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Abstract: This research presents a comparative study of different bio-sourced and recycled insulation
materials and their impact on energy consumption of office buildings located in Ouagadougou,
a city with a dry hot climate. A thorough assessment of the country’s meteorological and urban
development data from 2004 to 2018 was conducted for climatic data. EnergyPlus was used for
thermal comfort based on the American Society of Heating, Refrigerating, and Air-conditioning
Engineers Standard (ASHRAE) 55 adaptive comfort model and energy analysis by calculating
and comparing the yearly energy consumption, heat transfer through the building envelope, and
discomfort degree hours. A four-story “H”-shaped office building made of cement blocks with a
fixed north–south orientation and a 30% window-to-wall ratio served as the base case for this study
to perform two rounds of multiple simulations and evaluate the most effective insulation material.
First, exterior walls were insulated, and then the roof and inner floors were insulated using the
best material from the first round. The findings confirmed hemp wool as the best performing bio-
sourced insulation material, which reduces by 25.8% and 17.7% the annual cooling energy demand at
114,495 kWh and the annual energy consumption at 203,598 kWh, respectively, contributing to saving
up to 43,852 kWh in annual energy consumption. Hemp wool impacted wall, roof, and internal
floor heat transfer by reducing them by 90.86% at 12,583 kWh, 85.1% at 6666 kWh, and 88.1% at
−2664 kWh, respectively, while the discomfort degree hours were reduced by 17.6% at 9720.12. The
outcomes provide patterns, explanations, and inferences that may be generalized to other projects in
Burkina Faso, especially, and sub-Saharan African countries, in general, where most buildings are not
well insulated. The availability of these bio-based and recycled insulation materials may also serve as
proof to foster a circular economy in the Burkina Faso construction industry.

Keywords: bio-sourced and recycled materials; thermal insulation; energy efficiency; heat transfer;
building envelope

1. Introduction

Due to industrialization, urbanization, and population expansion, the construction
industry’s need for energy supplied from fossil fuels has expanded globally over the last
few decades [1]. This industry is resource-intensive, wasteful, and energy-intensive. The
combustion of non-renewable resources and the landfilling of waste have accelerated the
accumulation of vast amounts of greenhouse gases, hence exacerbating global warming
and climate change [2]. Modern constructions have decreased their thermal mass to save
on resources, time, and transportation [3]. Ultimately, due to this new development,
lightweight structures experience significant temperature fluctuations, resulting in limited
thermal storage and excessive internal cooling and heating loads [4,5].
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In developing countries such as sub-Saharan countries, modern buildings were de-
veloped without regard for their energy efficiency. This leads to high cooling loads for
owners who are unfamiliar with energy conservation due to the large energy requirements
of maintaining interior thermal comfort in contemporary buildings [6,7]. Rapid population
expansion and a high urbanization rate in this part of the world raise the requirement for
appropriate housing and office buildings with adequate comfort conditions for inhabitants
and users [8].

In Burkina Faso, the average annual energy usage of public buildings including the
operation of air conditioning equipment is 30 GWh. This equates to an anticipated an-
nual spending of XOF 3.4 billion or USD 5.2 million [9], which is extensive. In the hot
temperature of Burkina Faso, air conditioning is a significant component of a building’s
energy use. If nothing is done to alleviate it, this financial burden will increase owing
to the anticipated expansion of the air conditioning industry and the rise in temperature
resulting from climate change. Despite various apparent advancements in building technol-
ogy, concrete continues to be the dominant building material for a variety of construction
projects. However, it has been calculated that external concrete walls can account for at
least 34% of the energy consumption of buildings [10]. Therefore, one of the most efficient
strategies to boost building energy efficiency and decrease energy consumption is to raise
the thermal performance of outer building walls to prevent heat gain/loss [11]. The effect
of the thermal inertia of the building envelope is to provide passive thermoregulation cool-
ing [12]. This improves the temperature conditions within the building without increasing
energy consumption.

In Burkina Faso, clay, stone, and straw are frequently used as inexpensive, eco-friendly
construction materials. However, the potential for these materials to time-shift and re-
duce the peak thermal demands has not been well studied in Burkina Faso, especially
for bio-sourced materials such as straw bales, hemp wool, or reed and recycled materials
such as glass wool and extruded (XPS) polystyrene. There are several studies related to
compressed earth blocks or adobe for well-insulated buildings in Burkina Faso. However,
earth- and stone-based building materials are not very sustainable as they are not renew-
able. Nevertheless, bio-based products or some recycled materials have the advantage
of being sustainable and renewable resources with low densities, high thermal qualities,
and inexpensive prices. Their disadvantages include hygroscopic characteristics and lim-
ited anti-fungal and fire resistance, which may be mitigated by chemical treatments [13].
Internationally, the trend of reintroducing ecologically friendly materials into building
construction is gaining momentum. Greenery systems are regarded as passive techniques
for energy savings and acoustic insulation in buildings with insulation results usually
better than the earth- and stone-based building materials [14–16]. Architects and engineers
from Burkina Faso must pay more attention to studying bio-sourced products or recycled
materials as insulation materials.

This research aims to identify the most appropriate building insulation materials that
may be utilized to reduce solar heat gain/loss in the office buildings of Ouagadougou, the
capital city of Burkina Faso, and significantly decrease energy consumption by investigating
the impact of appropriate and available bio-sourced products or recycled materials as
insulation materials for the thermal comfort and energy consumption in buildings. To
optimize the rate of adoption of energy-efficient practices, the offered solutions must
require minimum deviations from current habits. Therefore, the emphasis of this study is
on technological solutions that might be implemented as a simple adjustment of current
office building processes and as viable retrofit solutions for the existing ones. This study
could potentially aid professionals in incorporating building insulation throughout the
entire design and development process, thereby assisting with the building industry’s
new goals of creating a more energy-efficient built environment by suggesting insulation
materials suited to Burkina Faso and other sub-Saharan countries. Moreover, this study
could also be potentially used as a resource for educating and training professionals in the
field of energy-efficient building, therefore benefiting the whole construction industry. It
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is meant to encourage creative and eco-friendly design solutions among building design
professionals. Finally, this research will also promote a new circular economy by using
these suitable locally produced materials for building insulation.

2. Literature Review

Previous studies [17–21] have underlined the advantages of employing straw in
construction. These materials offer appealing alternatives to concrete and traditional
insulators, which are often costlier and less environmentally friendly. Tiskatine et al. [22]
studied the thermal performance of cement-stabilized red clays including insulators such
as sawdust, petiole, straw, argan shells, and palm fibers. They discovered that straw
provides the highest thermal insulation performance. Pritchard and Pitts [18] offered straw
as a plentiful, environmentally friendly, economical, and effective thermal and acoustic
insulation, even though, like other materials, it has significant disadvantages. Researchers
in [23] studied the effect of straw as a natural binder on ancient Roman adobe bricks and
determined that straw affects the flexibility, brittleness, and shrinkage age of adobe blocks.
According to the findings in [24], the use of wheat straw in burnt clay bricks reduces their
thermal conductivity by 35%.

One of the most significant benefits of natural materials, such as fibers derived from
plant sources or animal fibers such as wool, is that their production and distribution
require less carbon dioxide and energy. Additionally, they may act as a humidity buffer,
reduce moisture, and enhance interior air quality, enabling the structure to “breathe” [25].
Environmental and health impacts of natural materials are similarly negligible, provided
they can be bound into thermal insulation boards without the use of chemical adhesives, as
in the case of agro-waste [26–28] and other unconventional resources [29]. Paper waste and
recycled paper are potentially viable alternatives for a sustainable thermal insulation board
market [30].

Tree bark was explored in [31] as an insulating filling material in exterior wood frame
wall structures, resulting in a possible thermal insulator, while pine tree bark and cannabis
residues combined with two different adhesives created boards with excellent insulating
qualities [32]. Due to its low density, extremely strong thermal insulation qualities, a large
percentage of cork cells, high chemical extractives content protecting against microbes,
and low flammability [13,33], tree bark is appropriate for thermal insulation material.
Scholars in [34] showed that wood fiber and straw fiber are some of the best natural
insulant construction materials with excellent properties. They are derived from low-
quality wood, which is used to produce wood fiber and straw fiber insulation boards
through a variety of processes, such as incubating with a laccase–mediator system and
then hardening with a steam–air mixture or employing the wet process for the low-density
bark fiber boards without the use of additives or adhesive [35]. Sheep’s wool is another
natural item, a biodegradable substance that is the alternative construction material for
green structures but is inadequately integrated into the economy [36,37]. According to
researchers in [38], wool is an effective thermal insulation material owing to its unusual
ability to entirely absorb moisture in its core while keeping the hydrophobic surface shelves
dry, thus providing surfaces with excellent thermal resistance that are both dry and warm.
The findings in [39] demonstrated the great capacity of wool to absorb moisture up to 35%
and recommended its use as an insulating material for both walls and roofs.

Cuce et al. [40] examined the optimal thermal insulation thickness and environmental
consequences of aerogel for the climate in Nottingham, England. For five distinct energy
sources, the dependence of yearly energy cost and energy savings on insulation thickness
was established. The impacts of degree-day and present value parameters on the optimal
thickness of aerogel were studied. In the investigation, hollow walls with air gaps and
aerogel were used. Using the degree-day approach and life cycle in [41], the scholars
established the optimal insulating thickness for the composite pre-fabricated wall block.
They conducted cost evaluations for Iran’s Ardabil, Tehran, and Khuzestan provinces.
The optimal thickness of insulation was determined for heating-only, cooling-only, and
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combined heating and cooling periods. As an insulating material, extruded polystyrene
was employed. In the research of Yamankaradeniz [42], thermal insulation thickness was
minimized by taking into account condensation on the outside walls. It is explained that
the required thickness of the thermal insulation material will increase as the temperature,
relative humidity of the indoor environment, and the relative humidity of the outdoor en-
vironment increase, while the required thickness will decrease as the outdoor temperature
increases. The quantity of water vapor that passes through the wall layers depends on the
internal and exterior circumstances as well as the thickness of the insulation.

In their research, Kaya and O’guz [43] provided extensive information on the selection
of acceptable materials for insulation installation. Ibrahim et al. [44] explored the use of
silica aerogels in new construction and renovations of existing structures. They constructed
an experimental home in Chambery, France, with an application on its outside surface. In
addition to actual observations, EnergyPlus simulations were performed for the numerical
model in their work. For the depiction of structural components with silica aerogel insulat-
ing, the optimal thickness was employed. Cost optimization was performed. There was a
1.2–1.5 ◦C temperature disparity between the simulation and measurement data. Utilizing
a life cycle cost study, the optimal hemp wool insulation thickness was determined. Using
the sol-air temperature, degree-day calculations were conducted. The optimal thickness of
insulation was determined for both heating and cooling times.

Huang et al. [45] studied a new aerogel superinsulation material for the use of energy
saving in buildings. Using a typical office structure in a humid sub-tropical region as
a model, they determined that its economic thickness was optimal. In addition, they
compared aerogel to commonly used expanded polystyrene, extruded polystyrene, foamed
polyurethane, and fiberglass. The optimal thickness of insulation was determined for both
heating and cooling times. As exterior wall construction materials, shale hollow brick,
aerated concrete, and reinforced concrete were permitted. Kurekci [46] calculated the
optimal insulating thickness requirements for 81 Turkish regions. Four distinct energy
sources and five insulating materials (extruded polystyrene, expanded polystyrene, glass
wool, rock wool, and polyurethane) were modeled. Bricks were employed as a construction
material. There were optimal insulation thicknesses for just the heating period, just the
cooling period, and for both the heating and cooling periods. The optimal insulation
thickness was calculated using a life cycle cost analysis and degree-day.

Dlimi et al. [47] evaluated the use of hemp as an insulating material for exterior
building walls in Meknes for the use of cannabis produced for millennia in Morocco in
the construction sector. Based on the life cycle cost study, the optimal thickness, energy
savings, and payback time were calculated. They examined several thermal characteristics,
including the optimal air gap thickness and heat transmission rates. The dynamic thermal
behavior of hemp wool-insulated outside walls was explored. In terms of thermal comfort,
Kon et al. [48] explored the use of hemp as an insulating material in envelopes such as
exterior walls, ceilings, and floors. In their work, Mirsadeghi et al. [49] provided a detailed
assessment of a wide variety of models used to calculate the convection heat transfer
coefficient in building energy modeling programs under different assumptions. Various
models were used by building energy modeling systems to determine the convective
heat transfer coefficient on the structure’s outside surfaces. They demonstrated that the
convective heat transfer coefficient may considerably alter the building’s energy usage by
altering the internal temperatures, thermal comfort status, and relative humidity. In Libya,
Alghoul et al. [50] investigated the impact of power price on home heating and cooling
energy usage and insulation thickness. In the project, research was undertaken to forecast
possible savings and address the issue of space cooling and heating energy losses.

Further research has shown that compressed earth blocks are more durable than
adobe materials [51,52] and provide the same or greater thermal response than concrete
in warm locations [51,53–55]. Toure et al. [56] studied the effect of envelope thickness and
solar absorption on time lag and decrement factor. They discovered that a thicker wall
improves thermal inertia effects such as decrement factor and time lag. The experiment was
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conducted in a 1 m3 test chamber constructed of compressed earth bricks stabilized with
cement. The compact size of the cell minimized the impact of complicated physical heat
exchange processes, such as conduction and radiation heat gain via windows. Researchers
in [57] assessed the impact of insulation and thermal mass on the envelope of a compressed
stabilized earth block test cell in the hot and dry Burkina Faso climate. They pointed out
the fact that, without insulation, compressed stabilized earth block wall thicknesses of 22
and 35 cm demonstrated the optimum thermal performance. They also found that the
thermal performance of insulation with a thickness of 10 cm glass wool and 15 cm straw
blended with 2 cm of lime was the same. In conclusion, they revealed that an insulated wall
thickness of 14 cm was the best option since it reduced the exterior temperature amplitude
by 22% and was more resource efficient.

To achieve resource and energy sustainability in this sector, the examination of insulat-
ing materials for building construction included a substantial quantity of natural resources
and recycled waste. Thus, this research investigates the thermal insulation properties of
bio-sourced insulating materials such as straw bale, hemp wool, and reed and recycled
insulating materials such as recycled glass wool in office building walls in Burkina Faso.
Different scenarios were simulated and compared to determine the most effective insula-
tion technique to reduce energy consumption and solar heat gain/loss and then promote
thermal comfort in concrete-based office buildings in Burkina Faso.

3. Materials and Methods

Identifying the optimal building insulating material in Burkina Faso that complies with
green building principles as a study subject demands a comprehensive evaluation of the
strategies to be implemented. Four building insulating materials (straw bales, glass wool,
hemp wool, and reed) were studied through different computational scenarios performed
with EnergyPlus with parameters such as climate data, building materials thermophysical
characteristics, daily occupancy patterns, internal and exterior heat gains generated by
users, air flow, and temperature detailed and considered as input data. A multi-story office
building served as the base model. The method was two consecutive stages of simulations
performed to determine the optimal building insulating materials, as seen in Figure 1.

• First Round: It focused on walls. The base case wall was used as the first case to
simulate, with the following cases representing each building insulating material used
in this research. Based on the results, the material which performed the best was kept
for the second stage of the simulations.

• Second round: Using the best wall insulation material from the previous stage of
simulations, other cases were added, representing the use of the bio-sourced and
recycled insulating materials studied in this research to focus on the roof, ceilings, and
internal floors.
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3.1. Computational Simulation Base Case

Architecturally and physically, local office buildings vary. The average energy perfor-
mance of Ouagadougou’s office buildings may be comprehended using simulations of a
typical office structure functioning under real-world conditions. Offerle et al. discovered
that urban public buildings in Burkina Faso are increasingly constructed of concrete with
large glass windows [58]. Instead of energy efficiency, emphasis is placed on esthetics and
outside design. Burkina Faso’s main city, Ouagadougou, features three major structural
types: modern cement block buildings, low-rise structures made of molded earth blocks,
and compressed earth block structures. Contemporary one- to four-story buildings made
of cement block dominate this architectural style [59]. This study focuses on modern and
four-story “H”-shaped office buildings made of cement blocks, including the ground floor.
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The base case is located in Ouagadougou (12.353◦ N, 1.512◦ W, and 316 m above sea level)
with a north–south fixed orientation. With 16 m of height (4 m per floor) and 12 m of width,
each floor of the base case office building has 1000 m2 of surface for a total of 4000 m2 with
a 30% windows-to-wall ratio (wwr). The window glazing type is single RAL blue-tinted
6 mm with horizontal louvers used as the window shading device. The horizontal louvers
have a depth of 0.25 m, and the spacing between two louvers is 0.5 m. The horizontal
louvers’ angle was kept at 0◦ as a standard, making them horizontal with the window as
seen in Figure 2.
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3.2. Insulation Materials and Thermophysical Properties

The bio-sourced materials, which are mostly used for construction insulation and
finishing, come from residues from agriculture and plant fibers such as reed, hemp [60], and
cereal straws [61]; forestry wastes such as cork [62] and wood chips/shavings/fibers [63];
animal by-products such as sheep wool and duck feathers; and recycled materials indirectly
coming from forestry and agriculture [64]. Table 1 illustrates the different thermophysical
properties of the different building parts; the insulation materials in this study were chosen
based on their availability in Burkina Faso.

Table 1. Building materials thermophysical properties and different structure layers compositions.

Office
Building Part Layer Name Width

(mm)
Density
(kg/m3)

Specific Heat
(J/KgK)

Thermal
Conductivity

(W/mK)

U-Value
(W/m2K)

Ground floor
(same for all the cases)

Ceramic tile 10 2390 730 1.5
0.702Cement screed 20 2000 656.9 0.753

Soil 1000 1300 1046 0.837

Base model

Roof
Concrete slab 200 2400 1000 1.13

1.488Air gap 400
Gypsum plasterboard 20 800 1090 0.16

Wall
Ext coating: Cement and plaster 10 1858 1000 0.9

2.89Hollow concrete block 200 2200 1008 1.3
Int coating: Cement and plaster 10 1858 1000 0.9

Internal Floor

Ceramic tiles 10 2390 730 1.5

1.237
Concrete slab 200 2400 1000 1.13

Air gap 400
Gypsum plasterboard 20 800 1090 0.16
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Table 1. Cont.

Office
Building Part Layer Name Width

(mm)
Density
(kg/m3)

Specific Heat
(J/KgK)

Thermal
Conductivity

(W/mK)

U-Value
(W/m2K)

First round: Wall insulation

Case 1:
Straw bales Wall

Exterior coating: Clay 30 1600 878 0.8

0.274

XPS extruded polystyrene 10 35 1400 0.034
Straw bales 160 100 1700 0.06

Hollow concrete block 100 2200 1008 1.3
XPS extruded polystyrene 10 35 1400 0.034

Interior coating: Clay 30 1600 878 0.8

Case 2:
Recycled glass

wool
Wall

Exterior coating: Clay 30 1600 878 0.8

0.208

XPS extruded polystyrene 10 35 1400 0.034
Recycled glass wool 160 150 1000 0.042

Hollow concrete block 100 2200 1008 1.3
XPS extruded polystyrene 10 35 1400 0.034

Interior coating: Clay 30 1600 878 0.8

Case 3:
Hemp wool Wall

Exterior coating: Clay 30 1600 878 0.8

0.18

XPS extruded polystyrene 10 35 1400 0.034
Hemp wool 160 30 1300 0.035

Hollow concrete block 100 2200 1008 1.3
XPS extruded polystyrene 10 35 1400 0.034

Interior coating: Clay 30 1600 878 0.8

Case 4:
Reed Wall

Exterior coating: Clay 30 1600 878 0.8

0.246

XPS extruded polystyrene 10 35 1400 0.034
Reed 160 130 1200 0.052

Hollow concrete block 100 2200 1008 1.3
XPS extruded polystyrene 10 35 1400 0.034

Interior coating: Clay 30 1600 878 0.8

Second round: Roof and Internal Floor insulation

Case 5:
Straw bales

Roof

Clay 50 1600 878 0.8

0.207

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Straw bales 160 100 1700 0.06
Air gap 400

XPS extruded polystyrene 10 35 1400 0.034
Straw bales 50 100 1700 0.06

Gypsum plasterboard 20 800 1090 0.16

Internal Floor

Ceramic tile 10 2390 730 1.5

0.204

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Straw bales 160 100 1700 0.06
Air gap 400

XPS extruded polystyrene 10 35 1400 0.034
Straw bales 50 100 1700 0.06

Gypsum plasterboard 20 800 1090 0.16

Case 6:
Recycled glass

wool

Roof

Clay 50 1600 878 0.8

0.158

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Recycled glass wool 160 150 1000 0.042
Air gap 400

XPS extruded polystyrene 10 35 1400 0.034
Recycled glass wool 50 150 1000 0.042

Gypsum plasterboard 20 800 1090 0.16

Internal Floor

Ceramic tile 10 2390 730 1.5

0.156

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Recycled glass wool 160 150 1000 0.042
Air gap 400

XPS extruded polystyrene 10 35 1400 0.034
Recycled glass wool 50 150 1000 0.042

Gypsum plasterboard 20 800 1090 0.16

Case 7:
Hemp wool

Roof

Clay 50 1600 878 0.8

0.137

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Hemp wool 160 30 1300 0.035

Air Gap 400
XPS extruded polystyrene 10 35 1400 0.034

Hemp wool 50 30 1300 0.035
Gypsum plasterboard 20 800 1090 0.16
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Table 1. Cont.

Office
Building Part Layer Name Width

(mm)
Density
(kg/m3)

Specific Heat
(J/KgK)

Thermal
Conductivity

(W/mK)

U-Value
(W/m2K)

Internal Floor

Ceramic tile 10 2390 730 1.5

0.135

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Hemp wool 160 30 1300 0.035
Air gap 400

XPS extruded polystyrene 10 35 1400 0.034
Hemp wool 50 30 1300 0.035

Gypsum plasterboard 20 800 1090 0.16

Case 8:
Reed

Roof

Clay 50 1600 878 0.8

0.187

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Reed 160 130 1200 0.052
Air gap 400

XPS extruded polystyrene 10 35 1400 0.034
Reed 50 130 1200 0.052

Gypsum plasterboard 20 800 1090 0.16

Internal Floor

Ceramic tile 10 2390 730 1.5

0.184

Concrete slab 200 2400 1000 1.13
XPS extruded polystyrene 10 35 1400 0.034

Reed 160 130 1200 0.052
Air Gap 400

XPS extruded polystyrene 10 35 1400 0.034
Reed 50 130 1200 0.052

Gypsum plasterboard 20 800 1090 0.16

Straw bales: Straw bales have been used for decades as a rapid and cost-effective
method of constructing, especially in vernacular architecture in Burkina Faso due to their
availability [65]. As its name suggests, Burkina Faso-produced cereal stalks are used to
create a straw bale. Straw has little to no use as animal feed since it is devoid of nutrients.

Hemp wool: Industrial hemp is non-intoxicating (less than 0.3% THC) and a renew-
able resource. It requires a very small amount of water and no herbicides or insecticides
to grow [66]. Hemp wool insulation may include up to 92% hemp fibers and around
8% polyester fibers. The remainder of the composite is composed of non-toxic bonding
chemicals and fire treatment [60].

Reed: It is an old, ecological, and sustainable insulating material. Numerous fac-
tors, including the availability of reeds even in sub-Saharan countries, contribute to the
widespread appreciation of reeds in green construction [67].

In addition to these materials, this paper points out the possibility of using recycling-
based materials for building insulation. The recycled insulation materials in this study are:

Recycled glass wool: Glass wool is an insulating material composed of glass fibers
organized with a binder to resemble wool. Glass wool may be manufactured as rolls, slabs,
or as a substance that can be sprayed or applied directly to the surface to be insulated. It is
recycled material from waste printed circuit boards (WPCB) used as sound absorption and
thermal insulation material. Glass wool was obtained through a fluidized-bed recycling
process [68].

Recycled XPS polystyrene: This material was used in small quantities as an addi-
tion insulation material to the four previous insulating materials previously cited in this
paper [69].

3.3. Ouagadougou Climate Data

To simulate the long-term average or usual performance of buildings, it is essential
to simulate the system’s behavior utilizing many years or a normal year’s worth of real-
world weather data. As modeling inputs, meteorological factors such as dry bulb and
wet bulb temperatures, atmospheric pressure, global solar irradiance, wind velocity, and
wind direction were considered. Dynamic thermal modeling has been used for estimating
building performance for decades [59]. As a result of the necessity for precise meteorological
data, test reference years (TRYs) were developed. All months or seasons of these “years”
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must be warm/cold, sunny/rainy, and dry/wet. This study applied the reliable TRY
approach. The building simulation program can only read a certain weather file format.
EnergyPlus weather (epw) utilizes a file format that permits sub-hourly weather data.
Older weather files are less versatile than epw files. The majority of modeling programs can
read epw weather files. In this experiment, TRY data were translated into epw sub-hourly
data. Meteorological data from 2004 to 2018 were obtained from the UCLA Energy Design
Tools Group, Regents of the University of California.

3.4. Thermal Comfort and Occupancy

This study employed the American Society of Heating, Refrigerating, and Air-Conditioning
Engineers Standard 55 [70]: one for 0.5 clo (summer clothing) and one for 1.0 clo (winter
clothes). These amounts of insulation are common for warm and cool clothing. Electrical
equipment and lighting loads were not taken into account. The operative temperature
range for each zone was set to attain 80% occupant approval. This is based on the PMV-PPD
index’s determination of a 10% dissatisfaction threshold for overall thermal comfort [71,72].
Accessibility to environmental controls and prior thermal experience may affect the thermal
preferences of building occupants [73]. This research applied the adaptive comfort model to
occupant-controlled, naturally ventilated spaces where the outside environment may alter
interior conditions and comfort zone. The maximum relative humidity was 0.012 kg/m3,
which corresponds to 1.91 kPa at normal pressure or a dew point of 16.8 degrees Celsius.
For the office structures, one person per 10 m2 was projected. Each 1000 square meter office
floor has 100 employees. Met was used to determine the heat loads of humans. Electrical
equipment and lighting did not induce internal tension. The typical Monday–Saturday
(7:00 a.m.–7:00 p.m.) work schedule was considered.

3.5. EnergyPlus Simulations and Input Parameters

Energy simulation was used to evaluate the energy performance of a structure. There
are several certification methods for the energy performance of buildings, including Ener-
gyPlus, Equest, and Ecotect. EnergyPlus 9.5 was used to simulate the energy consumption
of a building. EnergyPlus was selected as a simulation program due to its precision and
usability [74]. After being used and tested to simulate constructed settings, this software’s
ability to simulate microclimate temperature conditions was verified. All cases were given
3D EnergyPlus models. The software was used to determine operative temperature, dis-
comfort degree hours, heat gain/loss, and energy consumption. Using ASHRAE’s adaptive
comfort model, all the features in this section were included in the comfort limit simulation
model. Eight distinct scenarios with more than 40 different simulations were conducted.
Table 2 depicts the input parameters for each case scenario.

Table 2. Input parameters for simulations.

Input
Parameters Base Case

First Round Simulations Second Round Simulations

Case 1:
Straw Bales

Case 2:
Recycled

Glass Wool

Case 3:
Hemp Wool

Case 4:
Reed

Case 5:
Straw Bales

Case 6:
Recycled

Glass Wool

Case 7:
Hemp Wool

Case 8:
Reed

Wall
U-value 2.89 W/m2K 0.274

W/m2K
0.208

W/m2K 0.18 W/m2K 0.246
W/m2K Best-performing wall from Case 1 to 4

Roof and
ceiling

U-value
1.488 0.207

W/m2K
0.158

W/m2K
0.137

W/m2K
0.187

W/m2K

Internal
floor and

ceiling
U-value

0.204
W/m2K

0.156
W/m2K

0.135
W/m2K

0.184
W/m2K

Ground floor
U-value 0.702 W/m2K

WWR 30%
Shading Horizontal louvers: with a depth of 0.25 m, the spacing between two louvers of 0.5 m/angle was kept at 0◦

Glazing Single Ref A L blue-tinted 6 mm glazing: 4.885 W/m2K
SHGC Single Ref A L blue-tinted 6 mm glazing: 0.174
VLT Single Ref A L blue-tinted 6 mm glazing: 0.05
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Table 2. Cont.

Input
Parameters Base Case

First Round Simulations Second Round Simulations

Case 1:
Straw Bales

Case 2:
Recycled

Glass Wool

Case 3:
Hemp Wool

Case 4:
Reed

Case 5:
Straw Bales

Case 6:
Recycled

Glass Wool

Case 7:
Hemp Wool

Case 8:
Reed

Ventilation On
Infiltration 0.7

HVAC Split system
System CoP 3.5

Set point 22 ◦C
Set back 28 ◦C

Supply air 12 ◦C
Dehumidification On

Schedule

7 a.m. to 8 a.m.: 25% of occupancy
8 a.m. to 9 a.m.: 50% of occupancy

9 a.m. to 12 p.m.: 100% of occupancy
12 p.m. to 2 p.m.: 75% of occupancy
2 p.m. to 5 p.m.: 100% Occupancy
5 p.m. to 6 p.m.: 50% Occupancy

6 p.m. to 7 p.m.: 25% of occupancy
7 p.m. to 7 a.m.: Unoccupied

Density 1 person/10 m2

Clothing 1 clo for winter/0.5 clo for summer

Lighting 12 W/m2 with 300 lux of illuminance
Equipment 15 W/m2

People load 140 W/m2

Climate data Weather data summary of Ouagadougou, Burkina Faso. Epw file from 2004 to 2018
Source: Climate Consultant (developed by UCLA Energy Design Tools Group, © Regents of the University of California)

Parameters
to compare

Cooling energy demand
Energy consumption

Heat transfer
Discomfort degree hours

4. Results
4.1. First Round: Wall Insulation

The first set of outcomes was acquired by simulating different cases of the building
model where each case representing a different material was used to insulate the walls.
The rest of the structure was kept identical for all the cases. The different outcomes were
based on heat transfer through walls, discomfort degree hours, and energy consumption to
identify the influence of these insulating materials on these parameters when they were
used on the wall. The best case was chosen to pursue the second round of simulations,
where additional input parameters were used to target other parts of the building.

4.1.1. Heat Transfer through Walls

This section focused exclusively on the walls to understand the impact of the different
insulation materials on heat transfer through walls.

Figure 3a,b illustrate, respectively, the heat transfer through walls in the hot season (19
April) and in the cold season (6 January) during the working hours based on the climatic
data of Ouagadougou. On the hottest day, the base case (without any insulation) had the
highest heat transfer through walls with an overall of 509.6 kWh during working hours.
The base case graph did not fall into the negative values from 7 a.m. to 7 p.m., meaning the
walls keep gaining heat from the surrounding environment. During the working hours,
case 1, case 2, case 3, and case 4 had an overall heat transfer through walls of 75.8 kWh,
57.5 kWh, 49.8 kWh, and 68 kWh, respectively. From 7 a.m. to 9 a.m. and from 6 p.m. to
7 p.m., all the insulated wall cases had negative heat transfer, meaning the building lost
some heat through the walls to the surrounding environment.
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Figure 3. Average heat transfer through walls comparison of the different insulation materials:
(a) heat transfer through walls on April 19th (kWh) (hot season); (b) heat transfer through walls on
January 6th (kWh) (cold season); (c) monthly heat transfer through walls (kWh); (d) annual heat
transfer through walls (kWh).

When it comes to analyzing Figure 3b for the coldest day, the base case had an overall
17.9 kWh with a period of the working hours falling into the negative values (from 8 a.m.
to 2 p.m.) and the rest of the time being in the positive values. During the same time
on the coldest day, case 1, case 2, case 3, and case 4 had an overall heat transfer through
walls of −15.8 kWh, −18.2 kWh, −20.2 kWh, and −16.2 kWh, respectively. Throughout
the working time, the building lost some heat through the insulated walls to the exterior
environment regardless of the materials used except from 7 a.m. to 10 a.m.
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As seen in Figure 3c, the base case monthly heat transfer had strong variations, with the
lowest value being observed in August (2524 kWh) and the highest value being observed
in March (18,407 kWh). For case 1 (straw bales), case 2 (recycled glass wool), case 3 (hemp
wool), and case 4 (reed), the lowest monthly heat transfer through walls was observed
in September, at 335 kWh, 157 kWh, 91 kWh, and 261 kWh, respectively, meanwhile the
highest monthly heat transfer through walls for the same cases was, respectively, observed
in May at 2472 kWh, 1989 kWh, 1771 kWh, and 2268 kWh. The discrepancies are far
reduced when the walls are insulated compared to the base case.

In Figure 3d, the annual heat transfer through the walls of the base case of 137,637 kWh
is reduced by 86.2% in case 1 at 18,982 kWh; 89.4% in case 2 at 14,568 kWh; 90.86% in case 3
at 12,583 kWh, and 87.6% in case 4 at 17,125 kWh. Case 3 (hemp wool) has less heat gain
from the exterior to the building through the walls.

4.1.2. Discomfort Degree Hours

Several “discomfort indices” have been suggested and formalized into building stan-
dards, and such indices often indicate several demands. Among other requirements, they
should represent the level of discomfort in time steps while combining all environmental
and personal elements and be useable with any comfort model (and so satisfy a wide range
of interests, such as classic thermal comfort and sleep comfort). This study used the discom-
fort degree hours (DDH) to compare the impact of the bio-sourced and recycled insulation
materials previously cited in thermal comfort. As seen in Figure 4, this section focused
on wall insulation. The base case had DDH of 11,794.95, while straw bales in case 1 and
recycled glass wool in case 2 contributed to reducing this metric, respectively, by 12.3% and
12.5%, with DDH of 10,345.67 for case 1 and 10,317.39 for case 2. In another scenario, using
hemp wool to insulate walls reduced the base case DDH by 12.6% with 10,317.39. Finally,
in case 4, the results showed DDH of 10,333.67, corresponding to a reduction of 12.4%. The
results obtained displayed a very short range from the less-performing insulation materials
to the best ones, with hemp wool being the best.
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Figure 4. Annual discomfort degrees hours’ comparison of the different types of insulation materials
on walls.

4.1.3. Energy Consumption

Figure 5 depicts the annual cooling energy demand and annual energy consumption
based on the impact of the different insulating materials used on the walls. The base case
(without insulation) had an annual energy consumption of 247,450 kWh and an annual
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cooling energy requirement of 154,392 kWh. Using straw bales to insulate the walls in case
1 reduced its yearly energy consumption and cooling energy demand by 10.9% and 14.9%,
or 220,538 kWh and 131,434 kWh, compared to the base case. When it comes to case 2 with
219,888 kWh of annual energy consumption and 130,785 kWh of annual cooling energy
demand, a respective 11.2% and 15.3% decrease from the base case was observed, showing
the impact of recycled glass wool in reducing energy consumption. The use of hemp wool
in case 3 gave results similar to case 2. Using hemp wool contributed to reducing the annual
energy consumption by 11.3% at 219,564 kWh and also reduced the annual cooling energy
demand from the base case by 15.3% at 130,461 kWh. Finally, in case 4, reed as an insulation
wall material reduced its annual energy consumption and cooling energy demand by 11%
and 15%, or 220,269 kWh and 131,166 kWh, compared to the base case. Hemp wool is the
insulation material that optimized the energy consumption the most, although glass wool
also showed satisfactory results close to those obtained by using hemp wool, with all the
insulation materials having close results overall.
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Figure 5. Annual energy consumption (kWh) comparison from the different types of insulation
materials on walls.

4.2. Second Round: Roof and Internal Floors Insulation

The results of the first round depicted hemp wool as the best insulation material for
the wall. The second round considered hemp wool as wall-insulating material and then
focused the study on the roof and internal floors to find the best scenarios based on the
same insulation cited in this study.

4.2.1. Heat Transfer through Roof and Internal Floors

Based on the climate data of Ouagadougou, Figure 6a,b depict the heat transmission
through the roof on the warmest day (19 April) and the coldest day (6 January) during
working hours. During working hours on the warmest day, the basic case (without roof
insulation) had the maximum heat transfer via the roof with a total of 146.5 kWh. The
base case graph did not reach negative values between 7 a.m. and 7 p.m., indicating that
the roof continued to absorb heat from the surrounding environment. During working
hours, the total heat transfer via the roof of cases 5, 6, 7, and 8 was 45 kWh, 37.4 kWh,
31.2 kWh, and 41.8 kWh, respectively. From 6:00 p.m. to 7:00 p.m., all insulated roof cases
exhibited negative heat transfer, indicating that the building lost heat to the surrounding
environment via the roof.
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Figure 6. Average heat transfer through the roof comparison of the different insulation materials:
(a) heat transfer through roof on 19 April (kWh) (hot season); (b) heat transfer through roof on 6
January (kWh) (cold season); (c) monthly heat transfer through roof (kWh); (d) annual heat transfer
through roof (kWh).

When analyzing Figure 6b for the coldest day, the base case had a total of −12.7 kWh,
with the working hours having negative values, except from 7 a.m. to 8 a.m. and from
3 p.m. to 7 p.m., when the building received heat via the roof. On the coldest day, the total
heat transfer via the roof of cases 5, 6, 7, and 8 was −10.3 kWh, −11.4 kWh, 13.3 kWh, and
−10.8 kWh, respectively. Regardless of the materials utilized between 7 a.m. and 8 a.m.,
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the insulated roof allowed the building to receive heat from the outer environment during
the full working day.

As seen in Figure 6c, the base case monthly heat transfer varied significantly, with the
lowest value recorded in August (1840 kWh) and the greatest value observed in March
(6267 kWh). For case 5 (straw bales), case 6 (recycled glass wool), case 7 (hemp wool), and
case 8 (reed), the lowest monthly heat transfer through the roof was observed in August at
405 kWh, 315 kWh, 267 kWh, and 3 kWh, respectively, whereas the highest monthly heat
transfer through the roof for the same cases was observed in March at 1342 kWh, 1039 kWh,
890 kWh, and 1214 kWh. When the roof was insulated, the discrepancies were drastically
decreased compared to the basic scenario.

Figure 6d demonstrates that the annual heat transfer through the roof of the basic case
(44,818 kWh) is reduced by 77.8% in case 5 (9970 kWh), 82.7% in case 6 (7731 kWh), 85.1%
in case 7 (6666 kWh), and 79.8% in case 8 (9029 kWh). Case 7 (hemp wool) has the least
amount of heat transfer from the outside to the inside through the roof.

Figure 7a,b illustrate, respectively, the heat transfer through the internal floors during
the hot period (19 April) and during the cold period (6 January) during the working hours
based on the climatic data of Ouagadougou. On the hottest day, the base case (without
internal floor insulation) had the highest heat transfer through the internal floors with an
overall of 53.4 kWh during the working hours. From 7 a.m. to 9 a.m. and from 6 p.m. to
7 p.m., the base case graph fell into negative values, meaning the internal floors kept losing
heat. During the working hours, case 5, case 6, case 7, and case 8 had an overall heat transfer
through the internal floors of 20.6 kWh, 19.7 kWh, 17.8 kWh, and 20.6 kWh, respectively.
From 7 a.m. to 9 a.m. and from 6 p.m. to 7 p.m., all the insulated internal floor cases had
negative heat transfer, meaning the building lost some heat through internal floors.

When it comes to analyzing Figure 7b for the coldest day, the base case had an overall
−20.15 kWh, with a period of the working hours falling into negative values (from 10 a.m.
to 11 a.m. and from 1 p.m. to 7 p.m.) and the rest of the time being in the positive values.
During the same time on the coldest day, case 5, case 6, case 7 and case 8 had an overall heat
transfer through walls of −39.4 kWh, −38.4 kWh, −36 kWh, and −38.9 kWh, respectively.
During the entire working time, the building lost some heat through the insulated internal
floors to the exterior environment regardless of the materials used except from 7 a.m. to
8 a.m.

As seen in Figure 7c, the base case monthly heat transfer had strong variations, with
the lowest value being observed in March (−2616 kWh) and the highest value observed
in August (−1059 kWh). For case 5 (straw bales), case 6 (recycled glass wool), case 7
(hemp wool), and case 8 (reed) the lowest monthly heat transfer through the internal floors
was observed in April at −470 kWh, −363 kWh, −305 kWh, and −423 kWh, respectively;
meanwhile, the highest monthly heat transfer through internal floors for the same cases
was, respectively, observed in July at −198 kWh, −135 kWh, −127 kWh, and −172 kWh.
The discrepancies are far reduced when the walls are insulated compared to the base case,
but all the cases including the base case had their internal floors losing some heat.

In Figure 7d, the annual heat loss through internal floors of the base case of −22,455 kWh
is reduced by 81.9% in case 5 at −4053 kWh; 86.5% in case 6 at −3037 kWh; 88.1% in case 7
at −2664 kWh, and 84% in case 8 at −3619 kWh. Case 7 (hemp wool) has the least heat loss
through the internal floors of the building.
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Figure 7. Average heat transfer through internal floors comparison of the different insulation materi-
als: (a) heat transfer through internal floors on 19 April (kWh) (hot season); (b) heat transfer through
internal floors on 6 January (kWh) (cold season); (c) monthly heat transfer through internal floors
(kWh); (d) annual heat transfer through internal floors (kWh).

4.2.2. Discomfort Degree Hours

As seen in Figure 8, this section focused on the roof and internal floor insulation, which,
of course, includes the ceilings. The base case had DDH of 11,794.95, while straw bales in
case 5 and recycled glass wool in case 6 contributed to reducing this metric, respectively,
by 16.5% and 16.9%, with DDH of 9849.69 for case 5 and 9803.53 for case 6. In another
scenario (case 7), using hemp wool to insulate the walls reduced the base case DDH by
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17.6% with 9720.12. Finally, in case 8, the results showed DDH of 9786.34, corresponding to
a reduction of 17%. When hemp wool was used as insulation material for walls in all cases,
the simulations performed with the different insulation materials on the roof and internal
floors pointed to hemp wool as the best material to use on the roof and internal floors to
insulate to have the lowest discomfort degree hours.
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Figure 8. Annual discomfort degrees hours’ comparison of the different types of insulation materials
on the roof and internal floors.

4.2.3. Energy Consumption

In this round, the goal was to compare the effect of the different insulation materials
when they were used on the roof and internal floors in combination with hemp wool being
used on the walls except for the base case, which was still uninsulated. Annual cooling
energy demand and annual energy consumption based on the impact of the different
insulating materials used on the roof and different internal floors are illustrated in Figure 9.
Using straw bales to insulate the roof and internal floors in case 5 reduced its annual
energy consumption and cooling energy demand by 17.3% and 25.2%, or 204,577 kWh
and 115,474 kWh, compared to the base case. When it comes to case 6 with 204,186 kWh
of annual energy consumption and 115,083 kWh of annual cooling energy demand, a
respective 17.5% and 25.5% decrease from the base case was observed, showing the impact
of recycled glass wool in reducing energy consumption. Using hemp wool in case 7 on the
roof and internal floors contributed to reducing the annual energy consumption by 17.7%
at 203,598 kWh and also reducing the annual cooling energy demand from the base case
by 25.8% at 114,495 kWh. Finally, in case 8, reed as an insulation roof and internal floor
material reduced its annual energy consumption and cooling energy demand by 17.4%
and 25.3%, or 204,399 kWh and 115,296 kWh, compared to the base case. Hemp wool was
again the most effective insulation material for roofs and internal floors to reduce energy
consumption, but the difference between the cases is not very significant.
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Figure 9. Annual energy consumption (kWh) comparison from the different types of insulation
materials on roof and internal floors.

5. Discussions
5.1. Importance of Office Building Insulation

One of the essential goals of sustainable design is to prevent the structure from
overheating using the simplest passive methods. The protective solutions should be
fitted to the present demands and the specific structure of the building’s heat balance. A
distinguishing characteristic of office buildings is the normally high thermal load caused
by energy gains from humans, technological equipment, and solar radiation on building
envelopes [10]. To minimize the interior’s overall energy consumption and thermal load, it
is essential that, during the original design phase, all possible means of limiting these gains
be thoroughly studied particularly on building envelope insulation, which can contribute
to reducing energy consumption and heat gain/loss [11]. Several scholars validated the
applicability of high inertia to lower the heating and cooling demand [12]. These research
findings confirm the importance of building insulation in sub-Saharan African countries
and should be widely used in these countries to improve their thermal comfort and reduce
their energy consumption. According to scholars in [56], strong thermal resistance and
thermal capacity seem to be an effective means of achieving this objective. The outcomes of
this study noted that excellent thermal insulation prevents excessive energy conduction
into the space on very hot days and on cold days, making the insulated building envelope
keep heat gain/loss very stable by limiting the discrepancies.

There is a strong relation between insulation and heat transfer through building
envelopes. As seen in [49,50], an uninsulated building tends to have vast discrepancies in
heat gain/loss, while an insulated building minimizes it and then reduces the total thermal
load and energy consumption. The results in this study are in phase with these previous
studies, as it can be seen in the results part how stable the different curbs of the insulated
scenarios are compared to the uninsulated ones.

These research outcomes pointed out the impact of insulation on energy consumption
reduction. Insulation was seen as a passive strategy to reduce the energy consumption
on a building, with findings revealing at least a 25.2% (straw bales) and at most a 25.8%
(hemp wool) reduction in annual energy consumption. Recent studies [13,32–34,40–43]
also showed the correlation between energy consumption reduction and the use of the
appropriate insulation material, confirming our findings, which reveal that the energy
reduction depends first on the type of insulation material used. However, other parameters
can affect this reduction such as the thickness of the insulation layer used.
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In this study, using hemp wool allowed the office building that served as the case
study to reduce its annual energy consumption by 43,852 kWh. In 2022, the kWh price
for an office building is USD 0.417 [75]. Using hemp wool as insulation material can help
to save up to USD 18,286.3 annually, which is costly for a developing country such as
Burkina Faso.

Dlimi et al. [47] assessed the usage of hemp as an insulating material for external
building walls in Meknes. Kon et al. [48] studied hemp as an insulating material in external
walls, ceilings, and floors. The findings of this paper are identical to their previous findings,
putting hemp wool as one of the best bio-sourced insulation materials. Hemp wool should
be widely recommended for existing and future construction, especially in sub-Saharan
African countries.

5.2. Bio-Sourced and Recycled Insulation Materials as Renewable Materials

One of the greatest advantages of natural materials such as plant-based fibers and
animal fibers such as wool, is that their manufacturing and transportation need less carbon
dioxide and energy, just as previously mentioned in [25–29]. Bio-sourced or recycled
materials are renewable, sustainable, low-density, and economical resources [13], and the
findings in this study confirmed that. Internationally, eco-friendly building materials are
regaining popularity. Greenery systems are considered passive approaches for energy
savings and acoustic insulation in buildings [14–16]. Regardless of the insulation material
chosen, they are all renewable and sustainable:

• Straw bales: Even though they may (and should) be pushed back into the soil to
promote soil fertility, many farmers burn their excess straw. Instead of burning straw
to prepare fields for later harvests, straw bales may play a crucial role in the shift to
ecological construction options.

• Reed: The common reed is an invasive plant that grows naturally in wetlands, such
as ponds or along the sides of lakes or rivers; it does not need any treatment, merely
good climatic and environmental circumstances.

• Hemp wool: Industrial hemp is non-intoxicating (0.3% tetrahydrocannabinol or THC)
and renewable. It does not need herbicides or pesticides to grow [66].

• Recycled glass wool: It is recycled material from waste printed circuit boards (WPCB)
used as sound absorption and thermal insulation material. Glass wool was obtained
through a fluidized-bed recycling process [68].

Another advantage of these materials is the fact that they can be reused or recycled.
Recycling reduces overall environmental effects, including resource consumption and waste
production. Reuse and recycling are considered the optimum waste treatment operation,
permitting subsequent usage of waste among waste management strategies [17–20]. By
using straw bales, glass wool from recycled materials, hemp wool, and reeds as insulation
materials to study and compare their performance in the reduction of energy consumption
and improving thermal comfort in an office building in Burkina Faso, the authors of this
paper pointed out the importance of using renewable resources and those accessible for
building insulation a part of their methodology to contribute to preserving the environment.

5.3. Supportive Policies to Promote Bio-Based and Recycled Insulation Materials to Invigorate a
Circular Economy in Burkina Faso

Effective adoption and diffusion of bio-based and recycled insulating materials in
Burkina Faso demands decisive action to transform the building industry into one that
is more suitable. To stimulate Burkina Faso’s circular economy, construction industry
regulations should translate into the application of insulation standards to all building
systems, including installation and management systems, and the use of locally produced
bio-based and recycled insulating materials. Table 3 summarizes the strategies and different
supportive policies for an effective implementation.
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Table 3. Strategies for implementing bio-based and recycled insulation materials in Burkina Faso
office buildings.

Strategies Implementing Solutions

Conservation of natural resources through regulating limited
stocks and balancing renewable resource flows

• Local climate comes first. Everything must be climate-appropriate. Climate change
necessitates flexibility. Adaptable passive solutions may lessen climate change’s detrimental
consequences. Sub-Saharan constructions will be stronger.

• To extract these bio-based and recycled insulating materials, present and future infrastructure
must be redesigned to accommodate new, scalable technologies. Key priority areas include
enhancing and optimizing technological efficiency appropriate to Burkina Faso, as well as
examining a range of transportation and local production options for large- and small-scale
transition and distribution of these bio-based and recycled insulating materials for resource
optimization.

• The building insulation industry in Burkina Faso is still in its development and offers ample
possibility for expansion across sprawling communities. Along the transition value chain,
such possibilities may be used by entrepreneurs. Redesigning also assures that
socioeconomic, environmental, and industrialization objectives continue to be realized.

Optimize resource outputs by continuously recirculating
products, components, and materials at their greatest
usefulness in both technological and biological cycles.

• Governments (via policies and guidelines, standards, incentives for green and circular
products, etc.), manufacturers, recyclers (via sustainable waste management, close
collaboration with manufacturers, etc.), suppliers (via sustainable sourcing, promotion of
recycled materials and products, etc.), designers, researchers (via those who develop
technologies, invent new materials, etc.), etc. should be devoted to establishing a more
adaptable company strategy based on the local culture, economics, and climate to foster
bio-based and recycled insulation materials.

• Develop standards for the specifications of recycled items (especially old buildings’ windows
glass, which can be reused and transformed into glass wool) and provide incentives for their
use.

• Establish financial incentives and a platform for material circularity.
• Local governments and decision-makers should actively promote the recycling of straw bales,

especially after the harvest time, instead of letting the local farmers burn them.
• Local governments and decision-makers should implement hemp and reed cultivation

(which can be easily done in Burkina Faso climate) for building insulation purposes.

Drive system efficiency by exposing and designing negative
externalities

• Throughout this value chain, the growth of human capital and technical and non-technical
resources (policymakers, decision-makers, investors, government, civil society, and so on) are
essential.

• Where systems already exist, rigorous networking and communication platforms for built
environment end users, collaborating professionals, and experts should be established
and/or re-vitalized to create a multi-directional communication platform with empowering
content in the construction industry.

• Technologies need to be locally adapted to local culture, economy, natural resources, skills,
and knowledge.

• The government may serve as a cornerstone in the training of locals so that they can better
comprehend the purpose, indicators, frameworks, rules, and policies of building insulation
with bio-based and recycled materials.

• Building occupants’ behavior needs some change toward a more efficient way.
• Local culture must regain popularity on an individual scale to stop copying other lifestyles.
• Promote waste management implementation at every scale to ensure a better building

end-of-life situation.

5.4. Future Research

This research found that bio-sourced insulating materials (straw bales, hemp wool,
and reed) are renewable, and Burkina Faso’s environment is suitable for growing and
harvesting them, while recycled materials encourage recycling and reuse. However, this
study also has some limitations, which open some room for further studies. Typically,
passive solutions do not need a major increase in investment costs; however, establishing a
good construction industry with these insulation materials need further investigations and
research which can be mentioned as future research.

• Firstly, additional experimental investigations are needed to confirm whether or not
the insulation materials perform well for the outer walls and for the interior parts
of buildings.

• Secondly, the choice of the overall best bio-sourced and recycled insulation materials
also needs to consider the initial cost. Future research should focus on comparing the
initial cost of implementing these locally insulation materials with the cost savings
from the energy reduction they would provide to see when and which insulation is
the most profitable.
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• In addition, it is recommended that the same approach be employed in other places
with similar weather patterns and that benchmarking be undertaken among the sub-
Saharan regions.

• Finally, future studies should also investigate how mathematics may be utilized to
construct algorithms that determine the optimal insulating material thickness based
on life cost analysis and performance in sub-Saharan nations.

6. Conclusions

This article intends to enhance the energy efficiency of office buildings in Burkina
Faso by assisting architects and policymakers in selecting the optimal design early in the
building design process or even in existing buildings. In this study, simulations of bio-
sourced and recycled insulating materials were conducted in two rounds to determine the
optimal insulation material for thermal comfort enhancement and energy consumption
decrease in a multi-story office building in Ouagadougou. The first round concentrated
on the insulation of external walls, and the highest-performing insulation material was
retained for the second phase, which focused on the insulation of the roof and interior floors.
From the investigation’s findings and analysis, the following conclusions may be drawn:

i. Located in Ouagadougou (12.353◦ N, 1.512◦ W, and 316 m above sea level), a four-
story “H”-shaped office building made of cement blocks with a fixed north–south
orientation, a 30% wwr with single RAL blue-tinted 6 mm windows with standard
horizontal louvers used as the shading device and was used as a base case to
conduct the research.

ii. In the first round, hemp wool was the best performing bio-sourced insulation
material to use on walls, providing 11.3% and 15.3% of annual energy demand and
cooling energy demand, respectively.

iii. Hemp wool had the least annual heat transfer on the wall, 12,583 kWh, which
represents a 90.86% reduction and contributes to reducing the DDH by 12.6%.

iv. The outcomes of the second round of simulations also confirmed hemp wool as the
best-performing bio-sourced insulation material for roof and internal floors, helping
to reduce 17.7% and 25.8% annual energy consumption and annual cooling energy
demand, respectively.

v. Hemp wool impacted the heat transfer of the roof and internal floors by an 85.1%
and 88.1% reduction, respectively, while the DDH was reduced by 17.6%.

vi. Overall, all the insulation materials studied in this paper had some performances
that were more or less within the same range without any vast differences.

vii. The availability of these bio-based and recycled insulation materials may also serve
as proof to foster a circular economy in Burkina Faso’s construction industry.

Based on the collected data, it can be stated that excellent insulation and hot climates
such as those in sub-Saharan countries are not mutually opposed. Additionally, there is
no conflict between energy conservation and human comfort. When sensibly planned and
managed, low-energy buildings with high-insulation layers and a tight outside envelope
will provide thermal comfort for occupants. This approach brings modern architecture
closer to the concept of sustainable development. Instead of heavily relying on HVAC,
especially in an energy-poor developing nation such as Burkina Faso, the experts and
promoters should concentrate on integrating insulation during building construction or on
an existing building. Furthermore, this research demonstrated the possibility to foster a
circular economy in Burkina Faso’s construction industry and opened different paths for
future research.

This study faced several limitations. Choosing to perform comparative studies on
office building insulation materials in a developing country where there are few digital
databases and researchers have little expertise with this kind of research results in the
following constraints. Access to online databases was restricted and only possible via the
deployment of gatekeepers. When attempting to gain access to the databases or to use in-
formation gained from design and construction professionals in the research, the researcher
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was often met with suspicion from organizations and stakeholders. This was especially
true for government-employed design and construction professionals. Consequently, the
researcher was restricted to studying just a limited set of bio-based and recycled insulating
choices. This article’s fundamental analysis included several restrictions and still leaves
many specific problems to be answered in the future. The dependency of the stated findings
on the size of the space, its geometry, or the local environment is a significant consideration.
This essay focused on a building on a south–north axis orientation. A similar study should
be conducted for buildings with other orientations. Keeping this in mind, the issue of
employing external components with differing attributes based on the orientation of the
partition may also be raised. Another new perspective is the thickness of the bio-sourced
and recycled materials, which requires further studies.
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Nomenclature

XPS extruded polystyrene
THC tetrahydrocannabinol
DDH discomfort degree hours
KWh kilowatt-hour
WPCB waste printed circuit boards
SHGC solar heat gain coefficient
TRY test reference year
HVAC heating ventilation and air conditioning
PMV predicted mean vote
WWR windows-to-wall ratio
VLT visible light transmittance
EPW EnergyPlus weather
PPD predicted percentage of dissatisfied
ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers
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