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Abstract: The outdoor climate is expected to undergo significant and extreme changes.
These changes may lead to increased building requirements depending on their location.
This is critical, as human beings tend to spend a large part of their time inside buildings.
Accordingly, it is crucial to take future conditions into account to ensure an adequate indoor
climate, simultaneously meeting the current drive for decarbonization of the built envi-
ronment. One avenue is opting for thermally efficient building products and technologies
with a lower carbon footprint to guarantee a comfortable indoor climate while minimizing
energy consumption. This study focuses on the Northeast region of Brazil, specifically
its nine states, given the usage of specific passive thermal strategies in new buildings
that have high compensatory energy consumption. This is achieved through developing
computational thermal models of a housing unit in a multi-family building, commonly
constructed in several cities in this region. This thermal model was employed to analyze
indoor thermal comfort, energy consumption, and carbon footprint. To account for future
climate projections, the analysis includes scenarios based on Representative Concentra-
tion Pathways 4.5 and 8.5. The efficiency of certain sustainable passive rehabilitation is
demonstrated in this region, highlighting the importance of adopting passive and efficient
thermal measures appropriate to the region’s climate.

Keywords: bio-based thermal insulation; sustainability; thermal comfort; energy consumption;
climate change; built environment

1. Introduction
1.1. Background

The climate is expected to undergo significant changes, which will be more substantial
at the end of the century and dependent on its location on the globe [1]. Eurostat’s
data indicated that from 1979 to 2022, the cooling degree days have increased fourfold.
However, the heating degree days decreased by 19% [2]. These changes will most probably
impose location-dependent building design requirements. For instance, the expected
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increase in air temperature and frequency and magnitude of heat waves will result in an
increase in overheating inside buildings [3]. This overheating increase will cause discomfort
and harm to the occupants’ health or increased air conditioning energy consumption
unless buildings are properly prepared to adapt to these future conditions. Consequently,
greenhouse gas (GHG) emissions are emitted from the continuous power generation
using fossil fuels for active cooling systems [4]. Silva et al. [5] indicated that the building
age significantly influences the demand for cooling loads. This is due to not only the
degrading building construction properties over time, including air tightness and thermal
insulation [5], but also because the buildings were built complying with a lower level of
requirements compared to current requirements.

Residential and commercial buildings’ energy consumption accounts for 20.1% of
the global consumed energy [6]. This is a consequence of the significant amount of time
spent by human beings inside buildings [7]. This forces an adequate indoor climate to be a
critical factor that must account for the building’s location, as well as its potential future
conditions. Additionally, it is vital to meet the current built environment decarbonization
drive, opting for solutions with a lower carbon footprint [8]. The indoor environmental
conditions are critical to enhance occupants’ comfort and well-being [4], highlighting the
importance of the buildings’ energy efficiency. Subsequently, 16 to 50% of the energy is
consumed from the adjustment of indoor climatic factors by the occupants [4]. Indoor
comfort is compromised without the inclusion of future climatic changes because of the
increased heat gains through the envelope. Accordingly, the implementation of passive
strategies using future dynamic climatic conditions instead of the static conditions has
become crucial [9].

Less than 10% of the European buildings are air-conditioned [10] with no consideration
of future climate change projections. Consequently, significant pressure is exerted on
natural resources to accommodate the hot–dry climates’ cooling needs for attaining the
occupants’ comfort [11]. Despite the availability of variant passive cooling strategies (PCSs)
to be employed on buildings in hot climates, active air-conditioning usage is prioritized [10].
Accordingly, for the achievement of adequate indoor comfort and optimum operating
energy savings, more insulation products and mechanical technologies are employed,
increasing the embodied carbon emissions [12]. For these emissions’ reductions, one of
the adopted approaches is the use of bio-based insulation products. This can be achieved
through, for example, the usage of recycled organic materials including coconut fiber, pine
wood chips, shredded pine wood, pine bark, peat moss [13], and wood wool, in addition to
bio-based acoustic insulating products like the ones based on Arundo donax [14].

1.2. Overview of Previous Studies

For limiting the effects of temperature increase in Brazil, mitigation strategies should
be employed to ensure buildings’ energy efficiency [15]. Accordingly, passive strategies are
implemented and assessed through energy simulations for energy efficiency and building
performance evaluation [16]. For the PCS’s implementation, it involves the design ap-
proach, building envelope, and cooling/heating systems. Regarding the design approach,
it includes orientation, roof shapes, courtyards, window-to-ground ratio, and height-to-
depth ratio. For the building envelope, external and internal walls, including external
wall coatings, and roof properties, shading devices, window-to-wall ratio, single- and
double-glazing types, and cool roofs [10].

The cool roofs strategy is employed in hot–dry climates [10]. Dabaieh et al. [11] have
studied the cool roofs approach for an Egyptian residential building for cooling energy
consumption reduction. This is achieved through simulating 37 roof design solutions,
incorporating the roof shape and materials as variables. The optimum roof shape is the
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vaulted roof, with indoor temperature reaching 31 ◦C, followed by the domed and the
flat roofs. The materials included are thermal insulation, air gap, high albedo paint, and
water pond [11]. Cool roofs are a cost-efficient passive approach for indoor thermal comfort
enhancement and heat gain reduction. However, for example, in Egypt, it is not reinforced
by policies to include insulation for initial construction and building retrofitting [11].

As per Hu et al. [10], several PCSs have been reviewed to examine their effectiveness
on (1) thermal indoor comfort, (2) indoor temperature decrease, (3) cooling load reduction
in hot climates, and (4) thermal comfort hours extension. Thermal inertia and thermal
resistance are critical properties of the envelope’s external walls affecting the thermal
indoor comfort. Thermal inertia represents the building components’ solar heat absorption
ability without their indoor temperature increase, dependent on the material and insulation
types. For thermal resistance, it depends on the outer paint or cladding reflectivity and the
insulation type on resisting the heat flow [10].

Harkouss et al. [17] have simulated 25 different climates for the cooling and heating
loads reduction, considering the occupants’ adaptive behavior through the inclusion of nat-
ural ventilation and internal shading. The researchers indicated that the passive strategies
for hot climates should employ thermal transmittance reduction to 0.2 W/(m2·K) for walls,
roofs, and ground. Regarding the glazing, the thermal transmittance should be as low as
1.26 W/(m2·K) [17]. The authors indicated that for regions of cooling loads, the usage of
high levels of walls, roofs, and ground insulation confines the internal heat gains inside
the envelope, leading to the cooling loads increasing [17]. This is referred to as the heat
trap effect, which can also occur in cold climates [5]. For regions with cooling and heating
loads, walls and roofs should be well insulated, with ground thermal transmittance of
more than 0.3 W/(m2·K) for the heat to travel through it [17]. Consequently, passive design
parameters and building materials and products optimization effectiveness depend on the
climatic region [16]. It also depends on occupants’ use; when the doors and windows are
left open for long periods, namely for cross natural ventilation, insulation of the building’s
envelope is not as important.

Liu et al. [9] have developed a global sensitivity analysis indicating that the Solar Heat
Gain Coefficient (SHGC) is the most significant passive design parameter, followed by the
wall solar absorbance and overhangs projection factor [9]. Window glazing for regions of
cooling loads is required to be double glazed with low emissivity to limit the heat transfer
from the external environment. However, glazing for the region of cooling and heating
loads should be well insulated to limit heat transfer from the external environment [17].
Mohammadi and Daraio [6] undertook a residential building case study in Iran, which has
a hot and humid climate, employing a real-life occupancy schedule and hourly weather
data using DesignBuilder v.6 [18]. The authors utilized two case studies, a baseline and
a developed case study, using low-emissive glazing with lower SHGC and Direct Solar
Transmittance (DST), insulation, and domestic hot water pre-heating [6]. Also, a study has
been developed by Dalbem et al. [19] in Southern Brazil using EnergyPlus® [20] software for
the thermal and energy performance assessment, to be evaluated by the Brazilian Energy
Efficiency Regulation and Passive House standard using external envelope solutions.

Adapting buildings is crucial for reducing the future climatic changes implications [15].
To forecast these future climatic changes, Representative Concentration Pathways (RCPs)
were issued in 2014 as future weather datasets [9]. To be prepared for these climatic
changes, adaptable strategies that can be controlled by occupants should be adopted [2].
These strategies include indoor shading devices and cross ventilation, such as opening
windows when outdoors is cooler than indoors. These RCPs constitute 2.6, 4.5, and
8.5 scenarios, which are projections of the carbon dioxide concentrations, temperature
increase, and climate forcing [21]. Vázquez-Torres et al. [21] have employed the passive
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cooling strategies on a historic building in Mexico, employing the climate change future
projections of 2050 and 2100 with the current data of 2022. The amount of 2 ◦C is reduced
by the current scenario and the same value by the 2100 future projections employing
natural and mechanical ventilation from a fan and double roof [21]. For passive cooling
strategies, the usage of natural ventilation and shading devices can reduce the mechanical
cooling needs up to 84% under the RCP 4.5-2040-2049 [5]. Residential units case stud-
ies have been employed in São Paulo, Brazil, for seven different climate scenarios using
(1) Test Meteorological Year (TMY) of 1975–2014, (2) near future 2015–2044, (3) interme-
diate future 2045–2074, and (4) far future 2076–2096 employing the RCP 8.5 scenario [15].
Alves et al. [15] have used EDSL TAS [22] software for the thermal analysis for assessing
adaptive comfort models.

Stephan et al. [23] indicated that the existing studies employing passive strategies,
using, for instance, insulation products, exclude the quantification of the emitted carbon
impacts from its production [23]. This is critical, as the construction industry is liable
for 25–40% of the global carbon emissions. One of the tools employed for the life cycle
emissions assessment and reductions quantification is the Life Cycle Assessment (LCA) [16].
Stephan et al. [23] have undertaken a Belgian passive house case study with insulated
walls, ground floor, roofs, and triple-glazed windows with low emissivity. Transportation
emissions per household are quantified, along with the initial and recurrent embodied and
operational energy emissions. The authors have optimized the case study to assess the life
cycle energy demand, indicating that the operating energy is about 40% of the total energy
consumed [23].

Several studies have assessed the availability and the characteristics of agro-forestry
industry wastes and byproducts that can be used as building materials to produce bio-
based composites in several regions of the world, namely in the Mediterranean region [24].
Several researchers have tried to define test procedures for vegetal-based composites [25,26].
Bio-based boards, and namely vegetal waste-based ones, have been evaluated for thermal
and acoustic insulation purposes. Cintura et al. [27] assessed the effect of different adhe-
sives to produce vegetal-based insulation composites. Elmoudnia et al. [28] studied the
use of doum palm fibers to produce insulation composites with citric acid and glycerol
as binders. Cintura et al. [14,29] tested Arundo donax and hazelnut shells with sodium
silicate composites to improve indoor comfort. A review developed by Bourbia et al. [30]
was developed to compare different building walls. The authors have stated that the
U-values for walls with bio-based insulation in different countries were reduced by 17 to
94% from un-insulated walls or the ones with polystyrene synthetic insulation [30]. In
Algeria, a new bio-based product was developed from date palm trunks to be compared
to the traditional insulation products, including glass wool and expanded polystyrene
(EPS) insulation. This bio-based insulation had physical properties close to these com-
monly used insulations [31], ensuring that bio-based products can be used for a more
circular approach. Several researchers have studied hemp-based composites. For instance,
Kubiś et al. [32] assessed the thermal conductivity of a hemp–magnesium binder composite,
and Gourlay et al. [33] assessed the effect of water content on the acoustic and thermal
insulation of hemp concrete.

Falegari and Shirzadi Javid [16] have employed Building Information Modeling (BIM)-
based LCA on a residential building, considering the climatic changes in three different
regions and employing some passive strategies [16]. The used tools include (1) Autodesk
Revit [34] for modeling, (2) Green Building Studio [35] for energy simulations, (3) Autodesk
Insight [36] for the passive design parameters optimization, (4) OneClickLCA [37] for
the environmental impacts quantification, and (5) Dynamo [38] for the building elements
changes identification. The results indicated that the usage of EPS insulation increased the



Buildings 2025, 15, 1497 5 of 19

GHG emissions produced. However, it reduced the energy consumption by more than 20%
of the base scenario [16]. Furthermore, Vettorazzi et al. [39] have developed three single-
family houses as case studies for evolutionary algorithm employment to find the building
envelope’s geometrical optimum solution for reducing energy consumption. These case
studies’ energy simulations are performed in different climatic regions in southern Brazil,
evaluating the critical relationship between windows-to-wall ratio and shading devices to
prevent having unprotected glazing areas [39].

Mohammadi and Daraio [6] included both the produced energy consumption and
carbon dioxide emissions. Employing the considered passive strategies in this study
has reduced the energy consumed by 20% and carbon dioxide emissions by 18.7% [6].
Mazur et al. [40] developed an LCA study including the A1 to A3 stages for different wall
types based on wood and brick for the employment of the passive standards through the
U-value assessment.

1.3. Scope and Objectives

The Northeast region of Brazil, like many other regions of this country and other
tropical countries, has mostly Aw, As, and BSh climates corresponding to the Köppen
climate classification [41]. In this type of climate, the applied measures were often natural
ventilation and adequate size of windows with specific exposure and shading devices,
which contributed to improving the comfort conditions of residential buildings.

However, currently, many buildings are designed and built without employing passive
technologies in this region of Brazil. These buildings often do not include thermal insulation
materials in their envelope elements (exterior walls and roof) nor an appropriate glazing
and shading system. Furthermore, not all building occupants can afford the highly priced
air conditioning equipment and the associated energy consumption. Even more so since it
is expected that the regions across Brazil will become warmer by an average of 1–6 ◦C by
2100, relative to 20th-century averages [15].

Therefore, this study focuses on the Northeast region of Brazil, given the lack of
employment of passive energy efficiency and thermal reinforcement solutions, which lead
to high compensatory energy consumption. Consequently, its main objective is to show
how sustainable passive rehabilitation actions can be energy efficient in the region while
having a lower CO2 footprint than more conventional solutions. In addition, climate change
weather files that correspond to RCP 4.5 and RCP 8.5 for the mid- and end of 21st century
are used to account for the expected variability of the outdoor climate.

This is achieved using a thermal model of a housing unit on the top floor of a typical
residential building for eleven cities of different climate conditions in this region. The
thermal comfort inside the building and its energy consumption are simultaneously an-
alyzed to obtain the efficiency of the selected renovations. As Brazil’s residential sector
consumes 21.5% of the total consumed electrical energy [19], a Life Cycle Assessment (LCA)
analysis is carried out to show the minimizing potential, in terms of the energy emissions
produced, associated with the use of bio-based insulation when compared to the more
conventional solutions, like synthetic thermal insulation (e.g., EPS and XPS). This sort of
bio-based insulation building product is especially important in Brazil given the need for
new buildings [42], the lack of insulation on existing buildings, and the great potential in
manufacturing bio-based products in this country [43].

2. Methodology
2.1. General Considerations

This study aims to assess the importance that passively and adequately rehabilitating
buildings can have in the Northeast region of Brazil [44]. This is carried out in order to
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prevent discomfort and excessive energy consumption due to expected future climate
changes. Accordingly, a multi-phase methodology (Figure 1) commences by developing
a thermal computational model of a multi-family building using the WUFI®Plus version
3.1.1.0 [45]. This is performed by using both contemporary—2020—as well as future climate
files—2060 and 2100—and for two climate change scenarios—RCP 4.5 and RCP 8.5.
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The conditions obtained are evaluated in terms of energy consumption (kWh/m2·year)
and thermal comfort using the Predicted Percentage of Dissastified index (PPD, %). This is
performed in order to identify simple rehabilitation measures with the potential to signifi-
cantly contribute to reducing energy consumption and carbon dioxide emissions. These
values are quantified using a simplified LCA analysis through OneClickLCA software (con-
ducted previously, e.g., [46,47]). Only A1–A3 stages are included, which corresponds to the
product stage. They constitute the raw materials extraction phase (A1), their transportation
phase to the factory (A2), and the product manufacturing phase (A3).

To achieve the objectives of this study, 143 thermal simulations were run in WUFI®Plus.
Additionally, MATLAB version R2024b [48] is used to efficiently evaluate the data obtained
from the simulations.

2.2. Case Study and the Computational Model

In order to achieve the objectives of this study, a thermal computational model of
a new 10-story building was developed. This building is representative of the existing
multi-family buildings in cities of the Northeast region of Brazil, which is shown in Figure 1.
To develop an efficient and robust case study, given the high number of simulations needed
for the whole 10-story building, only a fraction of the housing on the top floor is considered
for stimulation, considering that it has a floor area of 100 m2.

This model is generated on the WUFI®Plus software, which requires a huge amount
of input data, including (1) building geometry, (2) outdoor climate, (3) building envelopes
(thicknesses and basic and advanced properties), (4) surface coefficients, (5) internal gains,
(6) ventilation, and (7) climate control systems, among others [49]. Regarding the internal
gains—including heat, humidity, and CO2 generated from equipment, lighting systems,
and occupants—the adopted daily profiles correspond to the typical residential buildings’
use, both during the week and on the weekend.
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According to Hu et al. [10], external walls and roofs are the most studied passive
strategies, and the glazing thermal transmittance evaluation is always coupled with other
passive strategies. East (E) was selected as the main facade orientation for the top-floor
residential unit for all the selected cities (see Section 2.3). This orientation is chosen as it
receives the highest sum of incident solar radiation annually. Therefore, the residential
unit’s glazing area is considered to correspond to 15% of the floor area. This percentage
corresponds to 15 m2 and is distributed as follows: (1) 5 m2 for facades facing east and west,
(2) 3 m2 for facades facing north, and (3) 2 m2 for facades facing south. These proportions of
the glazed openings are selected based on the overall radiation incident on the four facades
for the selected climates. The assumed properties for glazing are presented in Table 1,
assuming that there are no shading devices.

Table 1. Characteristics assumed for the glazing in the computational model.

Windows Uw
[W/(m2·K)]

Solar Factor
[-]

Glazing
Percentage

[-]

6 mm Single Glazing 5.70 0.87 0.70

The residential unit elements’ compositions assumed in the computational model are
presented in Table 2. These construction compositions are selected as a representation of
the real-life construction layers applied in buildings in the Brazilian Northeast region. A
solar absorption coefficient of 0.3 is assumed, which corresponds to a light-colored painted
plaster [50], typically used in the region under analysis. Nevertheless, it should be noted
that for the exterior wall, the thermal conductivity of the brick is presented as a function
of its thickness, which can be used for identifying the thermal resistance of the walls. In
addition, Table 3 presents the material properties of the improvement measures tested in
Section 3.4.

Table 2. Construction elements assumed in the computational model and properties of the respective
layers, thickness, thermal conductivity, and thermal resistance (values based on [45,51]).

Element Layer Thickness
[mm]

Thermal
Conductivity

[W/(m·K)]

Thermal
Transmittance

Coefficient
[W/(m2·K)]

Exterior
Wall

Rendering mortar 15 1.30
2.30Brick 150 0.60 *

Plastering mortar 15 1.30

Roof

Waterproofing
(PVC membrane) 1 0.16

2.60Screed with low pendant 100 0.70
Concrete slab 200 2.00

Floor

Ceramic tiles 10 1.30

2.00
Screed 50 1.00

Concrete slab 200 2.00
Plastering mortar 15 1.30

* equivalent thermal conductivity of the brick layer as a function of its thickness.

2.3. Selected Climates

For developing the case study, eleven cities were selected as representative of the
climate in Northeast Brazil, as shown in Figure 2. Each city is chosen as a representative
of their state, as they have the highest population density in the state. Accordingly, they
are subjected to the highest effects of temperature increases due to anthropogenic reasons,
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especially the Urban Heat Island (UHI) effect [52], which is intensified by climate change [4],
raising the temperature near the surface [15]. The only exceptions are Floriano (state of
Piaui) and Jacobina (state of Bahia), so there is great coverage of these two larger states, and,
at the same time, more inland cities since only one inland city has the highest population
density in a state (i.e., Teresina).

Table 3. Retrofit measures applied to the exterior envelope (walls and roof) and properties of the
respective layers, namely, thermal conductivity and bulk density (values based on [45]).

Retrofit Element Layer
Thermal

Conductivity
[W/(m·K)]

Bulk Density
[kg/m3]

Exterior Walls
1–Molded expanded
polystyrene (EPS) 0.040 40

2–Lightweight
hemp-based boards 0.038 50

Roof
1–Extruded expanded
polystyrene (XPS) 0.039 40

2–Lightweight
hemp-based boards 0.038 50
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As depicted in Figure 2, most of the selected cities are located along the coast, except
for Teresina, Floriano, and Jacobina, which are located inland within the states of Piauí and
Bahia, respectively. It is expected that the climate change effect, in terms of temperature
increase, will have a smaller effect on cities located along the coast than on cities located
inland due to the buffering effect of great volumes of water, like oceans [53].

The average annual temperature (Taa), average annual relative humidity (RHaa),
accumulated annual precipitation (P), and average annual global solar radiation (GRaa) of
the selected cities’ climates are evaluated, as listed in Table 4. This table shows values for
contemporary conditions (i.e., Ref. for 2020) and for future expected conditions—RCP 4.5 at
2100 and RCP 8.5 at 2100, respectively. The intensity of the colors in Table 4 is proportional
to the values.
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Table 4. Characterization of selected climates in terms of temperature (◦C), relative humidity (%),
precipitation (mm), and global radiation (W/m2) for contemporary conditions (Ref.), and for expected
conditions for scenarios RCP 4.5 and RCP 8.5, both at the end of the century. The intensity of the
colors is proportional to the values.

Representative City Typology
Taa [◦C] RHaa [%] P [mm] GRaa [W/m2]

Ref. RCPs Ref. RCPs Ref. RCPs Ref. RCPs

São Luís (SL) Coast
29.8 77% 2037 221.4

27.5
31.7

77%
77%

2021
1961

215.6
215.9

Teresina (T) Interior
31.5

68%
68% 1435 233.5

28.9
33.6 68%

1461
1356

228.1
229.1

Fortaleza (F) Coast
29.2 76% 1084 230.9

27.1
30.9

75%
76%

1021
1101

227.6
224.2

Natal (N) Coast
28.3 78% 969 225.7

26.5
30.0

78%
79%

948
920

223.5
220.4

João Pessoa (JP) Coast
27.7 79% 1150 229.9

25.8
29.5

79%
79%

1134
1068

226.6
224.7

Recife (R) Coast
28.8 76% 1203 226.4

26.9
30.6

76%
76%

1182
1118

222.5
221.6

Maceió (M) Coast 25.1
27.1 84% 2059 231.2

28.9
83%

83%
2105

2037
226.8

226.0

Acaraju (A) Coast
27.9 77% 1923 228.4

25.7
29.7

77%
77%

1966
1976

222.4
223.2

Salvador (S) Coast
28.4 79% 2243

208.5
215.3

26.1
30.2

79%
79%

2262
2322 209.6

Floriano (F) Interior
31.6 68% 817 236.2

30.4
33.8

68%
68%

797
760

234.2
234.5

Jacobina (J) Interior
28.8 72%

653
696 234.5

28.0
30.7

72%
72% 799

233.1
228.6

It is found that the mean temperatures of the selected climates are all above 25 ◦C,
with Floriano having the highest value. It is also visible that this average will increase due
to climate change, with RCP 8.5 corresponding to the highest increase (e.g., 33.8 ◦C for
Floriano). In terms of relative humidity, Maceió has the highest value of 83%, and Teresina
and Floriano, both interior cities, have the lowest value of 68%. Climate change does not
lead to significant differences in terms of relative humidity.

Regarding precipitation, the accumulated values are considerably variable. The max-
imum value reaches above 2200 mm in Salvador and 650 mm in Jacobina, being the
minimum value for the contemporary conditions. Climate change effects on precipitation
differ according to the assessed location. In some locations a small increase is expected,
while for others a small decrease is expected in relation to the reference case. Finally, for
the radiation, all the selected climates have mean annual values above 200 W/m2, with
Floriana and Jacobina having the highest values. It is also visible that global radiation is
expected to increase with climate change in most cases.

The climate files, which characterize the climate of the selected cities analyzed in this
study, were obtained using Meteonorm version 8 [54], weather file generating software that
can generate 10-year periods of future weather files for RCP 2.6, 4.5, and 8.5. The files with
contemporary data (2020) are used as a reference, while the future climate files correspond
to the near future (2060) and the far future (2100). Using these three different period files
allows the assessment of the expected evolution of the climate over time and, consequently,
its influence on the residential unit and its indoor climate. Finally, the following two
climate change scenarios are used: (1) RCP 4.5, which corresponds to the average emissions
scenario, and (2) RCP 8.5, which corresponds to the extreme emissions scenario [1].
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2.4. Energy Consumption Indices

For the purpose of identifying energy consumption associated with the expected
heating and cooling consumption, a prior analysis is carried out using the following indices:
(1) Heating Degree Days (HDD, ◦C) and (2) Cooling Degree Days (CDD, ◦C). The following
equations were used to calculate HDD Equation (1) and CDD Equation (2), respectively:

if Tm ≤ 15 ◦C then HDD = ∑i (18 ◦C − T i
m)

if Tm > 15 ◦C then HDD = 0
(1)

if Tm ≥ 24 ◦C then CDD = ∑i (T i
m − 21 ◦C)

if Tm < 24 ◦C then CDD = 0
(2)

In Equations (1) and (2), Tm corresponds to the average daily temperature, in ◦C.
Additionally, the heating season duration (HS, in days) and the cooling season duration
(CS, in days) are calculated. These durations consist of the days on which the conditions of
the HDD and CDD are verified, respectively. The HDD is calculated for all cities according
to Equation (1). However, since the average daily temperature is always above 15 ◦C, then
the HDD and HS values are zero for all selected cities, so they are not presented.

2.5. Thermal Comfort Indices

The assessment of the indoor environmental quality (IEQ) is centered on four main
connected fields [55], namely: (1) thermal comfort, (2) indoor air quality, (3) visual comfort,
and (4) acoustic comfort. Here, thermal comfort was analyzed due to this paper’s goal to
assess the expected discomfort inside buildings in the Northeast region of Brazil in the
coming future. Thermal comfort was assessed using the Predicted Percentage of Dissastified
(PPD, %), which is calculated based on the PMV [56] using Equation (3):

PD = 100 − 95·exp(− 0.003353·PMV4 − 0.2179·PMV4
)

(3)

PPD gives the percentage of people that classify the assessed indoor climate as uncom-
fortable, i.e., either classify it as too cool (−2 or −3, in the seven-point thermal sensation
scale [56]) or too warm (+2 or +3, in the seven-point thermal sensation scale [56]). This,
evidently, means the bigger the PPD value, the worse classified is the indoor climate by the
generality of its occupants. The minimum value for the PPD index is 5% [56].

The European standard EN 16798 [57] states that for buildings of type II, a typical
category for residential buildings, the PPD should be lower than 10%. Here, the thermal
comfort figure (Figure 6) presents the number of hours per year (in percentage) that this
limit is surpassed during operating hours. This allows us to have a single value that
represents the whole year per selected climate, easing the comparison.

2.6. Cost Calculations

For the cost quantification associated with the building elements’ direct costs, in-
cluding material and installation purposes, the building elements’ areas and per-unit cost
information are required. The elements’ areas of the retrofit scenarios, including external
walls and roof, are calculated from the developed model. With the identification of the cost
information per meter squared [58], the cost is calculated for the selected improvement
measures, respectively—Equation (4):

TC = C × A (4)

In Equation (4), TC corresponds to the total cost per building element of each retrofit
scenario (EUR), C is the cost per square meter (EUR/m2) of each retrofit scenario, and A
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is the total area of the building element (m2). The windows were not included in the cost
calculations, as their areas are much smaller in comparison to the wall and roof areas.

3. Results and Discussion
3.1. Future CDD and CS

The CDD is an estimated parameter that allows determining, prior to energy calcu-
lations, the magnitude of cooling energy consumption. In addition, the CS index is also
calculated to determine the cooling season duration. As shown in Figure 3, all the selected
climates have high CDD values under the current conditions, which are higher than 1500
◦C. Additionally, there is a progressive increase in CDD over time, with greater significance
of the RCP 8.5 future climate scenario due to the expected increase in air temperature. The
more severe situation is expected to occur in Floriano (4688 ◦C) and Teresina (4588 ◦C) both
in Piaui state and interior cities (Figure 2).
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Figure 3. Cooling degree days (CDD, ◦C) for the eleven selected climates (city abbreviations in
Table 4) for contemporary (2020), near future (2060), and far future (2100) conditions for RCP 4.5 and
8.5 scenarios.

It is worth mentioning that, for some of the selected cities, e.g., Recife, the CDD value
for 2060 in the RCP 8.5 scenario is higher than the value corresponding to the year 2100 in
the RCP 4.5 scenario. The behaviors illustrated in Figure 3 are verified when compared to
the CS values depicted in Figure 4. Consequently, climate change is expected to substantially
increase the duration of the cooling season for Natal, João Pessoa, Recife, Maceió, Acaraju,
and Salvador, with the most critical impact expected by the end of the century under the
RCP 8.5 scenario. For the other remaining locations, the situation in contemporary conditions
already reached the maximum of the cooling season (i.e., 365 days).
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RCP 8.5 scenarios.

3.2. Energy Consumption

Based on the developed thermal simulations, it is found that current energy consump-
tion is significant and moderately variable among the eleven selected cities. As shown
in Figure 5, Floriano has the highest value, approximately 525 kWh/(m2·year), followed
by Teresina and Jacobina with 435 and 389 kWh/(m2·year), respectively, as expected, and
Maceió with the lowest value, approximately 226 kWh/(m2·year). Furthermore, the energy
consumption values arrangement between the cities for the 2020’s current climate remains
the same.
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Figure 5. Energy consumption for the eleven selected cities for contemporary conditions (2020) and
future conditions (2060 and 2100) for two scenarios (RCP 4.5 and RCP 8.5).

The RCP 4.5 and RCP 8.5 scenarios’ values only increase in magnitude over time.
However, the RCP 8.5 scenario values increase more significantly, as illustrated in Figure 5.
Floriano and Teresina, both interior cities, reach values above 700 kWh/(m2·year) at the
end of the century for the RCP 8.5 scenario. The energy consumption values, shown in
Figure 5, consider solely the consumption due to heating and cooling. The shares due
to the characteristics of the analyzed climates (Section 2.3) are considered zero both for
contemporary conditions and for future conditions.
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3.3. Thermal Comfort

Figure 6 shows, in percentage, the number of hours throughout the year in which
the Predicted Percentage of Dissatisfied (PPD) is higher than 10% during operating hours
for contemporary conditions as well as future conditions for each selected city. It is
depicted that, in all the analyzed cities, this limit is exceeded by at least 40% of the year
for contemporary conditions. The worst case is Floriano (49.6%), while the least worst are
Acaraju and Salvador (both with 40.9%).
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Figure 6. Thermal comfort, in terms of the percentage of the number of hours that the Predicted
Percentage of Dissatisfied (PPD) is higher than 10% during operating hours in a year, for the eleven
selected cities under contemporary and future conditions.

However, it is also visible that there is a substantial increase in the number of users
who consider the indoor climate uncomfortable, especially at the end of the century for RCP
8.5. Teresina and Floriano, both inland cities, are the worst cases. For example, in Teresina,
67.1% of the simulated building users would classify the indoor climate as uncomfortable,
which corresponds to an increase of 24.4% when compared to contemporary conditions.

In sum, many users would classify the contemporary indoor climates as uncomfortable
(at least 40%), but this trend is expected to increase substantially due to climate change,
reaching even more than 65% of the building’s users in some cases.

3.4. Improvement Measures

According to Bourbia et al. [30], straw bale insulation is the optimum one for wall
construction, followed by cellulose fiber reinforced concrete and then hemp concrete. The
selected improvement measures (see material properties in Table 3), which can be applied in
both new and rehabilitated buildings, are the following for each relevant building element,
given the magnitude of the heat exchanges that occur through them:

• Roofing—Application of thermal insulation in panels of: (a) extruded expanded
polystyrene (XPS), synthetic, to be applied over the existing sealing system, under
heavy protection, and (b) lightweight hemp-based boards, to be applied under the
waterproofing system, with the inclusion of an additional thermal insulation, which is
considered to be a good example of bio-based thermal (and acoustic) insulation.

• Glazing—Replacement of single glazing with: (a) double glazing with thermal re-
sistance of 2.6 W/(m2·K) and solar factor of 0.78, and (b) double glazing with equal
thermal resistance of 2.6 W/(m2·K) and low solar factor of 0.09.

• External walls—Application, on the inside, of thermal insulation in plates consist-
ing of (a) molded EPS, synthetic, to be covered with plasterboard plates, and (b)
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lightweight hemp-based boards, and acoustic insulation, which can be coated with
plaster, although it could be left uncoated.

Table 5 shows the energy savings associated with the selected improvement measures
for the walls, roof, and windows. In their respective columns (i.e., Roof, Windows, and
Wall), the previously presented retrofits are assessed individually so that we can ascertain
their respective influence on the performance of the case study. Whereas at the end of this
table (i.e., combination section), two combinations are assessed: C1—Wall Bio, Roof Bio,
and Windows double; and C2—Wall Bio, Roof Bio, and Windows double with low g-value.
The option included only having the bio retrofits for the walls and roof because they have
similar thermal behavior to the synthetic ones (Table 5).

Table 5. Energy consumption and percentage reduction in relation to the reference due to the
application of improvement measures on the roof (placement of synthetic thermal insulation, XPS, or
bio-based thermal and acoustic insulation), walls (placement of synthetic thermal insulation, EPS, or
bio-based thermal and acoustic insulation), and windows (double or double with low solar factor)
for each of the cities analyzed. Combination 1 (C1) corresponds to Wall Bio, Roof Bio, and Windows
double, while combination 2 (C2) corresponds to Wall Bio, Roof Bio, and Windows double with low
g-value. The intensity of the colors is proportional to the values.

Representative
City

Energy Consumption [kWh/(m2·year)] and Energy Savings (%)

Ref.
Roof Wall Windows Combination

XPS % Bio % EPS % Bio % Double % Double
w/low g % C1 % C2 %

São Luís 349 229 34 229 34 288 17 289 17 329 6 282 19 149 57 93 73

Teresina 435 287 34 287 34 354 18 356 18 409 6 360 17 181 58 122 72

Fortaleza 335 220 34 220 34 280 17 281 16 317 5 267 20 145 57 87 74

Natal 298 195 35 195 35 251 16 252 15 282 5 233 22 132 56 74 75

João Pessoa 262 171 35 171 35 225 14 225 14 249 5 199 24 120 54 61 77

Recife 321 211 34 211 34 269 16 270 16 304 5 255 21 140 56 82 74

Maceió 226 147 35 147 35 198 13 198 12 215 5 167 26 107 53 49 78

Acaraju 253 165 35 165 35 218 14 218 14 241 5 192 24 116 54 59 77

Salvador 267 175 35 175 35 226 15 227 15 253 5 206 23 119 55 65 76

Floriano 525 348 34 348 34 423 19 424 19 493 6 443 16 213 59 154 71

Jacobina 389 256 34 256 34 321 18 322 17 367 6 316 19 165 58 105 73

The greatest savings are achieved by the interventions carried out on the roof, as
savings of over 34% are achieved annually with both assessed insulation systems. This
is followed by the interventions on the walls, which achieve energy savings of between
12 and 19%, regardless of the thermal insulation used. However, the use of a bio-based
insulation board is a more economic, compatible, and technically efficient solution for the
walls, as the coating is optional (considering that fire safety requirements are fulfilled),
and currently, this type of surface is esthetically appealing, and the insulation system itself
ensures water vapor permeability and good moisture buffering capacity [25], particularly
when uncoated.

Finally, the glazing replacements, where the energy savings values are higher for
the double glazing with low solar factor glass (16–26% annually) compared to the dou-
ble glazing with normal glass (5–6% annually). It is interesting to notice that the lower
improvements for this last retrofit action are achieved for Floriano and Teresina.

In addition, to show the potential of simultaneously applying these measures, two
sets of combinations were tested (Table 5), as previously mentioned. The substantial effect
of applying combined measures to on energy consumption is visible. For C1, this means an
energy saving of 53–59% (depending on the location) when compared to the reference case,
while for C2, this means a saving of 71–78% (depending on the location). This higher level
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of improvement is normal given the combination of retrofit measures at different levels of
the case study simultaneously, i.e., roof, walls, and windows.

The Global Warming Potential (GWP) in kg CO2 eq. is determined for each of the
rehabilitation measures selected for the case study. It is found that the insulation using
lightweight hemp boards, which is an example of thermal and acoustic insulation based on
agro-industrial waste [14,59], resulted in significant reductions in GWP. This is achieved in
both; the roof with 77% and the wall with 67%, as listed in Table 6.

Table 6. LCA of selected improvement measures in terms of GWP (kg CO2 eq.) and comparative
reduction for the walls, roof, and windows retrofit.

LCA
Walls Roof Windows

EPS Bio XPS Bio Single Double Double
w/low g

GWP
(kg CO2 eq.) 180 60 310 71 238 566 581

Variation - 67% - 77% - 1.4 1.4

Accordingly, this indicates the advantage of using bio-based thermal insulations over
synthetic thermal insulations constituting EPS and XPS regarding the carbon footprint.
Furthermore, bio-based insulation provides additional acoustic insulation, which can be
vital in places with high external noise levels. Brazil, like other tropical countries, has a
variety of agro-industrial waste that is a highly interesting source for producing building
insulation. Moreover, there is a reduction in economic costs due to the usage of secondary
materials. Also, a reduction in economic and environmental costs, which is associated with
the reduction in volumes to be managed as waste.

Finally, replacing single glazing with double glazing results in a 1.4-fold increase in
GWP, as listed in Table 6, making the carbon footprint more substantial. However, there is a
small difference between the usage of double glazing producing 566 kg CO2 eq. and double
glazing with a low solar factor producing 581 kg CO2 eq. However, given the properties
associated with radiation transmission reduction in the latter being 0.09, the use of double
glazing with a low solar factor largely offsets energy consumption, as listed in Table 6.
Consequently, this glazing is the optimum solution for hot climates, such as those assessed
in this study, in which no shading devices were considered. The use of shading devices,
without jeopardizing daylight inside buildings, could be another alternative, at least in
glazing with certain orientations.

Regarding the LCA quantified values listed in Table 6, only the A1–A3 (extraction,
transportation, and manufacturing) stages are included, considering the Environmental
Product Declarations (EPD) of the selected materials. The reference equivalence parameter
for the GWP comparison in the LCA was thermal resistance; therefore, the thicknesses of
the applied insulation are different.

Regarding the cost calculations for the selected improvement measures, the values
are listed in Table 7. These values indicate a slight increase in costs when comparing the
different retrofit scenarios of each building element when comparing the synthetic retrofit
measures (EPS for the walls and XPS for the roof) with the bio-based ones.

Comparing energy consumption, GWP, and cost values between the wall and roof
retrofit scenarios, it can be seen that the bio-based option has a great advantage in terms of
GHG emissions reduction without compromising the thermal behavior of the case study
or costing substantially more. The EPS and lightweight hemp-based boards indicated a
reduction from 180 kg CO2 eq. to 60 kg CO2 eq. in GWP, a negligible difference in terms
of energy consumption, and a EUR 245 increase in cost between these two tested thermal
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insulation options. For the roof, the usage of lightweight hemp-based boards reduced the
GWP from 310 kg CO2 eq. to 71 kg CO2 eq., with a EUR 338 increase between XPS and
lightweight hemp-based boards and a negligible energy consumption difference.

Table 7. Financial cost of selected improvement measures.

Cost
Walls Roof

EPS Bio XPS Bio

Total Cost (EUR) 12,069 12,314 11,029 11,367
Increase - 2.03% - 3.06%

4. Conclusions
This study aims to highlight the importance of adequate passive rehabilitation of

buildings in the Northeast region of Brazil. This is employed to prevent discomfort and
excessive energy consumption due to the expected future climate conditions. This objective
is achieved through the development of a thermal computational model of a multi-family
building, employing contemporary and future climate files for two climate change scenarios
applied to a housing unit located on the top floor of a building. Most coastal cities, as
they are the ones with higher populations, are selected, apart from Teresina, Floriano, and
Jacobina, inland cities. The potential of three types of retrofit measures was assessed: on
roofs, walls, and windows. The first two compared the effect of adding synthetic and
bio-based thermal insulation solutions.

The energy consumption, the CO2 footprint (GWP), and the implementation cost were
analyzed. Subsequently, by comparing these parameters for the walls and roof retrofit
scenarios, it is seen that the bio-based options have a great advantage in terms of GHG
emissions reduction without compromising the thermal behavior of the case study or
costing substantially more. Including a bio-based insulation product can be especially
important in Brazil towards sustainability, given the need for new buildings in this country
and the lack of insulation in existing buildings.

It was shown that energy consumption for the contemporary climate is very high,
with Floriano and Teresina, inland cities, obtaining the highest values of 525 and
435 kWh/(m2·year), respectively. However, it is expected that this consumption will
tend to increase significantly with climate change. For example, Floriano reaches an
energy consumption value of 715 kWh/(m2·year) at the end of the century for the
RCP 8.5 scenario. As this study indicates, the high indoor temperatures for the con-
temporary climate, combined with the expected increase in air temperature, both in the
near and distant future, make it very difficult to guarantee thermal comfort for the building
occupants without a large increase in energy consumption. In terms of thermal comfort, it
was shown that many users would classify the contemporary indoor climates as uncomfort-
able (at least 40%), and that this trend is expected to increase substantially due to climate
change, reaching even more than 65% of the building’s users in some cases.

The importance of rehabilitation measures with different magnitude ranges was
demonstrated: (1) 34–35% for the roof, (2) 12–19% for the walls, and (3) an average of 5–26%
for glazing, depending on the type of glazing applied. It is also shown that the appropriate
combination of several rehabilitation measures, at different levels, reached even greater
energy savings than those obtained for the individually tested retrofits. Combination 1
reached energy savings of 53–59%, while combination 2 reached energy savings of 71–78%
when compared to the reference case. The performed implementation cost assessment
indicated that the bio-based options have only a slightly higher cost than the synthetic
retrofit measures, varying between 2 and 3%. However, European costs were considered.
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Brazil is a country with many agro-forestry bio-based waste materials; the cost of local
bio-based insulation boards should be lower than the ones considered.

Finally, through the LCA, the advantage of applying bio-based insulation to roofs and
walls, such as hemp thermal insulation boards instead of synthetic insulation, was assessed.
Therefore, due to the great potential Brazil has in manufacturing bio-based products, based
on diversified high volumes of residues from agro-forestry industries, future studies should
continue to address the development of affordable and ecologically efficient bio-based
insulation boards and materials.

Additionally, although the two types of double glazing have very similar GWP, the
thermal performance of the glazing with a low solar factor is much higher, which is why it
is considered optimum whenever alternative shading solutions are not used. It is therefore
concluded that specific studies on the rehabilitation of buildings should be carried out
using holistic methodologies so that the recommended improvement measures are the
most appropriate and advantageous for the respective case studies. Furthermore, this type
or other passive measures should also be considered when designing new buildings to
achieve more eco-efficient buildings in Northeast Brazil.
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