarding the appearance of the finish, Figure 5 shows that sample
two is more balanced since it does not have a completely smooth finish and is not as robust.
Therefore, this is the selected dosage for its use as an interior coating.
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3.2. Hygrothermal Analysis of Modular System and Energy Required for Heating and
Cooling Energy

The materials used in the modular construction system were evaluated using Ubakus,
as shown in Figure 6. The results of thermal transmittance, presented in Table 7, indicate
that values much lower than those required by the corresponding regulations were achieved.
In the case of Temuco, the applicable thermal regulations are specified by the Atmospheric
Decontamination Plan (PDA), which establishes a maximum thermal transmittance of
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0.50 (W/m2K) for the floor elements, 0.45 (W/m2K) for the walls, and 0.28 (W/m2K) for
the ceiling [45]. The results obtained comply with this regulation, providing a comfortable
indoor environment with minimal temperature variation, regardless of external weather
conditions. The detail is shown in Figure 7.
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By modeling the construction system in the tool for calculating the energy rating of
houses, the result of the energy demand for heating and cooling energy shown in Table 8
was obtained. The result showed that the largest amount of energy required is for cooling,
mainly due to the dimensions of the construction system, generating overheating in the
interior. This, added to the heating demand, gives a total of 127.6 (kWh/m2/year), a rather
high value if the objective is to approach an energy consumption close to zero. For this
reason, it is proposed to reduce the window’s dimensions to a Skylark 250 standard size,
which would result in a demand of only 55 (kWh/m2year).
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Table 8. The annual energy demand of modular building systems.

Case
Heating
Demand

(kWh-Year)

Cooling
Demand

(kWh-Year)

Heating
Demand

(kWh/m2-Year)

Cooling
Demand

(kWh/m2-Year)

Total Demand
(kWh/m2-Year)

Modular
system 168.1 2327.60 8.6 119 127.6

Modular
system
skylark
window

174.1 644.4 11.7 43.3 55

Variation −3.6% 72.3% −36.0% 63.6% 56.9%

Despite the modular construction system evaluated having reduced thermal trans-
mittance values, the integration of photovoltaic panels is proposed to reduce the energy
consumption provided by the public grid and only rely on the self-generation of energy. To
achieve this, the characteristics of the dwelling are entered into the Solar Explorer of the
Ministerio de Energía, the characteristics of the dwelling are entered, considering the use
of two JAM72s20-465 photovoltaic panels, resulting in the outcome shown in Figure 8.

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 18 
 

By modeling the construction system in the tool for calculating the energy rating of 
houses, the result of the energy demand for heating and cooling energy shown in Table 8 
was obtained. The result showed that the largest amount of energy required is for cooling, 
mainly due to the dimensions of the construction system, generating overheating in the 
interior. This, added to the heating demand, gives a total of 127.6 (kWh/m2/year), a rather 
high value if the objective is to approach an energy consumption close to zero. For this 
reason, it is proposed to reduce the window’s dimensions to a Skylark 250 standard size, 
which would result in a demand of only 55 (kWh/m2year). 

Table 8. The annual energy demand of modular building systems. 

Case 
Heating 
Demand 

(kWh-Year) 

Cooling 
Demand 

(kWh-Year) 

Heating 
Demand 

(kWh/m2-Year) 

Cooling 
Demand 

(kWh/m2-Year) 

Total Demand 
(kWh/m2-Year) 

Modular 
system 168.1 2327.60 8.6 119 127.6 

Modular 
system 
skylark 
window  

174.1 644.4 11.7 43.3 55 

Variation −3.6% 72.3% −36.0% 63.6% 56.9% 

A dwelling is considered passive when its energy consumption is less than 15 
(kWh/m2year) [46]. Despite the modular construction system evaluated having reduced 
thermal transmittance values, it does not meet the requirements to be classified as a Pas-
sivhaus building. Therefore, the integration of photovoltaic panels is proposed to reduce the 
energy consumption provided by the public grid and only rely on the self-generation of 
energy. To achieve this, the characteristics of the dwelling are entered into the Solar Explorer 
of the Ministerio de Energía, the characteristics of the dwelling are entered, considering the 
use of two JAM72s20-465 photovoltaic panels, resulting in the outcome shown in Figure 8. 

 
Figure 8. Monthly Average Photovoltaic Generation. Figure 8. Monthly Average Photovoltaic Generation.

Out of the 818.4 (kWh/year) required for heating, 1.028 (kWh/year) are generated
by photovoltaic panels. Additionally, it is observed that the highest amount of energy
is generated during the spring and summer seasons, being able to meet the high energy
demand for cooling.

3.3. Life Cycle Analysis

The information regarding the building system, including energy consumption during
the usage phase with and without photovoltaic panels, was entered into SimaPro to com-
pare the environmental impact of incorporating energy self-generation systems. Figure 9
presents the diagram of impacts per square meter of the useful surface of the modular
building system during a lifespan of 50 years, considering the material production stage,
off-site construction, assembly, usage phase without photovoltaic panels, and end-of-life
disposal in a landfill, with a total of 1.13 × 10 3 (KgCO2eq).
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The 82% of the total impact of the modular construction system is found in the usage
stage, due to the high energy demand required for climate control over the 50-year lifespan
of the dwelling. This situation can be addressed by incorporating photovoltaic panels
for energy generation, which would enable achieving zero atmospheric emissions during
the usage stage. This is because the production of clean and renewable energy reduces
de-pendence on the electrical grid, which often relies on non-renewable energy sources.

Figure 10 displays the diagram with the corresponding modification, illustrating how
the installation of photovoltaic panels significantly reduces greenhouse gas emissions
throughout the life cycle of the dwelling, leaving only those generated up to its construc-
tion stage.
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3.4. Economic Analysis of Modular System

In Table 9, the detailed budget for the proposed construction system execution is
presented. This budget includes the cost of each section of the module, including the
insulation and corresponding finishing of each block, as well as an additional 15% for
general expenses, which is intended to cover unforeseen expenses or costs not included in
the unit price analysis.
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Table 9. Budget for modular construction system.

Description Unit Unit Price
(USD) Quantity Subtotal

(USD)

Block
SKYLARK250_FLOOR-M Block 175 6 1050
SKYLARK250_FLOOR-M (Ceiling) Block 175 6 1050
SKYLARK250_WALL-M Block 93.3 23 2146
SKYLARK250_WINDOW-M1 Block 82 1 82
SKYLARK250_DOOR-M1 Block 38.5 1 38.5
SKYLARK250_COMB_CS4_1 Block 146.3 1 146.3

Roof
Trusses roof with zinc termination m2 47.17 27.4 1292.5

Window/Door
Thermopane window with PVC frame m2 315 3.12 982.8
Door 200 × 90 cm Unit 136.6 1 136.6

Photovoltaic panel
Photovoltaic panel subcontract Glo 1133.7 1 1133.7

Subtotal 8058.4
Overheads (15%) 1208.76

Total 9267.2
Total m2 622.8

Upon analyzing the budget, it is observed that the construction cost per square meter
is 622.8 USD. This value is below the average cost of a traditional housing unit built with
materials such as masonry or wood, which is around 877 USD per square meter [46].

4. Discussion

The implementation of the proposed construction system has been identified as a
suitable solution to meet the current need for rapid construction. The analyses show that
the time required to use this system is significantly less than more traditional systems, such
as conventional reinforced concrete or brick construction, which averages 7.3 h per square
meter. Even compared to relatively fast prefabricated steel or wood construction, which
requires 4.5 h per square meter on average [41].

In terms of thermal conductivity, the analyses demonstrate that the average value
of 0.04 (W/mK) of the insulation material used in the project can compete with the most
common thermal insulators on the market, such as expanded polystyrene or glass wool, whose
values range from 0.026 to 0.03 (W/mK) and 0.035 to 0.040 (W/mK), respectively [42,43].
However, regarding performance, it has been determined that the application of glass wool
on a surface of the modular system thickness has an installation rate of up to approximately
3 (m3/h) [44], while the insufflation of wheat straw achieves a yield of up to 0.40 (m3/h)
(ratio between the volume of the tested sample and the shortest insufflation time). Although
the installation time of the material using the insufflation technique is longer, this technique
allows the material to be installed within the structure uniformly and without leaving gaps
that can generate a thermal bridge.

Regarding the clay plaster, the mixture presents a balanced finish to use as a coating. In
addition, its thermal conductivity of 0.32 (W/mK), along with the structure and insulation,
allows for obtaining a construction solution with a low thermal transmittance, allowing
very low values according to the most demanding current regulations [45].

A life cycle analysis has been conducted, considering all stages of the construction
system, from raw material extraction to waste disposal. The results indicate that, under
the established initial parameters, constructing a dwelling using this construction system
emits a significant amount of greenhouse gases, of which, until the construction stage, the
majority can be attributed to the substantial amount of raw material used, such as struc-
tural plywood, which is a highly processed material. However, despite these emissions,
constructing a dwelling using this modular construction system offers significant ad-
vantages in terms of sustainability and energy efficiency during the usage phase. In-
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particular, the high-quality thermal insulation of this system significantly reduces the
energy demand for heating and cooling. Additionally, by incorporating photovoltaic
panels, it is possible to generate clean and renewable energy for the household, further
contributing to the reduction of CO2 emissions. Ultimately, constructing a dwelling with
high thermal and energy standards using the proposed construction system can even meet
the Net Zero challenge.

After an exhaustive cost analysis, it has been determined that the construction cost per
square meter of the modular construction system is 622.9 USD , a value that is significantly
lower than the average cost of traditional masonry or wood houses, which is around
877 USD per square meter [46], This clearly demonstrates that the modular construction
system is an attractive option from an economic standpoint to establish in the market.
Additionally, this construction system offers significant benefits in terms of speed and
ease of construction, which can translate into significant cost savings in terms of labor and
construction time. In summary, the modular construction system presents itself as a highly
profitable and viable alternative for constructing sustainable and high-quality homes at
affordable prices.

5. Conclusions

The present study has shown that implementing the Skylark 250 model in the con-
struction of modular homes has excellent potential to improve efficiency and sustainability
in the construction industry. Using subtractive manufacturing techniques for block fabrica-
tion has proven to be highly precise and efficient, significantly reducing construction time.
Additionally, incorporating materials such as wheat straw as thermal insulation has been
highly effective in creating an optimal indoor thermal environment, combined with the
implementation of clay plaster, which reduces energy consumption for heating and cooling.
However, due to the low performance in the application of wheat straw, it is recommended
to explore other techniques for more efficient application.

Another important feature of the proposed construction system is using photovoltaic
panels for energy supply, significantly reducing greenhouse gas emissions. This sustainable
construction approach represents an important opportunity to advance toward carbon
neutrality in Chile by 2030.

In addition to the environmental and sustainability benefits, implementing the Sky-
lark 250 model in the construction of modular homes is also significantly cheaper than
traditional options. The study results show that the cost of executing a home with this
construction system is almost 30% lower than that of a conventional home, making it a
highly competitive alternative in the Chilean market to address the housing deficit. How-
ever, it is important to thoroughly analyze user acceptance and perception of using this
construction system.

In summary, this study provides solid evidence that implementing the Skylark
250 model in the construction of modular homes is a viable and sustainable alternative
for the construction industry in Chile. The environmental and efficiency benefits, as well
as the lower construction cost, make this construction system a promising alternative
to address current challenges in the construction industry and advance toward a more
sustainable future.
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