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Abstract: Indoor air quality (IAQ) in educational buildings is a key element of the students’ well-
being and academic performance. Window-opening behavior and air infiltration, generally used as
the sole ventilation sources in existing educational buildings, often lead to unhealthy levels of indoor
pollutants and energy waste. This paper evaluates the conditions of natural ventilation in classrooms
in order to study how climate conditions affect energy waste. For that purpose, the impact of the air
infiltration both on the IAQ and on the efficiency of the ventilation was evaluated in two university
classrooms with natural ventilation in the Continental area of Spain. The research methodology was
based on site sensors to analyze IAQ parameters such as CO2, Total Volatile Organic Compounds
(TVOC), Particulate Matter (PM), and other climate parameters for a week during the cold season.
Airtightness was then assessed within the classrooms and the close built environment by means
of pressurization tests, and infiltration rates were estimated. The obtained results were used to
set up a Computational Fluid Dynamics (CFD) model to evaluate the age of the local air and the
ventilation efficiency value. The results revealed that ventilation cannot rely only on air infiltration,
and, therefore, specific controlled ventilation strategies should be implemented to improve IAQ and
to avoid excessive energy loss.

Keywords: indoor air quality; thermal comfort; airtightness; natural ventilation; educational buildings

1. Introduction

Indoor air quality (IAQ) is essential to create healthy and comfortable spaces for
users in which to carry out their daily activities, especially considering that people spend
more than 90% of their time indoors [1]. There is a large volume of published studies
describing the role of IAQ in the health of building users [2,3]. When the use of the
building is academic, the importance of IAQ is higher because poor indoor air for long
academic periods can have a negative impact on both the students’ health and intellectual
performance [4,5].

The European ventilation standard (CEN) [6] establishes mechanical ventilation as the
strategy to guarantee the minimum outdoor airflow to maintain adequate IAQ. In Spain,
regulations established mandatory mechanical ventilation in educational buildings in
2007 [7]. A total of 90% of the compulsory educational buildings in Spain were built
before 2007 when mechanical ventilation systems were not mandatory [8]. In the case of
higher educational centers such as universities, the share of buildings constructed before
ventilation systems were mandatory remains unknown. However, it could presumably be
higher since they are often located in historical buildings. Therefore, educational buildings
in Spain are mainly naturally ventilated. Ventilation (single-sided or cross ventilation) is
only promoted by the occasional opening of windows when users consider it necessary,
based on no objective IAQ indicator [9]. Thus, maintaining acceptable IAQ during the
whole academic period remains a challenge [10]. This manual control of the openings is
even more limited during the cold season since it causes uncomfortable airflows and a
considerable drop in the classroom hygrothermal conditions.
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In this scenario, air infiltration through cracks and other unintentional openings in the
building envelope is the only mechanism that can provide the continuous renovation of
the indoor air. For this reason, it is important to determine the airtightness of the building
envelope, since it impacts directly on air infiltration, caused by pressures gradient [11].

This paper addresses the indoor conditions of a higher educational building with nat-
ural ventilation in the Continental climate area of Spain, considering different parameters
such as temperature, relative humidity (RH), CO2, TVOC, and PM, assessing the ventilation
performance through the analysis of the ventilation efficiency caused by air infiltration.

Background

In recent years, there has been an increasing amount of literature on indoor comfort
in university buildings [12–15]. Although most of the previous research focuses only
on IAQ, others have considered the Indoor Environmental Quality (IEQ), focusing also
on physical parameters related to sound and visual comfort as well as user’s perception
through questionnaires [16–18].

There is a wide range of airborne pollutants that can affect users inside buildings;
among them is CO2, which is closely connected to human activity since it is mainly caused
by users’ breath. Harmless as it may be considered, a high concentration of CO2 can have
a negative impact on the attention of the students, hindering academic achievement [19].
It is important to highlight that CO2 concentration has been associated with the presence
of other pollutants. Therefore, it is often considered as a good indicator of the air change
capacity of the rooms and it is important to evaluate its performance avoiding unventilated
areas. However, some sources warn that CO2 should not be considered as a unique IAQ
indicator [20,21]. It has been suggested that other compounds such as particulate matter
(PM) or total volatile organic compounds (TVOCs) should be also considered to assess
IAQ [22].

Volatile organic compounds (VOCs) can be produced by the construction materials
of the building, its furniture, as well as cleaning products and academic materials such as
adhesives, paints, or office machinery [15]. Common sources of PM include human activity,
the use of scholarly materials, or even the outdoor environment [23]. High concentrations
of these pollutants can produce irritation of the mucous membranes, fatigue, headaches,
or aggravation of asthma in the users, among others [24]. Previous research has suggested
that TVOC concentration could be related to sick building syndrome (SBS) [25].

The relationship between airtightness and IAQ in educational buildings in Mediter-
ranean countries with natural ventilation has already been addressed in previous re-
search [9,26,27]. No direct relationship between airtightness and IAQ was found in a
study that assessed 42 classrooms, especially if windows were open [9]. In this regard,
previous research in southern European climates has revealed that air infiltration must be
complemented with other ventilation mechanisms in order to maintain good IAQ [26,27].

However, air infiltration in buildings is usually not considered as part of the design
of the ventilation system [1]. This causes a non-predictive air track model that entails an
inhomogeneous air quality distribution through the indoor space, whose impact depends
on the occupants’ location [28]. The distribution of the air quality can be evaluated by as-
sessing the ventilation efficiency and age of the air [29], which can be modeled by knowing
the air infiltration rate and the position of the air leakage paths using Computational Fluid
Dynamics (CFD) software. Yet the existing literature has overlooked this approach, which
relates air infiltration, the efficiency of ventilation, and IAQ to verify the suitability of air
leakages as a ventilation source.

2. Materials and Methods

2.1. Site and Building

Two classrooms of the Campus “Duques de Soria” (Universidad de Valladolid), built
in 2006, were assessed. The campus is located in a suburban area of Soria (Spain), which has
a temperate climate type “Cfb” in the Köppen-Geiger classification. The summer is short

2



Sustainability 2021, 13, 6875

and hot, and the winter is cold, long, and windy, both seasons being very dry. The average
temperature during the summer is 23 ◦C and 10 ◦C during the winter. The wind has a
predominant direction west–north–west, and its annual mean velocity is 10.8 km/h (type 2
in the Beaufort scale [30]).

The envelope of the building where the classrooms under study are located is made
of sandstone boards that are fixed to 11.5 cm of perforated brick, thermal insulation of
extruded polyethene, vertical air chamber, and an interior layer of 11.5 cm of double-hollow
brick. The windows are made of aluminum profiles with double glazing. Rolling shutters,
a typical mechanism used in Spain to provide shadow and protection, are built within
a non-integrated box over the windows. The classrooms have a false ceiling 70 cm high
made of acoustic panels of rigid plaster. The heating system has hot water radiators made
of aluminum as terminal units.

For the purpose of the study, the most unfavorable classrooms of the building in
terms of IAQ based on its configuration and use were determined. To that end, the type
of ventilation, occupancy, volume, orientation, and nearby environment were considered.
Concerning ventilation, all the classrooms of the building had natural ventilation, which is
considered the most unfavorable scenario. The determination of the classrooms with higher
levels of occupation over time was done according to the classrooms’ lesson schedules,
considering the number of students and the classroom’s volume. Also, classrooms located
near the car park were chosen due to the possible negative impact of vehicles on the outdoor
air conditions. Orientation was considered, given its relationship with indoor temperature,
because the heating system was homogeneously designed. Classrooms with the main
façade facing south were expected to reach higher indoor temperatures and, therefore,
have poorer conditions regarding IAQ. In this sense, it was first taken into account that
high temperatures favor chemical reactions that lead to the production of certain pollutants
such as VOCs or microorganisms [31]. Secondly, lower infiltration rates were expected as a
result of a lower temperature gradient, causing a reduction of the stack effect [32] in these
classrooms during the cold season.

After the analysis of the aforementioned parameters, it was determined that the block
of classrooms A04 and A05 was the most unfavorable of the campus, with the following
characteristics (Table 1 and Figure 1).

Table 1. Classroom characteristics.

Classroom Floor Orientation
Area
(m2)

Average
Occupation

Time

Height
(m)

Volume
(m3)

Doors
(m2)

Windows
(m2)

A04 ground-floor SE 103.7 4.2 h/day 2.96 307.6 1
(1.6 × 2)

4
(1.4 × 1)

A05 ground-floor SE 92.6 5.8 h/day 2.96 274.6 1
(1.6 × 2)

10
(1.4 × 1)

2.2. IAQ Equipment and Parameters

Air quality measurement stations were used to register variations in the levels of
different air contaminants that are usually present in the air (CO2, TVOC, and PM1.0, PM2.5,
and PM10.0). These parameters were chosen as indicators because of their presence in
educational environments and their influence on the students [22]. Each device registered
temperature, Relative Humidity (RH), and barometric pressure as well, saving all the
information in the data logger of the station.
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Figure 1. Location of classrooms A04 and A05 within the building.

The devices integrated different sensors to determine the level of each parameter.
Model K30 10,000 ppm was used to measure CO2, with a margin of error of ±30 ppm/±3%
of the measured value. TVOC concentration was measured with an iAQ-Core Indoor Air
Quality Sensor Module device, whereas PM was measured with a Digital Universal particle
concentration sensor PMS5003 with a margin of error of ±10%. The temperature and RH
sensor SHT2x had a margin of error of ±0.3 ◦C and ±1.8% RH.

Concerning the temperature and RH analysis, the ranges specified by Spanish regula-
tions (RITE [33]) for the cold season were taken into account: temperature between 21 and
23 ◦C, and RH between 40 and 50%.

The CO2 analysis was done considering the values established in the Spanish regula-
tions [33] as well. This regulatory framework establishes CO2 as an indicator of the human
bio-effluent emissions, used to set the minimum ventilation airflow needed. RITE defines
classrooms as places where good IAQ is needed and fixes a maximum corrected concen-
tration of 500 ppm above the CO2 concentration in the outdoor air to reach acceptable
conditions. Therefore, the corrected concentration is obtained by deducting the average
CO2 concentration outdoors from the values registered inside the building. However,
no consideration is made concerning TVOC or PM concentration by RITE. An accept-
able range of up 500 ppb of TVOC concentration within the classroom environment was
considered, according to several sources and recommendations [22,34,35]. In the case
of PM, the maximum concentrations of PM2.5 and PM10.0 were set at 25 and 50 μg/m3,
respectively [36].

2.3. IAQ Monitoring

Measurements were carried out between February and March for a week. The data
collection was done simultaneously in classrooms A04, A05, the adjacent corridor, and the
exterior of the building. Measurements were taken for approximately 5 s every minute
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during the whole academic period, although the subsequent analysis of the data focused
on times when evidence of occupation in the classroom was found, which corresponds to
the highlighted parts of the schedule: this was 21 h in classroom A04 and 28 h in classroom
A05 (Figure 2).

 Monday Tuesday Wednesday Thursday Friday 

 A04 A05 A04 A05 A04 A05 A04 A05 A04 A05 

8:00               

9:00               

10:00                   

11:00                   

12:00                  

13:00                 

14:00   

15:00   

16:00              

17:00                 

18:00              

19:00           

TOTAL 6 8 4 6 5 6 2 6 4 3 

Figure 2. Classroom schedule.

The location of the devices inside the classrooms was determined to avoid distortions:
separated from the usual traffic areas of the students and the teacher, and one meter away
from doors or windows. The devices were fixed to the wall 1.2 m above the floor so that
the samples were taken at the height of the breathing zone of a seated person. Two devices
were installed in both classrooms to guarantee data collection during the test.

The device in the corridor was fixed to the wall where the entrances to the classrooms
were located. It was positioned more than one meter away from both doors, far from the
waiting zones, and 2.5 m high to assure its security, while possible distortions caused by users’
activity were avoided. The specific location of each device can be seen in Figures 3 and 4.

The measurement devices inside the building were fixed to the wall using a plastic
casing made of polylactide (PLA) in 3D printing. The device used to measure the outdoor
conditions was placed on the roof of the building using a support that raised it 0.5 m
from the deck. It was protected from weather conditions with a perforated casing, so air
circulation was enabled.

The students, teachers, and administrative staff were only informed about the general
functioning of the devices and were asked to stay away from them to avoid distortions.
In this way, users’ behavior was not conditioned concerning ventilation performance in
order to maintain normal operational conditions.
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Figure 3. Locations of the measurement devices during the test.

  
(a) (b) 

Figure 4. Locations of the measurement devices in (a) A04, (b) corridor.

2.4. Airtightness and Air Infiltration

Pressurization tests were performed in classrooms A04 and A05 according to ISO
9972 [37] in order to assess the airtightness of the building envelope that allows infiltration
airflows. Indications described for Method 2, which tested the airtightness of the building
envelope, were followed. For this purpose, only windows and doors were closed since the
classrooms had no other kind of intentional openings or air conditioning system. Semi-
automatic tests were carried out generating both an overpressure and a depression in
the spaces to be tested. The air change rate (n50), the air permeability rate (q50), and the
pressure exponent n, which can be considered as an indicator of the airflow regime, were
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obtained from the power law equation [38]. The correct calibration of the equipment was
ensured to maintain accuracy specifications of 1% of sampling, or 0.15 Pa.

To characterize both the global airtightness and interzonal leakages, three tests were
performed for each classroom: individual classroom test (A04 and A05), guard-zone
pressure test (simultaneously pressurizing the upper classroom, 1.04 and 1.05), and guard-
zone test (simultaneously pressurizing the adjacent classroom). Airflow rates of the guard-
zone tests were deducted from those of the single-unit test in order to determine the
proportion of leakages between classrooms. However, it was not possible to carry out
guard-zone tests in circulation areas due to technical limitations. Consequently, the rate of
air leakage of the external envelope and walls in contact with circulation areas could not
be discriminated.

Air infiltration under natural conditions was estimated from the airtightness results
using a simplified model [39] that assumed a linear relationship between the air change
rate at 50 Pa (n50) and the mean annual air change rate (ACH). The model was adapted to
the climate characteristics of the location under study and building parameters. Interzonal
leakages were considered negligible due to similar pressure and temperature conditions
and taking into account that interzonal airflows cannot be considered a contribution
to ventilation.

2.5. Ventilation Efficiency

The ventilation efficiency of classroom A04 was analyzed using CFD software Ansys
Fluent 19.0. The evaluation of the ventilation efficiency encompasses the age of the air
of the masses that move around the space, identifying air stagnation areas within the
room. The air inside a building is progressively polluted from its inlet to its exhaust as a
consequence of different sources such as occupants’ breathing, furniture, equipment, or
other pollutants emissions.

The method used to obtain the values of the mean age of the air 〈τ〉 and the local age
of the air in the exhaust surface τe was defined by [40,41]. The ventilation efficiency ε was
obtained from the relationship between both values [42] (Equation (1)).

ε =
τe

2 · 〈τ〉 [%]. (1)

The isothermal model used for this purpose was preprocessed using the parameters
described in Table 2. The obtained mesh had a skewness of over 90%.

Table 2. Mesh parameters.

Y+ (Non-Dimensional Mesh Distance to Subviscous Layer) <30

d (distance from the wall to the first cell) <0.01

Maximum cell proportion 1:4

Maximum growth between cell nodes 10%

Number of cells 6,116,846

Reynolds-averaged Navier Stokes (RANS) equations [43] were applied to simulate the
airflow and air mass movement along the classroom. The numerical simulation was carried
out in a four-stage approximation, using the k-ε equations with Standard Wall Treatment
proceeding, Renormalization Group (RNG) with standard and near wall approximation,
and Realizable with Enhanced Wall Treatment. Each step was accepted after convergence
criteria of 10−4 for air velocity, momentum and turbulence parameters (k-ε). The values of
the local age of the air were also obtained by applying the physics related to the characteri-
zation of the model through User Defined Functions (UDFs). Convergence criteria for the
age-of-the-air value defined by the UDF was fixed under 10−5. The final simulation took
approximately 18,000 iterative cycles. The isothermal setting accuracy had been previously
validated [44].
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Boundary conditions of the model were defined according to the built model. Walls,
ceiling, and floor were defined as ideally airtight boundaries, while envelope window
perimeters were defined as velocity inlet and the gap under the door as pressure outlet.
Velocity inlet boundary type was set up as a vectorial air velocity, including a maximum
turbulence distortion length of 14 mm according to the gap.

The airflow consigned to the classroom was obtained from the annual air change rate
estimated from the airtightness tests results, excluding interzonal leakages. The air inlets
were located along the envelope window perimeters, according to leakage identification
through thermal imaging. The openings (windows and doors) of the classrooms were
assumed to be closed, and all the architectural elements (leakage paths, materials, and
envelope) were assumed the most unfavorable conditions.

3. Results

3.1. IAQ Results

The average IAQ values registered in both classrooms during the occupied period are
shown in Table 3.

Table 3. Average values of Indoor Air Quality (IAQ) parameters.

Classroom
Occupation

Time
(h)

Tint

(◦C)
Text

(◦C)
RH
(%)

CO2

(ppm)

CO2

EXT.
(ppm)

CO2

CORR.
(ppm)

PM1.0
(μg/m3)

PM2.5
(μg/m3)

PM10.0
(μg/m3)

TVOC
(ppb)

Monday A04 6 23.2
8.0

36.6 1561
374.5

1186 0.6 0.7 0.8 593.6
A05 8 22.5 40.3 1817 1442 0.0 0.0 0.1 642.1

Tuesday A04 4 23.7
8.0

40.5 1506
379.0

1127 0.0 0.1 0.1 559.4
A05 6 22.4 41.4 1327 948 0.0 0.1 0.2 474.2

Wednesday A04 5 23.1
11.5

44.1 1339
383.4

955 0.1 0.3 0.5 520.4
A05 6 22.2 47.2 1800 1416 0.0 0.3 0.7 522.2

Thursday A04 2 22.6
7.0

46.8 1330
421.0

909 0.1 0.4 0.5 447.0
A05 6 22.4 43.5 1327 906 0.0 0.2 0.4 364.8

Friday A04 4 24.2
17.4

34.6 1292
382.8

910 3.2 5.6 6.7 579.5
A05 3 23.7 42.1 2313 1931 2.4 4.2 5.6 805.3

Summary A04 21 23.4
10.4

40.5 1406
385.7

1017 0.8 1.4 1.7 540.0
A05 29 22.6 42.9 1717 1328 0.5 1.0 1.4 561.7

A relationship between the increase in the levels of pollutants and occupation in the
classrooms during teaching hours can be observed, especially concerning CO2 and TVOC
concentration. The temperature also increased slightly when the classrooms were occupied.

The average temperature was 23.4 and 22.6 ◦C for classrooms A04 and A05, respec-
tively. In the case of classroom A05, the temperature was within the range set by RITE [33].
The scenario was different in classroom A04, where the average temperature was above
the limit value. Temperatures were under 21 ◦C for less than 1% of the whole time in the
case of classroom A04 and 22% of the time in classroom A05. The maximum temperature
limit was exceeded for 74.5% of the time in classroom A04, and 22% in classroom A05.

In the case of RH, the average values registered during the week were 40.5% for
classroom A04 and 42.9% for classroom A05. RH was under the optimal range [33] for
53% of the time when classroom A04 was occupied and 26% in the case of classroom A05.
The limits were exceeded less than 1% of the time in the case of classroom A04 and 12% in
classroom A05.

The CO2 concentration outside the building was between 369 and 441 ppm, and
the average concentration throughout the week was 386 ppm. In order to obtain a more
accurate CO2 correction, the CO2 average per day was used. The average CO2 concentration
registered in the corridor was 608 ppm. Users’ behavior regarding the opening of both
doors and windows can be observed in the results since it caused the decrease of the
concentration of the pollutants even when the classroom was occupied. It was possible to
observe this reduction or stabilization even during the breaks between lessons.

The average values of CO2 corrected concentration were 1017 ppm in the case of class-
room A04 and 1328 ppm in classroom A05, although Spanish regulations set a maximum
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value of 500 ppm [33]. This means that the values exceeded the maximum limit for 88% of
the time in classroom A04 and 74% in the case of A05. Values that doubled the maximum
allowed limits were reached 62% of the time, reaching even four times above the limits for
25% of the time that the students were inside classroom A05. The highest value registered
during the week was on Wednesday in classroom A05 at 11:50, only two hours after the
beginning of the classes, when the CO2 corrected concentration was 2871 ppm.

The values registered in the case of PM were not significant. The mean concentration
of PM1.0, PM2.5, and PM10.0 was below 7 μg/m3 in both classrooms during the whole
duration of the measurements when the classrooms were occupied. However, it should be
highlighted that PM levels registered outdoors were slightly higher than indoors, likely
motivated by other activities surrounding the building, such as a construction site. The peak
values registered outside the building, especially on Friday, had an impact on the registered
PM results inside the classrooms, which were in any case within acceptable ranges.

The average values registered in the case of TVOC concentration were 540 and 562 ppb
in classrooms A04 and A05, respectively. During the teaching period, the concentration of
this pollutant was over 500 ppb 64% of the time in classroom A04 and 57% in classroom A05.
The highest values registered were 973 ppb in classroom A04 and 1044 ppb in classroom
A05, both registered on Monday.

3.2. Airtightness and Air Infiltration Results

The airtightness results obtained for the individual classroom tests (A04 and A05),
guard-zone tests with the adjacent classroom (A04-A05 and A05-A04), and guard-zone tests
with the upper classroom (A04-1.04 and A05-1.05) are shown in Table 4. Blank values are
results discarded due to invalid tests that did not comply with the measurement standard.

Table 4. Pressurization tests results.

Depressurization Pressurization Mean Values

V50 [m3/h] n50 [h−1] q50 [m3/m2·h] n [-] V50 [m3/h] n50 [h−1] q50 [m3/m2·h] n [-] V50 [m3/h] n50 [h−1] q50 [m3/m2·h]

A04 7414 24.1 22.5 0.74 4710 15.3 14.3 0.64 6062 19.7 18.4
A04-A05 2817 9.2 8.6 0.50 - - - - 2817 9.2 8.6
A04-1.04 7864 25.6 23.9 0.74 9398 30.6 28.6 0.99 9631 28.1 26.2

A05 6635 24.2 23.1 0.70 8395 30.6 29.3 0.86 7515 27.4 26.2
A05-A04 2399 8.7 8.4 0.67 3352 12.2 11.7 0.93 2876 10.5 10.0
A05-1.05 6535 23.8 22.8 0.72 8346 30.4 29.1 0.96 7440 27.1 25.9

In the individual tests carried out in each classroom, the average air change rate
at a reference pressure of 50 Pa (n50) obtained in classroom A04 was 19.7 h−1, while in
classroom A05 it was considerably higher: 27.4 h−1. The dispersion of the results obtained
at depression and overpressure should be highlighted. Additionally, great variability of
the pressure exponent n could be observed (between 0.64 and 0.86).

Results regarding the interzonal airflow rates obtained from the guard-zone pressur-
ization tests are shown in Table 5.

Table 5. Guard-zone pressurization results.

Depressurization Pressurization Mean Values

V50 [m3/h] n50 [h−1] q50 [m3/m2·h] % V50 [m3/h] n50 [h−1] q50 [m3/m2·h] % V50 [m3/h] n50 [h−1] q50 [m3/m2·h] %

A04-A05 4597 14.9 14.0 62 - - - - 3245 10.5 10.5 53.5
A04-1.04 - - - - - - - - - - - -
A04 total 4597 14.9 14.0 62 - - - - 3245 10.5 10.5 53.5
A05-A04 4236 15.4 14.8 63.8 5043 18.4 17.6 60 4639 16.9 16.2 61.7
A05-1.05 100 0.4 0.4 1.5 49 0.2 0.2 0.6 75 0.3 0.3 1
A05 total 4336 15.8 15.1 65.3 5092 18.5 17.8 60.6 4714 17.2 16.4 62.7

The proportion of the infiltration rate at 50 Pa between classrooms A04 and A05 was
between 53.5 and 63.8%. In the case of interzonal infiltration between the classrooms under
study and the upper floor classrooms, the proportion seemed to be significantly reduced to
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an average of 1%. Therefore, the infiltration rate between adjacent classrooms represented
up to 65.3% of the total air infiltration.

The air change rate under natural pressure conditions ACH [h−1] due to air infiltration
obtained, excluding infiltration between classrooms, was 0.44 h−1 in classroom A04 and
0.49 h−1 in classroom A05.

Thermal images taken during the depressurization stage of the airtightness test were
used to locate air leakage paths of the building envelope (Figure 5). Air infiltration was
identified in the perimeter of exterior windows, especially in rolling-shutter boxes and
joint window–wall. In view of the numerical results obtained, air leakage paths were also
expected to be found around interior windows. However, this kind of leakage could not be
thermally identified given the lack of temperature gradient.

  

  

Figure 5. Air leakage paths in classroom A04 via infrared images.

3.3. Ventilation Efficiency Results

The ventilation efficiency for classroom A04 was assessed by means of CFD simula-
tion of the isothermal model considering the estimated annual air change rate obtained
(0.44 h−1). This means that 44% of the air volume of the classroom (309 m3) was changed
every hour through the leakages of the envelope. Therefore, an airflow of 136 m3/h was
set up, reaching an air velocity of 2.89 m/s close to the infiltration paths (Figure 6). The
model revealed that the worst scenario was detected in the wall opposite the windows,
where the age of the air reached a value of 9000 s (Figure 7).

10



Sustainability 2021, 13, 6875

Figure 6. Air path assessment in classroom A04.

Figure 7. Age-of-the-air assessment in classroom A04.

This means that the stagnated air in this region took 2.5 h to renew, increasing the
pollutants’ concentration, and thus affecting the quality of the air that occupants breathe in
this zone. The ventilation efficiency of the classroom obtained from the model was 53.25%.
A ventilation efficiency value close to 50% represents a perfect mixing flow model, where
the incoming fresh air uniformly mixes with the interior air mass, whose average residence
time is twice the transit time [45,46]. The amount of 53.25% indicated that the ventilation
flow rate could be reduced while maintaining the IAQ. However, the natural ventilation
solution of the classroom and the poor IAQ values registered inhibited that reduction.
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Figure 7 shows that most of the occupied space is reached by the ventilation airflow, so the
problem regarding distribution and dilution of contaminants was considered solved.

4. Discussion

According to the high levels of pollutant concentration registered and the observation
of the graphs during the teaching period, it could be deduced that the windows were
hardly ever opened to ventilate the occupied classrooms in order to reduce the pollutant
concentration associated with the use of some materials during academic activity and
human presence.

CO2 concentration monitoring offered valuable information as an indicator of ven-
tilation performance. High values were reached in both classrooms even though the
occupation of both spaces was kept below their maximum capacity, highlighting the poor
ventilation performance. The data showed that windows were not opened during the
teaching period despite the high values reached. The CO2 concentration graphs (Figure 8)
show its rapid increase after the students entered the classrooms, registering high values
during the entire teaching period, which can constitute a risk for the health and academic
performance of the students. It was possible to observe as well the rapid reduction of
CO2 concentration due to the opening of doors and, in some cases, windows, and when
the students left the classroom. In spite of that, the decrease did not mean the recovery
of acceptable values, and there was an increase in the pollutant when the classroom was
occupied again.

 
(a) 

 
(b) 

Figure 8. CO2 measurements during the week in (a) A04 (b) A05.

At the end of the day and during the lunch break, there was a decrease of the CO2
levels registered in the classroom, being below or equal to the outside CO2 concentration.
This means that the concentration at the beginning of each shift was adequate under the
maximum accepted values and there was no accumulation of the pollutants from one day
to the following one. Therefore, only poor ventilation of the spaces was responsible for
these high values registered when the classrooms were occupied (Figure 8).
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This was a consequence of the randomness of natural ventilation due to two factors.
The first one was that natural ventilation depends on physical conditions such as interior
and exterior temperature or wind direction. The second factor was that it depends as
well on the users’ decisions, which are not based on objective criteria. Another problem
associated with natural ventilation and air infiltration was energy loss during the cold
season. This was probably one of the reasons users decided not to open the windows.

In the case of TVOC concentration, trends were similar to CO2 concentration, register-
ing strong increases when students occupied the classrooms. However, more variations
and peaks were registered. The TVOC concentration inside classes at the beginning of each
day as well as at the beginning of the first class in the afternoon was equal to or lower
than the outdoor concentration, and TVOC concentration in the corridor remained higher
(Figure 9).

 
(a) 

 
(b) 

Figure 9. Total Volatile Organic Compounds (TVOC) concentration measurements during the week (a) A04 (b) A05.

Pressurization tests performed in both classrooms revealed that the airtightness of
the building envelope in both classrooms was rather poor, with values of the air change
rate n50 greater than 20 h−1 (except for the depressurization mode in classroom A04).
The interzonal leakage between classrooms on the same floor was very high, constituting
an average of 58% of the total airflow at 50 Pa, while leakages between floors could be
considered negligible. Although this significant permeability between classrooms did
not impact the energy demand, it must be considered in terms of pollutant transmission,
comfort, and noise.

The infiltration air change rate (ACH) of the classrooms, around 0.47 h−1, contributed
to the renewal of the air in the classrooms. However, despite the poor airtightness of the
envelope, air infiltration is an uncontrolled phenomenon and hence cannot be relayed
as a single ventilation source confirmed by poor IAQ results. According to ventilation
requirements established in the Spanish regulations for educational buildings based on
theoretical occupation, air infiltration should contribute less than 5% of the total required
ventilation rate [33]. Nevertheless, the ventilation efficiency obtained guaranteed a good
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homogeneity of the airflow along the classroom, assuming a perfect mix of the air (ε ≈ 50%)
due to the inlets and exhaust location.

5. Conclusions

The IAQ of two classrooms with a natural ventilation system was assessed during
the cold season. PM levels were always within acceptable ranges, while CO2 and TVOC
concentration exceeded recommended concentration levels. Their increase was related to
the occupation of the classrooms by the students.

The CO2 concentration was within the accepted range only 26% of the time, while
TVOC concentration was only acceptable 43% of the time in the most favorable scenario.
These results are worrying, especially if it is considered that both classrooms were below
their maximum capacity. The opening of doors and windows favors a decrease of the
concentration of the pollutants, but users rarely opened them during the teaching period.
Even though the acceptable limits recovered every day after the users left the building, it
only took a few minutes to exceed them when the classes started the following day.

Therefore, it is undeniable that the air renewal contributed by natural ventilation and
air infiltration was not enough to maintain good IAQ. However, the obtained ventilation
efficiency of one of the analyzed classrooms (53.25%) was adequate for its current configu-
ration. The ventilation performance was poor due to the randomness of both air infiltration
and natural ventilation, which also encompass energy loss during the cold season, whose
estimation was not the object of this study.

All things considered, the improvement of the ventilation performance of the class-
rooms and the airtightness of the envelope should be pursued, maintaining at the same time
temperature and RH comfort conditions, to guarantee the health and good academic perfor-
mance of the students. Implementing a specific controlled ventilation system adapted to the
case would improve IAQ and contribute to reducing the energy demand as a consequence
of a minoration of the airflow needed.

The best scenario assumes an equilibrated model, in which the inlet air and exhaust
air have the same flow. Inlet and exhaust positions should promote cross ventilation,
reducing the stagnation and contributing to avoid air infiltration. Nevertheless, it must be
acknowledged that any change in the conditions would alter the air pattern affecting the
ventilation efficiency, so a further evaluation of the ventilation system would be needed.
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Abstract: Buildings consume a large amount of energy during all stages of their life cycle. One of the
most efficient ways to reduce their consumption is to use thermal insulation materials; however, these
generally have negative effects on the environment and human health. Bio-insulations are presented
as a good alternative solution to this problem, thus motivating the study of the properties of natural
or recycled materials that could reduce energy consumption in buildings. Fique is a very important
crop in Colombia. In order to contribute to our knowledge of the properties of its fibers as a thermal
insulator, the measurement of its thermal conductivity is reported herein, employing equipment
designed according to the ASTM C 177 standard and a kinetic study of its thermal decomposition
from thermogravimetric data through the Coats–Redfern model-fitting method.

Keywords: thermal insulation; sustainable materials; fique; thermal conductivity; thermogravimetry;
green architecture; thermogravimetry

1. Introduction

Global warming has become one of the greatest challenges facing humans in modern
times, causing serious problems such as heat waves, drinking water shortages, and the
spread of disease [1]. This phenomenon is mostly caused by the increase in the concen-
tration of greenhouse gases in the atmosphere due to the use of fossil fuels to satisfy the
growing demand for energy, which is, in turn, driven by population growth, the increase
in the number of vehicles, and the development of new information technologies, among
other reasons. According to the Intergovernmental Panel on Climate Change (IPCC), in
each of the last three decades, the Earth’s surface has been successively warmer than any
previous decade since 1850 [2]. To alleviate this problem, it is necessary to develop new
energy sources and to find ways to reduce society’s energy consumption. The latter is a
major challenge for the building sector, which, together with industry and transport, is one
of the most energy-intensive sectors in the world, and is increasing due to the growing
use of ventilation, air conditioning, and heating systems [3]. It is estimated that buildings
consume about 40% of the world’s energy, 25% of the world’s water, and 40% of the world’s
resources, and are responsible for 1/3 of the world’s greenhouse gas emissions [4–6]. For
this reason, there has been a great deal of interest in improving their energy efficiency
around the world, which can be seen in the increase in research on the subject [7] and in
the emergence of regulations [8,9].

The use of thermal insulation is recognized as one of the most efficient ways to reduce
energy consumption in buildings [3,9–11]. For this purpose, materials obtained from
petrochemical products (mainly polystyrene) or from processed natural sources with high
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energy consumption (such as rock wool and glass fiber) are often used. This has negative
effects on the environment, both in terms of energy consumption and the generation of
waste and emissions, mainly in the production stage [3,12], as well as causing serious
problems for human health [13]. In fact, some of the materials used as insulation have
recently been banned because they may pose health risks [14,15]. These problems could
be addressed by using insulation made from recycled or natural materials (biomass) that
do not require such a high degree of processing. Unfortunately, these materials are still
in the development stage and, in many cases, their most important properties have not
yet been fully determined [12]. The study of biomass as an insulating material (natural
insulators) began in 1974 and remained a topic of little interest, with few scientific articles
published until 1998, when the number of studies published on the subject began to
increase. This trend progressed even more after 2003, and especially between 2010 and the
present day. Currently, there is a great deal of interest in the development of this type of
thermal insulator [3,16–18]. This interest is due to the increased environmental awareness
of society, the increase in air conditioning systems—which require methods to reduce
energy consumption—and changes in the use of biomass, for which other alternatives are
required for its efficient use, as it is being replaced by hydrocarbon fuels in applications
such as heating [3]. Studies on the subject have mainly been carried out in France, the
UK, Italy, Turkey, and Algeria, which are the countries with neither the largest arable land
area nor the largest number of forests; this can be explained by the greater environmental
awareness of European countries compared with the rest of the world. Additionally, as
expected, the most researched biomasses are from crops grown in these countries, i.e.,
hemp, straw, flax, wood, coconut, maize, and sunflower [3]. A comprehensive review of
the state-of-the-art work on the main natural insulators around the world is presented in
the works of Liu et al. [3], As-drubali et al. [12], Hurtado et al. [19], Mangesh et al. [20],
Ingrao et al. [21], and Kymäläinen and Sjöberg [22].

The feasibility of using fique as a thermal insulating material is a subject that has
rarely been studied in the world, which is evidenced by the low number of scientific articles
published on the subject. However, there has been growing interest in the subject since
2003, which has been accentuated since 2010. Some of the most relevant works on the
subject are presented in Table 1. The superficial characteristics of fique fibers were studied
by Guzmán et al. [23]. An expansion in the field of research towards the manufacture
of composite materials (biopolymer/fiber, aerogel/fiber) is shown in the works of An
et al. [24] and Dou et al. [25]. Fique is a crop of great importance for Colombia, which is the
world’s main producer, and the livelihoods of more than 70,000 Colombian families depend
on its production [26]. In the country, the plant’s fibers are widely available throughout
the year [27], making it ideal for uses beyond the manufacture of ropes and garments in
order to contribute to our knowledge of the properties of fique as a thermal insulator and
provide a more holistic overview of the environmental impact during the whole specific
life cycle phase [28,29], from raw material extraction to end of life stages; hence enabling
justified decisions on the suitability of using fique fibers in thermal insulation [30]. This
paper reports the measurement of its thermal conductivity, by means of the guarded hot
plate method (ASTM C 177), and a study of its thermal decomposition by means of the
analysis of thermogravimetric data using the Coats–Redfern method.
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Table 1. Studies on the characterization of fique as a thermal insulator.

Authors Description Year

Muñoz y Cifuentes [31]
Study of the thermal life of containers insulated with fique and the thermal

conductivity of four commercial presentations of the material (chopped,
unchopped, in wadding fabric and chopped in a thermosetting resin matrix).

2007

Onésippe et al. [32] Analysis of the mechanical and thermal behavior of a composite material made of
cement reinforced with bagasse and fique fibers. 2008

Monsalve et al. [33]
Study of the mechanical and thermal behavior of a material made up of three

layers: two outer layers of composite with cementitious matrix with fique fiber and
aluminum oxide powder and an inner layer of recycled newsprint pulp (cellulose).

2013

Navacerrada et al. [34]
Characterization of samples made of woven and nonwoven fique of different
densities and thicknesses, for which sound absorption, air flow resistivity, and

thermal conductivity as a function of density were measured.
2013

Navacerrada et al. [35] Characterization of samples made up of nonwoven fique samples with a
polymeric surface coating. 2014

Proaño [36]

Development of two types of rigid polyurethane matrix composite materials, one
reinforced with cabuya (fique) fibers and the other reinforced with African palm

rachis fibers. Tests were carried out on bending, traction, density, combustion
speed, and acoustic and thermal properties.

2015

Navacerrada et al. [37]
Determination of the acoustic and thermal properties of samples made from

coconut, coconut/fique, and fique nonwoven fibers, which were produced by two
methods: pressing with binder and punching.

2016

Vera [38] Study of the acoustic and thermal performance of cabuya fiber as a wall
cladding panel. 2018

García et al. [39]
Morphological study and description of the thermal decomposition process of

three types of fique fiber samples: untreated, washed with a commercial softener,
and after soaking for 24 h in the same softener.

2019

Gómez et al. [40]
Morphological and thermo-acoustic characterization of nonwoven fique samples.
The sound absorption, resistivity, dynamic stiffness and thermal conductivity of

the material were measured.
2020

2. Methodology

2.1. Measurement of Thermal Conductivity

Thermal conductivity is one of the main characteristics of thermal insulators. Accord-
ing to standards such as TS 825, ISO 9164:1989 and DIN 4108, materials with thermal con-
ductivities of less than 0.07 W/m·K can be considered thermal insulators [41]; other studies
consider materials to be thermal insulators if the conductivity is less than 0.1 W/m·K [14].
One of the most widely used methods to measure this property is the protected hot plate
method, which consists of taking the sample to a stationary state with two different and
known temperatures so that Fourier’s law of heat conduction in its one-dimensional form
is applicable; this can be expressed as follows:

k =

.
QL

AΔT
(1)

where k is the thermal conductivity of the material,
.

Q is the heat transfer rate, L is the
thickness of the sample, A is the heat transfer area, and ΔT is the temperature difference.
For this purpose, the sample is located between two plates that act as a heat source and
a heat sink, in order that, from their temperatures, the power required by the device, its
geometry, and the material’s ability to conduct heat can be calculated.

In the present study, the protected hot plate method was used to measure the conduc-
tivity of nonwoven fique samples at different densities, for which the equipment shown in
Figure 1 was built, which was designed according to ASTM C 177-13 [42] with a double-
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sided configuration to ensure a stable and constant transmission of energy by conduction
perpendicular to the surfaces of the samples. This device consists of four main parts,
namely: a measurement and control system, a support system, a heating system, and a
cooling system, which are presented in Figure 1.

 

1

2 

3 

4 

Figure 1. Thermal conductivity measuring bench in accordance with ASTM C 177-13. (1) Measuring
and control system, (2) support system, (3) heating system, and (4) cooling system.

2.1.1. Measurement and Control System

The measurement and control system allows real-time temperature measurement by
means of eight K-type thermocouples, four located on the hot plate (Figure 2b) and four
on the cold plates (two on the upper plate and two on the inner plate). The system also
supplies the electrical power required by the two flat plate heaters, which are controlled by
two electronic PID microcontrollers (Autonics TCN4).

  

(a) (b) 

Figure 2. Heating system: (a) aluminum plates and electrical resistors and (b) thermocouples for
temperature measurement in the system.

2.1.2. Support System

The support system supports the other systems and is mounted on a hydraulic unit,
which ensures constant pressure on the specimens by means of a hydraulic actuator, thus
ensuring the reproducibility of the measurements.

2.1.3. Heating System (Guarded-Hot-Plate)

The heating system consists of two aluminum plates, measuring 300 mm × 300 mm ×
10 mm, in the middle of which there are two independent flat coplanar resistors, as shown
in Figure 2; one corresponding to the area of the protected hot plate with a power value of
225 W (150 mm × 150 mm) and another resistor corresponding to the area of the primary
guard, which supplies an electrical power of 360 W. Four temperature sensors (T1, T2, T3,
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T4) are located on the plate to measure the temperature values and to ensure that there is
no lateral flow, i.e., that there is only unidirectional flow.

2.1.4. Cooling System

The cooling system consists of two aluminum plates (cold surfaces), measuring
300 mm × 300 mm × 20 mm, through which seven 1

2 -inch copper tubes pass on each
plate, as shown in Figure 3. Two K-type thermocouples (T5–T8) are placed on each cold
plate to obtain temperature data during the test.

Figure 3. Cooling system assembly with two heat exchangers.

2.2. Kinetic Modelling

Kinetics, represented by the kinetic triplet, is an important property for the study of the
thermal decomposition of biomass, as it allows the complete simulation of the conversion
vs. time curve, as well as the control and optimization of the process parameters. The most
common method to determine it is the analysis of thermogravimetric (TG) data [43,44],
as it is the most effective, least expensive, and simplest way to observe fuel combustion
and pyrolysis profiles [45]. The thermogravimetric (TG) tests were carried out in a TGA
Q500-TA instruments analyzer, using a nitrogen atmosphere with a constant flow rate of
15 mL/min and a heating rate of 5 ◦C/min, taking the sample from 27 ◦C to 480 ◦C.

The rate at which the thermal decomposition process of solid samples occurs is usually
expressed by Equation (2):

dα

dt
= f (α) A exp

(
− Ea

RuT

)
(2)

where f (α) is known as the decomposition function or reaction model, A is the pre-
exponential factor, Ea the activation energy, Ru the universal pass constant, and T the
absolute temperature. This equation has no analytical solution, so several methods have
been developed to determine the factors f (α), Ea, and A (known as the kinetic triplet),
which can be classified into fitting and isoconversional models. In the former, a predefined
form of f (α) is assumed, while, in the latter, data with the same value as the degree of
conversion α are selected, so that f (α) is constant, and A and Ea are independent of its
form, allowing the Arrhenius equation to be evaluated without choosing the order of the
reaction. Fitting methods have been widely used in solid-state reactions due to their ability
to directly determine the kinetic parameters from TG data at a single heating rate, one of
the most important of which is the Coats–Redfern integral method [46], which has been
successfully used in the kinetic modelling of plant biomass, as can be seen in the work of
Alvarez et al. [47] According to this method, Equation (2) has the following solution:

ln
(

g(α)
T2

)
= ln

[
ARu

βEa

(
1 − 2RuT

Ea

)]
− Ea

RuT
(3)
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where g(α) is the integral form of the reaction model and β is the reaction rate. The 2RuT/Ea
term is very small, so it is usually neglected, leading to:

ln
(

g(α)
T2

)
= ln

[
ARu

βEa

]
− Ea

RuT
(4)

Thus, the graph ln
(

g(α)
T2

)
vs. 1

T is a straight line with slope −Ea/Ru and ordinate at the

origin equal to ln
[

ARu
βEa

]
, which allows us to clear the values of Ea and A. To determine the

reaction model, the “master plots” graphs were used, which is the method recommended
by the International Confederation for Thermal Analysis and Calorimetry (ICTAC) [48,49].
For this purpose, the reaction models presented in Table 2 were plotted first, and then the
experimental curve g(α)/g(0.5) vs. α was plotted and the theoretical curve that best fit
according to equality was chosen:

g(α)
g(0.5)

=

Ea A
βR p(x)

Ea A
βR p(x0.5)

=
p(x)

p(x0.5)
(5)

where x = Ea/RT, p(x) is calculated according to the approximation of Pérez-Maqueda and
Criado [50]:

p(x) =
(

e−x

x

)(
x7 + 70x6 + 1886x5 + 24,920x4 + 170,136x3 + 577,584x2 + 844,560x + 35, 120

x8 + 72x7 + 2024x6 + 28,560x5 + 216,720x4 + 880,320x3 + 1,794,240x2 + 1,572,480x + 403,200

)
(6)

The experimental conversion data were compared with the respective theoretical ones
obtained from kinetic modelling, and the quality of their fit was evaluated by means of the
average percentage deviation (AVP) proposed by Orfao et al. [51]:

AVP = 100

√
SS
N

(7)

SS =
N

∑
i=0

[
(α)i,exp − (α)i,teo

]2
(8)

where αexp is the experimental conversion and αteo is the theoretical conversion, deter-
mined from Equation (2) and the kinetic triplet calculated from the reaction models, and N
is the number of experimental TG data.

Table 2. Integral a and differential b form of various reaction models for solid phase kinetics. Information taken from
Rueda-Ordoñez [52].

Reaction Model Code f(α) a g(α) b

Power law P1 4α3/4 α1/4

Power law P2 3α2/3 α1/3

Power law P3 2α1/2 α1/2

Power law P4 2/3α1/2 α3/2

Phase-boundary controlled reaction
(contracting area) R2 2(1 − α)1/2

[
1 − (1 − α)1/2

]
Phase-boundary controlled reaction

(contracting volume) R3 3(1 − α)2/3
[
1 − (1 − α)1/3

]
Avrami Erofe’ev (m = 2) A2 2(1 − α)[− ln(1 − α)]1/2 [− ln(1 − α)]1/2

Avrami Erofe’ev (m = 3) A3 3(1 − α)[− ln(1 − α)]2/3 [− ln(1 − α)]1/3

Avrami Erofe’ev (m = 4) A4 4(1 − α)[− ln(1 − α)]3/4 [− ln(1 − α)]1/4

First-order F1 (1 − α) −ln(1 − α)
nth-order Fn (1 − α)n [1−(1−α)1−n]

1−n
One-dimensional diffusion D1 1

2α α2
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Table 2. Cont.

Reaction Model Code f(α) a g(α) b

Two-dimensional diffusion D2 [− ln(1 − α)]−1 (1 − α) ln(1 − α) + α

Three-dimensional diffusion D3
(

3
2

)
(1 − α)2/3

[
1 − (1 − α)1/3

]−1 [
1 − (1 − α)1/3

]2

Ginstling–Brounstein diffusion D4
(

3
2

)[
(1 − α)1/3 − 1

]−1 (
1 − 2α

3

)
− (1 − α)2/3

3. Results and Discussion

3.1. Thermal Conduction

Figure 4 shows the influence of the density of the fique samples on their thermal
conductivity. Density was one of the manufacturing parameters controlled during the
elaboration of the samples, obtaining three levels of density: 50 kg/m3, 65 kg/m3, and
80 kg/m3. As can be seen, there is a small decrease in thermal conductivity with increasing
density in the 50 to 80 kg/m3 range, where the maximum average value is 0.06 W/m·K at
a density of 50 kg/m3, while the minimum average value is 0.055 W/m·K at 80 kg/m3.
It seems reasonable to expect an increase in thermal conductivity with the increasing density
of the nonwovens, as the solid fraction increases. However, the sample of fique nonwovens
with the highest density has the lowest thermal conductivity value. This indicates that
voids are also a parameter to be considered, as the results suggest that the higher the
packing density, the smaller the size of the voids and the higher the thermal resistance.
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Figure 4. Results of thermal conductivity measurements at different densities.

3.2. Thermal Decomposition

Figure 5 shows the TG–DTG profile of the analyzed sample. As can be seen, there are
five stages: a first stage of weight loss due to drying, a stable phase with no weight loss,
two stages of high loss due to the decomposition process, and a final stage of degradation
and combustion. It has been observed that hemicellulose, cellulose, and lignin decompose
from 197 to 327 ◦C, 277 to 427 ◦C, and 277 to 527 ◦C, respectively [53]; therefore, the third
stage can be attributed to the decomposition of hemicellulose and cellulose, while the
fourth stage can be attributed to the decomposition of cellulose and lignin.
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Figure 5. TG–DTG diagram of the fique samples.

Applying the Coats–Redfern method to the data obtained from the thermogravimetric
tests, we obtained the straight line ln

(
g(α)
T2

)
vs. 1

T presented in Figure 6a. The correlation
coefficient (R2) of this plot is 0.9903, which speaks well for the efficiency of the method.
The values of the activation energy and pre-exponential factor obtained from this graph
were 120.12 kJ/mol and 2.62 × 107. On the other hand, by applying the “Master Plots”
method, it was found that the reaction model that best fit the analyzed biomass was the
“Power law-P4”, as presented in Figure 6b.

 
(a)  

Figure 6. Cont.

24



Sustainability 2021, 13, 7484

 
(b) 

Figure 6. Determination of the kinetic triplet: (a) activation energy and pre-exponential factor by the
Coats–Redfern method and (b) reaction model by means of the “Master Plots” method.

The results obtained show that, as expected, fique fibers decompose much faster
than common insulators, so it is necessary to apply treatments or mix them with other
materials to improve their resistance to high temperatures. The evaluation of the results
by comparing the theoretical and experimental conversion curves is presented in Figure 7.
As can be seen at the beginning and end of the process, there is a small underestimation
of the results when using the model; however, the difference is very small, so a good fit
is observed. To evaluate this adjustment, the average deviation percentage (AVP) was
calculated, which gave a result of 3.7%, indicating that the results obtained can be used
successfully in the simulation of the thermal decomposition of fique fibers.

 

Figure 7. Theoretical and experimental conversion curves.

4. Conclusions

Equipment for measuring thermal conductivity was built, based on the ASTM C
177-13 standard, with which samples of nonwoven fique fibers of densities between 50 and
80 kg/m3 were tested. The conductivity of the samples was found to be between 0.055 and
0.06 W/m·K, which is a value close to that of the common insulators found on the market.
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This indicates that, from a heat transfer point of view, the material can be a good thermal
insulator for buildings.

Thermogravimetric tests were also carried out in an inert atmosphere at 10 ◦C/min
on the fique samples. It was observed that the thermal decomposition process consists of
five stages: drying, heating without loss of mass, two stages of decomposition, and final
degradation. These were carried out in the temperature ranges: 27–100 ◦C, 100–250 ◦C,
250–320 ◦C, 320–378 ◦C, and 378–480 ◦C, respectively.

From the TG data, the kinetic modelling of the biomass was carried out by means
of the Coats–Redfern method, using the master plot curves for the determination of the
reaction models, thus obtaining the kinetic triplet that allows us to model its thermal
decomposition process. The results obtained were evaluated by comparing the theoretical
and experimental conversion curves, obtaining average deviation percentages (AVP) of
less than 4%, which leads us to the conclusion that the value of the kinetic triplet obtained
is adequate for modelling the thermal decomposition process.

Very few studies evaluate the environmental impacts “cradle to grave” in a rigorous
way, using, for instance, the life cycle assessment approach (LCA) of nonwoven fique
samples. This lack of data is mainly caused by the state of the research on these materials
that is still at an early stage. Further analyses should also be performed to evaluate other
important properties for thermal insulators such as fire classification, resistance to water
vapor diffusion, acoustic absorption, degradation due to moisture, bacteria, mildew, and
fungi. In conclusion, issues remain to be solved before the widespread use of the fique
nonwoven materials as thermal insulators.
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Abstract: In the last decades, urban climate researchers have highlighted the need for a reliable
provision of meteorological data in the local urban context. Several efforts have been made in
this direction using Artificial Neural Networks (ANN), demonstrating that they are an accurate
alternative to numerical approaches when modelling large time series. However, existing approaches
are varied, and it is unclear how much data are needed to train them. This study explores whether
the need for training data can be reduced without overly compromising model accuracy, and if model
reliability can be increased by selecting the UHI intensity as the main model output instead of air
temperature. These two approaches were compared using a common ANN configuration and under
different data availability scenarios. Results show that reducing the training dataset from 12 to 9
or even 6 months would still produce reliable results, particularly if the UHI intensity is used. The
latter proved to be more effective than the temperature approach under most training scenarios, with
an average RMSE improvement of 16.4% when using only 3 months of data. These findings have
important implications for urban climate research as they can potentially reduce the duration and
cost of field measurement campaigns.

Keywords: urban heat island; microclimate; feed-forward neural networks; air temperature measure-
ments; in-situ measurements; urban models; urban environment; climate change

1. Introduction

In the context of raising awareness on climate change, a good understanding of urban
climate phenomena is a key milestone in order to mitigate and adapt to thermal extremes
within urban environments [1,2]. Cities are not only one of the main contributors to the
greenhouse effect [3], but also places where many inequalities and therefore potential vul-
nerabilities accumulate [4–6]. Moreover, recent studies, such as those developed by Grimm
et al. [7] and Youngsteadt [8], suggest that cities could provide important insights into the
socio-ecological dynamics of our near future at a global scale, thus increasing the interest
for reliable urban climatic data and expanding its applications to many other disciplines.

However, obtaining reliable climatic data within urban areas is still a challenging
task due to the complexity of the urban climate. Nowadays, some of the most important
advances concentrate on the modelling field [9]. Examples can be found evaluating the
inter-relation between some parameters and the urban climate, such as the presence of
water-bodies [10] or the emission of anthropogenic heat [11,12]. Regarding the accuracy
of these numerical models, recent advances coupling urban canopy models with meso-
climatic ones have also proved their overall reliability [13,14]. However, there are still some
barriers that limit their applications in other fields. For example, Computational Fluid
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Dynamics (CFD) has proved to be reliable for both building-scale models and relatively
small urban areas (i.e., within a few hundred meters, [15,16]) but too computing intensive
for larger domains [17,18]. Other authors, such as a Lauzet et al. [19], have highlighted that
the high computational needs of high-resolution urban climate models pose a significant
challenge in obtaining long-term datasets, therefore hindering their more widespread use
of urban models within building energy simulations.

Conducting on-site measurement campaigns is also one of the most widespread
practices towards improving urban climate knowledge [20,21]. They are still an essential
component of numerical model validation processes [22]. Regarding meteorological param-
eters, experimental data is primarily derived from urban networks consisting of multiple
sensors distributed across the city [23]. Several examples can be found in the literature for
cities all around the globe, such as in Athens [24], London [25,26], Sendai [27], Szeged [28],
Guangzhou [29], Kaohsiung [30], Guwahati [31], Augsburg [32], Nanjing [33,34], Rotter-
dam [35] or Berlin [36]. However, these urban networks are expensive to deploy and
maintain, thus their use is usually constrained in time and space, limiting their suitability
in long-term studies.

Other sources of experimental data might also present important drawbacks. Citizen
Weather Stations (CWS) have grown exponentially in recent years [37,38] and are being
used in a variety of ways, from studying the intra-urban temperature patterns [39] to com-
plementing weather forecasts [40]. However, they require sophisticated filtering techniques
and quality control procedures to manage their calibration bias, instrument errors and
representativeness issues [41,42]. Mobile measurements, another widely adopted practice
to study the spatial distribution of the UHI in detail, has expanded in recent years from
the traditional approach of car transects [43–45] to bicycle transects [46–49] or even drone
transects [50]. Despite their versatility, mobile measurements are very demanding in terms
of human resources and can hardly be used to obtain time series at a fine scale (i.e., hourly).
The latter is also one of the main drawbacks of remote sensing techniques, which depend
on the timing of the satellite overpass, and require post-processing to address the presence
of clouds and limited view angles [51].

1.1. Data-Driven Approaches for Modelling Outdoor Urban Temperatures

A widespread alternative technique for obtaining reliable and affordable long-term
datasets of urban air temperatures is the development of empirical models. These models
use pre-existing statistical correlations among available data to generate accurate projec-
tions without compromising their computational efficiency. Consequently, these data-
driven approaches represent bespoke alternatives to more complex numerical models.

Several algorithms can be used for this purpose. A widely used technique for mod-
elling urban temperatures is using Multiple Linear Regression (MLR), which has been
tested for both temporal [52–55] and spatial predictions [56–60]. However, the increasing
availability of machine learning and big data solutions is boosting the widespread use of
other algorithms which, although potentially harder to interpret, are likely to improve their
accuracy. Popular machine learning techniques include Support Vector Machines [61–64],
Random Forest [58,60,62,65,66], or Artificial Neural Networks (ANN).

ANN seem to stand as the most popular approach for modelling the hourly evolution
of outdoor urban temperatures. To the authors’ knowledge, Mihalakakou et al. [67] pre-
sented the first attempt to model the outdoor temperature at an urban site using ANNs.
They used the dry-bulb temperature data available from two existing meteorological sta-
tions in Athens: one located within the city (the target), and one at the outskirts (the
reference site). In a follow-up study, the model was adapted for other urban sites in the
same city, where they deployed a network of 23 temperature sensors across the city for
2 years [68,69].

In these early attempts to model urban temperatures using ANNs, the authors only
used the air temperature from the reference site as the input. However, other researchers
have explored the inclusion of additional predictors to increase model performance. The
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most common ones are meteorological parameters linked with the UHI formation. Kim
and Baik [70], for example, used the maximum UHI intensity of the previous day in Seoul
together with wind speed, cloud cover, and relative humidity. In London, Kolokotroni
et al. [71–73] used hourly air temperature, relative humidity, wind speed, cloud cover
and global solar radiation. More recently, in Ontario, Demirezen et al. [74,75] used the air
temperature, humidity, solar radiation, wind speed and wind direction. Other researchers
have also included a time reference as an input to better capture the hourly evolution of
urban temperatures. For example, Gobakis et al. [24] and Papantoniou and Kolokotsa [76]
used the date in conjunction with air temperature and global solar radiation. Similarly,
Heijden et al. [35] and Erdemir and Ayata [77] used the hour of the day together with other
meteorological parameters. Table 1 summarizes these and other ANN studies that focused
on outdoor urban temperatures and their modelling characteristics, such as the length of
their datasets.

Table 1. Previous studies using ANN to model the outdoor air temperature in urban areas, in chronological order.

Reference City, Country a
Training and Testing Dataset

ANN Target b ANN Type
Initial Date Final Date Duration

Mihalakakou et al. [67] Athens, GR 1986 1995 10 years Temperature FNN

Santamouris et al. [69] Athens, GR Jun 1996
Jun 1997

Sep 1996
Sep 1997 8 months Temperature FNN

Kim and Baik [70] Seoul, KR 1973 1996 24 years UHI intensity FNN

Mihalakakou et al. [68,78] Athens, GR Jan 1996 Dec 1998 2 years UHI intensity FNN

Jang et al. [79] Québec 1, CA Jun 2000 Sep 2000 4 months Temperature FNN

Kolokotroni et al. [71–73] London, GB Jul 1999
2007

Sep 2000
2007 15 months Temperature FNN, CNN,

ENN

Zhao [80] Quinling 1, CN - - - Temperature FNN

Beccali et al. [81];
Cellura et al. [82] Palermo, IT - - - Temperature NNARX,

NNARMAX

Gobakis et al. [24] Athens, GR Apr 2009 May 2010 13 months Temperature FNN, CNN,
ENN

Shao et al. [83] Hangzhou, CN Jan 1995 Dec 1996 2 years Temperature FNN

Heijden et al. [35] Rotterdam, NL Apr 2011 Oct 2012 19 months UHI intensity FNN

Lee et al. [84] Seoul, KR Jan 2012 Dec 2012 1 year UHI intensity FNN

Papantoniou and
Kolokotsa [76]

Ancona, IT
Chania, GR
Granada, ES
Mollet, ES

Jan 3 Dec 3 1 year Temperature FNN, CNN,
ENN

Erdemir and Ayata [77] Istanbul 2, TR May 3 Sept 3 5 months Temperature FNN

Schuch et al. [85] Abu Dhabi, AE Mar 2016 Dec 2016 10 months Temperature FNN

Demirezen et al. [74,75] Ontario, CA Feb 2018 Nov 2018 9 months Temperature FNN

Han et al. [86] Cambridge, US Jan, 2019 Jun, 2019 6 months Temperature FNN, RNN
a ISO Country codes [87]. b Output of the ANN model, as declared or shown by the authors. 1 Extends further from the limits of the city,
covering the surrounding regional areas. 2 Includes other cities of the same country. 3 Year not specified.

In most of these studies, the modelling of outdoor urban air temperature time series
is addressed from a common perspective: using the temperatures collected during a
monitoring campaign at the urban level to train a Feed-forward Neural Network (FNN, a
relatively simple type of ANN). This modelling is usually performed using data from one
or several reference points, in many cases well-established meteorological observatories
providing detailed and robust information on a wide range of parameters. Although this
process is quite extended, it could be discussed whether other ANN topologies might
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be more suitable for this purpose. Cascade Neural Networks (CNN) or Elman Neural
Networks (ENN) have also been widely applied [24,72,76], the latter being simplified
versions of Recurrent Neural Networks (RNN). RNNs have proved to be very effective
when it comes to make forecasts, especially when Long Short-Term Memory (LSTM) is
used [88]. In that sense, the work of Han et al. [86] has recently demonstrated the superiority
of RNNs over FNNs for predicting outdoor urban temperatures.

However, it should be noted that the aim of most of these studies is not to make time
predictions or forecasts, but to model an urban time series from a preexisting one. In other
words, the purpose is to obtain an adapted version of a reference time series that already
exists, being this new time series representative of a certain urban area and covering the
exact same period as the data used as a reference. This simplifies the process by eliminating
the time dependence of the outputs, and which justifies working with simpler neural
networks, such as FNNs. In fact, and under this modelling scenario, Kolokotroni et al. [72]
did not find any improvement when comparing ENNs and CNNs with FNNs.

Although empirical models are site-specific (predictions are always made for a partic-
ular urban location), they can be used to extend the temporal coverage of urban monitoring
campaigns, thus potentially increasing their utility among other disciplines. And despite
FNN-based models are not suitable for future projections, they are certainly useful to adapt
historical records obtained outside the city to the reality of urban areas. However, there
is currently a knowledge gap with regard to the amount of input data potentially needed
to accurately model urban temperature time series using FNNs. Collecting experimental
data is very time-consuming and resource-intensive and, while it seems a common practice
to rely on one whole year of data for the training, there is no evidence that this should
be a minimum requirement. This study, therefore, aims to quantify the degree to which
the amount of input data needed to train FNNs can be reduced without sacrificing their
accuracy. We also explore the use of the UHI intensity as an alternative output of the FNN
models, instead of directly targeting the air temperature, to test the hypothesis that its
lower seasonality and direct association with the input variables might help reduce the
amount of required data for the training phase.

The present research is structured in three phases: first, we compared the perfor-
mance of more than 5000 different FNN configurations for modelling the outdoor urban
temperature (TEMP approach) and the UHI intensity (UHII approach) when trained with
12 months of data in the city of Madrid. An optimal configuration was then selected
and analysed further in-depth for both approaches, including their sensitivity to input
parameters. Finally, the amount of data provided during the training phase was reduced
from the initial 12 months to 9, 6 and 3 months to evaluate the capacity of these models to
continue producing accurate results with fewer input data.

2. Materials and Methods

2.1. Study Area: The City of Madrid

The present study focuses on the city of Madrid. Due to its size, location and climatic
conditions, Madrid is characterised by a strong UHI, with nighttime UHI intensities up
to 10 ◦C during calm and clear nights. During the last decades, this phenomenon has
been intensively studied in the city by means of on-site measurements [89–92], remote
sensing [93,94] and numerical models [95,96].

Between 2016 and 2019, a continuous monitoring campaign was carried out at 20
fixed urban sites with the aim to study the temporal patterns of the UHI in Madrid [97].
In the present study, we use part of that experimental data to define the outputs of our
ANN models. More specifically, we use the hourly, dry-bulb temperature gathered at the
city centre (Embajadores, see Figure 1), classified as compact midrise (LCZ 2) according to
the Local Climate Zones (LCZ) scheme [98], and which registered the highest mean and
nighttime UHI intensity. The data available for this study cover the period from July 2016
to September 2018 on an hourly basis (800 days or 19,200 h, in total).

32



Sustainability 2021, 13, 8143

All sensors used in this monitoring campaign were protected from the rain and solar
radiation using a custom-made, mechanically ventilated radiation shield. They were
installed in the Urban Canopy Layer (UCL) at 5–6 m above the ground, following the
guidelines of the World Meteorological Organization (WMO) for urban sites [99,100]. The
location of each sensor was also studied in terms of its thermal source area [101]. In that
sense, the representativeness of each sensor was appraised in terms of its surroundings’
homogeneity [102,103].

Quality Control (QC) procedures were also applied, consisting of a plausible value
check, a time consistency check, and an internal-consistency check [104]. This analysis was
complemented by a spatial consistency check [105], which analysed whether the difference
between a measurement and its surroundings was too large compared to the average. For
the City Centre sensor, 126 records were flagged as suspect and just three as erroneous.
72 missing values were identified due to a recording failure between the 17th and the 20th
of October 2017. Both erroneous and missing values were left blank in the analysed dataset.
Further details about the monitoring campaign and QC procedures can be found in [97].

In addition to the experimental data collected at the city centre, records from the
nearby meteorological stations of Barajas Airport (LCZ D) and Ciudad Universitaria (LCZ
9) were used. Hourly values of dry bulb temperature, relative humidity, wind speed, wind
direction and precipitation were extracted from the former, while global solar radiation
was obtained from the latter. The data covered the same time period (July 2016–September
2018). Both stations are managed by the Spanish Meteorological Agency (AEMET), which
complies with the requirements established by the WMO Integrated Global Observing
System (WIGOS, [106,107]) regarding QC and sensor installation.

Three different types of datasets, the training, validation and the test datasets, were
created. The former were used to fit and evaluate different ANN model configurations.
Several training and validation datasets, which varied in length (12, 9, 6 and 3 months)
and the months that they covered, were created based on almost 15 months of monitoring
(July 2016–September 2017, 10,440 records/hourly measurements). All these datasets were
continuous over time, and they were distributed as 80% training and 20% validation.
These training and validation subsets were created by randomly sampling the data. This
prevented the potential accumulation of specific events in any of these datasets (e.g., certain
meteorological conditions), which could bias either the training or the validation of the
models. Additionally, a test dataset was created based on the second year of recorded data
(October 2017–September 2018, 8688 records/hourly measurements) to independently test
the models and assess their accuracy over an entirely different year.

2.2. Designing the ANNs

Feed-forward Neural Networks (FNN) were used in this study. Although FNNs
are at the baseline of supervised deep neural networks, their utility for modelling urban
temperatures has been widely demonstrated in previous studies (see Section 1.1). Figure 2
outlines the two different approaches, based on two different outputs, that were adopted in
this study to model urban temperatures. The first one consisted of directly targeting the air
temperature at the urban site, validating its outputs with the measurements previously
recorded at that location. This approach is aligned with the majority of similar studies
found in the literature, and it is referred in this study as the temperature approach (TEMP
approach). The second option aims at modelling the urban air temperature indirectly.
In this case, the model targets the UHI intensity instead, computed as the temperature
difference between the urban site (Embajadores) and the reference location (Barajas Airport,
ΔTLCZ2, LCZD). The urban temperature is then derived indirectly by adding the airport
temperature to the output of the model. This will be referred to as the UHII approach from
this point onwards.
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Figure 1. Distribution of the MODIFICA and AEMET networks across the city of Madrid. The data
needed for the training, validation and test of the ANN model was extracted from the measurement
sites in black. The classification of Madrid by Local Climate Zones, extracted from the WUDAPT
database [108], is presented in the background.

 

Figure 2. Schematic representation of the two approaches used for modelling the outdoor urban
temperature.
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The selection of the FNN model inputs of this study were informed by previous
studies in Table 1, which have identified the variables that have a strong correlation with
the formation of heat islands [109,110]. They consist of six meteorological variables: dry
bulb temperature (◦C), relative humidity (%), precipitation (mm), wind direction (degrees),
wind speed (m/s) and global solar radiation (J/m2). The time of the day was added
to these six input parameters, which was expected to reflect the daily variability of the
outputs, either the temperature or the UHI intensity. Cloud cover was not used as an input
parameter because the available frequency (one record every eight hours) was incompatible
with the hourly frequency for the outputs. The wind speed presented strong variations at
an hourly level and introduced strong oscillations in the prediction. Thus, to help avoid
abrupt changes in the output, a moving average (MA) filter was applied. The use of a MA
filter is a common pre-processing technique when it comes to modelling time series from
data with a high variability. Examples can be found in the field of urban traffic (applying a
MA to the car’s acceleration [111]), atmospheric pollution (MA applied to measured PM2.5
concentration [112]) or urban climate modelling [113], the latter using a MA of order 8 (i.e.,
8 h) to reduce the presence of wind gust peaks in the dataset prior feeding their model. In
this study, a MA of order 4 (4 h) was found to be sufficient to reduce the noise of the wind
speed while preserving the time series trend.

All the inputs were standardized prior the FNN feeding, meaning that all variables
were transformed in order to have a mean = 0 and a standard deviation = 1 [114,115]. A
diagram of the FNN structure for both approaches can be seen in Figure 3.

Figure 3. Base structure of the Feed-forward Neural Network (FNN) used in this study.

2.3. Comparing and Evaluating the FNNs

Several FNN structures with different configurations were trained during the first
phase of this research. Hyperparameters, such as the number of neurons per hidden layer,
the activation functions, or the number of epochs, were thoroughly iterated in order to
find a common, optimal configuration for both the TEMP and the UHII approach. Despite
some of the tested activation functions are commonly applied for classification tasks
and were not likely to give the best performance (i.e., sigmoid-like functions), they were
included in the iterative process since preceding similar works made use of them [24,67]. To
streamline the process and reduce the complexity of the iteration, each subsequent hidden
layer adopted half the neurons of the previous one. All models initialized their weights
randomly and were initially trained using 12 months of data. Each configuration was
compared by iterating just one parameter (e.g., the activation functions) and leaving the
others fixed, while increasing the number of neurons per hidden layer. Those parameters
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that reached the best overall accuracy with the lowest number of neurons were selected.
After this iterative process 5478 FNNs were trained. Table 2 summarizes the parameters
used to test these configurations, as well as the ones that were finally selected. The task
outlined above was performed using Python and Keras, a deep-learning library based on
Tensorflow [116,117].

Once a common structure and configuration were defined, a comparative analysis of
these models was carried out. First, the contribution of each input to the model output
was assessed using a sensitivity analysis [114,118,119]. The 5th, 25th, 50th, 75th and 95th
percentiles were used to run the sensitivity analysis for each input, while fixing the rest on
their means. The time of the day was excluded from the sensitivity analysis and fixed at two
different moments: noon and midnight. Next, their overall accuracy was compared for the
TEMP and the UHII approach using several error metrics, such as the root mean squared
error (RMSE), the median absolute deviation (MAD) or the coefficient of determination (R2).
Modelled results were then plotted for three different weeks to visually assess whether
the modelling ability of any of these two approaches could be compromised under certain
scenarios. These corresponded to a week of high atmospheric stability (and thus, strong
UHI intensity), a week of high atmospheric instability (weak UHI intensity), and a week
under both of these conditions.

Table 2. Parameters used to train and evaluate different FNNs configurations. It includes the configuration that was finally
selected for both the temperature and the UHII approach.

Parameters Tested Selected

Number of hidden layers 1–5 2

Number of neurons Input layer 7 7

Hidden layers 1 3–85 18

Output layer 1 1

Activation functions Hidden layers Linear, ELU, SELU, ReLU, Sigmoid, Hard sigmoid, Hyperbolic tangent,
Exponential, Softmax, Softplus, Softsign ELU

Output layers Linear, ELU, SELU, ReLU, Sigmoid, Hard sigmoid, Hyperbolic tangent,
Exponential, Softmax, Softplus, Softsign Linear

Optimizer SGD, Adam, RMSProp, Adagrad, Adadelta, Nadam Adam

Epochs 100, 200, 500 200

Batch size 2, 5, 10 10

Dataset length 12 months 12 months 2

Train/Validation size 80%/20% 80%/20%
1 The value here presented corresponds to the number of neurons contained in the first hidden layer. Each subsequent hidden layer adopts
half of the value of the previous one. 2 Maximum length of the dataset. Results with shorter lengths are also presented (Table 4).

The last step of the evaluation process consisted of modifying the amount of data
provided to the neural networks during the training phase. To this end, FNN models for
both the TEMP and the UHII approach were trained using 12, 9, 6 and 3 months of data,
and were used to model the outdoor air temperatures for one complete year using the
test dataset. The accuracy was estimated, as in the previous cases, using common error
metrics. The loss of accuracy of the models trained with shorter datasets was addressed by
comparing their performance with the models trained on more data, obtaining a percentage
indicating the increase of error for each metric. In the case of models trained with just
3 months of data, the Mean Absolute Error (MAE) was estimated on a monthly basis to
further explore its distribution along one year of modelling.
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3. Results

A comparison between several FNN configurations is first shown in Figure 4. Each
graph represents the overall accuracy of a certain FNN when iterating just one of its
parameters, and while increasing the number of neurons in the hidden layers. From this
iterative process, a common, optimal FNN configuration for both the TEMP and the UHII
approach was established. The optimal structure was defined as a neural network with
seven inputs, two hidden layers of 18 and 9 neurons respectively, and one output. In that
sense, it was found that increasing from one to two hidden layers produced a significant
improvement in the models’ accuracy, while increasing the number of hidden layers further
did not. Similarly, moving from 100 to 200 epochs during the training phase could reduce
the error of the FNN, while the computational expense of using 500 epochs instead of 200
did not seem justified. This was particularly evident when having tens of neurons in the
hidden layers.

Figure 4. Average Root Mean Squared Error for different FNN configurations using Table 2. Results
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obtained with the models derived from the TEMP and the UHII approach for the site Embajadores.
Three weeks were selected, each one representing a different atmospheric stability scenario. The
timeframe used to train these models extends from July 2016 to September 2017.

In some cases, due to the performance differences between the TEMP and the UHII
approach, a common ground had to be reached in terms of the optimal configuration.
That was the case of the activation functions, where the Stochastic Gradient Descent (SGD)
seemed to produce the best results for those FNNs modelling the UHI intensity, but it led
to exploding gradient problems when modelling the temperature. Thus, the Adaptive
Moment Estimation (Adam) optimiser was used instead, which performed optimally in
both scenarios. For the activation functions, a combination of the Exponential Linear Unit
(ELU) for the hidden layers and the linear function for the output layer was used.

Overall, UHII models presented fewer converging problems than TEMP models,
which seemed to have some difficulties with some activation functions and optimizers.
Furthermore, the UHII approach usually outperformed the TEMP approach. The former
did not only produce models with relatively smaller errors than the latter but required
fewer neurons per hidden layer to reach a similar accuracy. This behaviour might be
indicative of a clearer and more direct relationship between inputs and output, which in
the case of the UHII approach links parameters such as wind speed, precipitation, or solar
radiation with the UHI formation.

Differences between both modelling approaches also arise when looking at the inputs’
relevance. In that sense, the sensitivity analyses presented in Figures 5 and 6 seem to reveal
significant variations among them. The temperature from the reference site shifts from
being the most relevant parameter of the entire FNN (TEMP approach) to being one of
the least important (UHII approach). This is especially visible at night, when inter- and
intra-urban temperature differences are most pronounced. The other parameters, albeit
with different magnitude, seem to condition the outcome of both models in a similar way.
In that sense, wind speed and direction seem to be two highly influential parameters during
the night, while solar radiation and relative humidity seem to be key during the day.

Although the UHII approach appears to yield more balanced models, this apparent
advantage does not seem to have a significant impact on their outputs when trained with
12 months of data. In this scenario, reasonably good results, and with similar error patterns,
are obtained for both approaches. As it can be noted in Figure 7, modelled temperatures fit
satisfactorily with the measured temperatures at the urban site and under a wide variety of
circumstances, including different UHI scenarios: a rainy and windy week with generalised
low UHI intensities (<2 ◦C); a week with varying meteorological conditions, during which
a sudden weather change from calm to rainy was observed leading to a rapid change in the
UHI intensities; or a calm week with strong UHI intensities (>5 ◦C), probably reinforced
by temperature inversions. The greatest errors seem to accumulate on those nights when
unusual conditions occur, such as when very high UHI intensities, close to 10 ◦C, are
registered; or when the UHI intensity drops and rises abruptly, perhaps coinciding with
occasional and localised weather events, such as rainfalls. Overall, models produced
relatively smooth time series, without spikes or large variations from one hour to the
next one, despite not having a built-in temporal dependence between consecutive outputs.
Using a moving average for the wind speed seems to have contributed to reducing the
noise in the models’ output.
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Figure 5. Sensitivity analysis of the inputs of the models. The same FNN configuration was used
targeting the urban temperature (top) and the UHI intensity (bottom). The hour was fixed to 12 a.m.
(Nighttime).

Figure 6. Sensitivity analysis of the inputs of the models. The same FNN configuration was used
targeting the urban temperature (top) and the UHI intensity (bottom). The hour was fixed at 12 p.m.
(Daytime).
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Figure 7. Results obtained with the models derived from the TEMP and the UHII approach for the site Embajadores. Three
weeks were selected, each one representing a different atmospheric stability scenario. The timeframe used to train these
models extends from July 2016 to September 2017.

Models targeting the UHI intensity got a slightly better score in the error metrics,
with a reduction of the error between 6.4 and 11.7% (see Table 3). RMSE was 1.09 ◦C
and 1.02 ◦C for the TEMP and the UHII approach, respectively. These results are in line
with previous studies, such as in Kim and Baik (RMSE = 1.18 ◦C, [70]) or Demirezen et al.
(RMSE = 1.29 ◦C, [75]), both modelling outdoor air temperature. The only exception is the
coefficient of determination, which is extraordinarily high when targeting the temperature
(R2 = 0.99). This is also in line with previous studies (e.g., [75,77]) and it is further addressed
in the discussion section.

Table 3. Metrics of the selected models targeting both the air temperature and the UHI intensity.
Both models were trained using 12 months of data (July 2016–September 2017). The two variables
regressed are modelled and monitored air temperatures.

Metrics
Model Targeting Error

VariationTemperature UHI Intensity

MAD Median Absolute Deviation (◦C) 0.60 0.53 −11.7%
MAE Mean Absolute Error (◦C) 0.81 0.74 −8.6%
RMSE Root Mean Squared Error (◦C) 1.09 1.02 −6.4%

R2 Coefficient of Determination 0.99 0.79 +20.2%

Shortening the Training Dataset

The results presented above correspond to FNN models trained with one year of
hourly data. So far, the TEMP and the UHII approach have proved to yield similar results.
When training models with less data, however, differences started to arise. Results show
that using 9 months instead of 12 months of data slightly increased the RMSE, with 0.9%
and 2.4% for the TEMP and the UHII approach, respectively. When using 6 months of
data the accuracy loss increased more markedly, especially in the case of the TEMP models
(11.7% vs. 6.2%). The error kept growing exponentially when using 3 months of data,
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although the tendency was more accentuated and led to significant differences between
both approaches (63.1% vs. 40.7%). A similar trend was observed for the MAE and MAD
metrics, which can be found in Table 4.

Table 4. Relative accuracy loss when reducing the size of the training dataset for both the TEMP and the UHII approach. The
number of months in each column establish the baseline of accuracy. The accuracy was obtained using the evaluation dataset.

TEMP Approach UHII Approach

RMSE RMSE

12 months 9 months 6 months 3 months 12 months 9 months 6 months 3 months
12 months 0.0% 0.0%
9 months 0.9% 0.0% 2.4% 0.0%
6 months 11.7% 10.6% 0.0% 6.2% 3.8% 0.0%
3 months 63.1% 61.6% 46.1% 0.0% 40.7% 37.5% 32.5% 0.0%

MAE MAE

12 months 9 months 6 months 3 months 12 months 9 months 6 months 3 months
12 months 0.0% 0.0%
9 months 3.2% 0.0% 4.8% 0.0%
6 months 14.0% 10.4% 0.0% 8.9% 4.0% 0.0%
3 months 66.1% 60.9% 45.7% 0.0% 40.0% 33.7% 28.5% 0.0%

MAD MAD

12 months 9 months 6 months 3 months 12 months 9 months 6 months 3 months
12 months 0.0% 0.0%
9 months 7.6% 0.0% 10.6% 0.0%
6 months 17.7% 9.4% 0.0% 14.5% 3.5% 0.0%
3 months 70.7% 58.7% 45.0% 0.0% 42.7% 29.0% 24.6% 0.0%

These results are the average error yielded by several models trained with shortened
datasets and are relative to the accuracy of the models trained with 12 months of data.
Figure 8 presents the models’ accuracy absolute levels, including the accuracy of all models
trained with each shortened dataset. As already noted, differences arise not only when
reducing the training datasets, but also when changing from one approach to another. The
large variability of error between the models trained with 3 months of data is noticeable,
being more accentuated in the case of the TEMP approach. It seems that, depending on
the data used during training, it is possible to obtain models with an acceptable overall
accuracy (RMSE < 1.5 ◦C, in line with previously developed models) to others that it is not
clear that they could be used to make a reasonable modelling (RMSE > 2 ◦C).

Yet, these results represent the average cumulative error over a year. A more detailed
analysis of the accuracy of the models showed that their error is unevenly distributed over
the months, losing accuracy outside the months for which they were trained. It was also
observed that their results do not suffer excessively within the months for which they were
trained, being comparable with models trained on more data. In that sense, Figure 9 shows
the additional error yielded by models trained with only 3 months of data. For convenience
purposes, these months were made coincident with the seasons of the year, and a model
trained with all 12 months of data was used as a reference.

41



Sustainability 2021, 13, 8143

Figure 8. Comparison of the error obtained by several models, trained using different datasets of different length and
differentiating between those targeting the air temperature and the UHI intensity. On the left is presented the RMSE. On the
left is presented the RMSE. On the right is presented the MAD.

Figure 9. Additional error yielded by models trained with just 3 months of data, using both the TEMP and the UHII
approach. These models are named according to the season they were trained on. The reference error baseline was
established by the same ANN configuration trained with 12 months of data.

The results show that the models systematically tend to minimise their error within
their season, with the RMSE gradually increasing as they move away from it. This is
accentuated for models trained in winter and summer. The reason behind this could lie in
the annual cyclical behaviour of temperatures: between solstices and equinoxes, temper-
atures remain at one extreme of the annual cycle, either at the high end of temperatures
(summer) or at the low end (winter). Between the equinoxes and solstices (spring and
autumn), though, the transition between the two extremes takes place. This could favour
the training of the ANN, as it would extend pattern recognition to practically the entire
annual temperature range, and where only the extremes would be at the expense of the
neural network’s ability to generalise and extrapolate its modelling capacity beyond what
is known during its training.

This dynamic is noticeable in the case of the UHII approach as well, although it seems
to be rather less pronounced. As it was pointed out in the introduction, Madrid’s UHI
does not seem to follow a seasonal pattern, which means it might reach its highest and
lowest UHII intensities at any time during the year (see Figure A1). However, these UHI
peaks depend on the meteorological conditions, thus the loss of accuracy registered by
these UHII models seems to be likely related to the concentration of certain meteorological
conditions during the training phase. In other words, these FNNs would have difficulties
in refining the modelling if, within the three months of data used to train them, there is
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not a sufficiently large record of the different meteorological conditions that favour the
occurrence of UHI.

The performance differences between the TEMP and the UHII approach are now
clearly noticeable when plotting the data. In this respect, Figure 10 shows how the results
of a TEMP model trained from May to August would produce quite precise results for June
of the next year, like the ones obtained by models trained with 12 months of data. However,
when trying to obtain the temperature profile in February, that same model barely captures
the global trend. In that scenario, the UHII model, trained with the same three months of
data, was able to fit to observed values with higher accuracy. It accumulated the error at
the same moment as the models trained with 12 months of data, in many cases amplifying
it. Despite the unusual distribution of temperatures and UHI intensities for that week,
the UHII model was able to capture most of it, which turned to be surprising due to the
relatively low amount of data used for its training.

Figure 10. Comparison of TEMP and UHII models trained with 12 and 3 months of data for the site Embajadores. Results
are presented for one week of June (top) and one week of February (bottom). The TEMP model trained on 3 months of data
shows difficulties when modelling the temperatures further away from its training temporal range (i.e., February, bottom).

4. Discussion

The results of this research point towards the potential reduction of the training
datasets without having a significant loss of accuracy. This could facilitate the work
of urban climate researchers, thus promoting the development of shorter and simpler
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monitoring campaigns. This does not mean that it is preferable to use smaller amounts of
data to train ANN models, but that their accuracy might not be compromised when they
are trained in this manner. Although using large amounts of high-quality data is always
desirable, in some cases it is not possible due to varying circumstances, such as budget
constraints or human resources limitations. In this context, knowing where the accuracy
limits of the models are when trained with fewer data might help researchers explore their
experimental data or design new measurement campaigns in an efficient manner.

In this study we propose the use of empirical, FNN-based models to extend the tempo-
ral coverage of urban monitoring campaigns. These models, although limited for carrying
out temporal predictions into the future, they can be used to adjust long-term records
gathered outside the city to the urban context. This approach, the generation of long-term
datasets by looking backwards, might be potentially useful in many disciplines, including
the generation of site-specific weather files for building energy modelling [120–123], the
downscaling of heat-related epidemiological studies to evaluate the effect of urban tem-
peratures in health [4,124–127], or the identification and characterization of energy poor
households in urban environments [128–132].

It is worth noting that the use of UHI intensity instead of outdoor temperature as the
output of the FNN models yielded significantly better results mainly when reducing the
size of the training dataset. The accuracy improvement was limited when using 9 or more
months of data during the training phase. The benefits of targeting the UHI intensity with
the FNN model are, therefore, linked to the potential of using smaller datasets to model
outdoor urban temperatures. However, using the UHI intensity instead of the temperature
as the output, sustained on the lower seasonality of the former, could be arguable. ANN
are universal function approximators [133] and, for that reason, using one parameter or
the other should not produce significant differences. Although this was mathematically
demonstrated, Curry [134] showed that to model the seasonality of a time series with
FNN would require a very large structure. This structure would grow exponentially when
increasing the length of the dataset, since more turning points are likely to appear. In fact,
Zhang and Qi [135] recommended not only to deseasonalize the time series, but also to
remove its trend (if any). Nowadays, pre-processing the dataset to make it stationary
before feeding the ANN is a very extended practice and has demonstrated to be very
effective with RNN as well [88,136]. This approach might be helpful in the future for
other studies such as Han et al. [86], where the UHI intensity could be used instead of
the outdoor air temperature to remove much of the seasonality from their temperature
forecasts. However, it is unclear whether they could be extended to FNNs that use a
reference site for modelling outdoor urban temperatures without any time dependence.
Other reasons, such as the range of temperatures or the concentration of meteorological
stability of the training dataset, might explain the varying accuracy results between the
TEMP and the UHII approach when training these types of models, especially when using
just 3 months of training data.

In line with the latter, it seems that the selection of days with different meteorological
conditions and at different times of the year might be more relevant for the modelling
than the continuity of the monitoring campaign. Thus, it may be more appropriate that
future studies work with shorter, discontinuous monitoring campaigns covering a wider
range of meteorological situations rather than a single, continuous-over-time campaign
that might concentrate in a specific time of the year. Results may also support the use of
data from sources whose long-term continuity may be compromised (i.e., CWS). In these
cases, it would be relevant not only to apply filtering techniques to reduce the risks of
introducing outliers, but also to carry out frequency distribution analyses to ensure that all
meteorological conditions are being included into the modelling.

Some attention should be drawn to the pertinence of using certain error metrics.
Despite being very extended (e.g., [75–77]), the use of R2 as a performance indicator could
be misleading [137,138]. As it can be seen in Equation (1), R2 relies both on the size of the
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residuals (SSres, the actual deviation of the prediction from the observed values) and the
total variance of the dependent variable (SStot):

R2 = 1 − ∑(yi − ŷi)
2

∑(yi − yi)
2 = 1 − SSres

SStot
(1)

Thus, obtaining a higher R2 does not implicitly mean having less error (numerator),
but might be the result of a higher variance of the output (denominator). This was observed
in this study when comparing the two approaches. In the case of the TEMP approach,
the variance of the output temperature (which ranges from −2 to 41 ◦C) is much higher
that the variance of the UHI intensity (ranging from 0 to 8 ◦C). Furthermore, since the
TEMP approach contains an input variable (airport temperature) that explains most of the
variance of the output variable (urban temperature), the R2 tends to be extremely high
(R2 > 0.99). This explains why significantly lower R2 were obtained when using the UHII
approach in spite of yielding better results with the rest of the performance indicators
(RMSE, MAE, MAD).

Taking the above into consideration, it would be worthwhile to investigate whether
the behaviour of the TEMP and the UHII models presented in this paper is only attributable
to the case of Madrid or if, on the contrary, it might be common in other cities at different
latitudes and climatic conditions. Some existing studies have identified strong seasonal
differences in UHI intensities in other cities [139–142], while others have not found such
differences [143–145]. In this respect, a strong annual seasonality of the UHI intensity
would probably limit the capacity of the models to produce accurate results when trained
with small datasets. On the contrary, in cities where air temperatures remain within a
narrow range throughout the year, such as tropical regions, the TEMP approach might
perform better.

5. Conclusions

Feed-forward neural networks were used in this study to model urban temperature
time series from experimental data. The aim was to explore the reliability of these models
in the context of low data availability, as well as the potential benefits from targeting the
UHI intensity with these models. Results showed that, for the case study of Madrid, the
training dataset could be reduced to 9 or even 6 months without compromising too much
the accuracy of the FNN models, particularly when using the UHII approach (2.4% and
6.2% increase in RMSE, respectively).

Results showed that the UHII approach generally outperformed the TEMP approach.
Overall, UHII models converged to lower error ratios with a smaller number of neurons,
proving to be more effective at predicting the urban temperature of a reference site. When
using the exact same configuration and structure, UHII models exhibited a significant
increase in performance. TEMP models appeared to be quite seasonally dependent, thus
facing more problems for modelling temperatures outside the training months. This was
particularly relevant when trained on just 3 months of data, when the accuracy differences
between UHII and TEMP models was at their highest. We argue that this could be related to
the annual cyclical behaviour of temperatures. Targeting the UHI intensity with the FNNs
instead, which in Madrid has shown to be almost stationary, seems to reduce uncertainty
when modelling temperatures from a relatively small dataset.

The potential use of smaller datasets for training FNNs and still obtaining reliable
results might benefit urban climate researchers since field measurements could be reduced
in time and costs. Researchers might also take advantage of the accurate preliminary results
that can be generated with relatively small datasets for speeding up their research, or for
extending their measurements to other urban areas.
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Appendix A

Figure A1. Seasonal fluctuations of the daily maximum and minimum temperature (top) and UHI
intensity (bottom) between August 2016 and July 2018.
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Abstract: This paper describes the implementation of a series of ventilation strategies in a nursery
and primary school from September 2020, when the government decided to resume the students’ face-
to-face activity in the middle of a COVID scenario. Air quality and hygrothermal comfort conditions
were analysed before the pandemic and compared for different ventilation configurations in a post-
COVID scenario. Ventilation strategies included the protocols issued by the Public Administration,
while others were developed based on the typological configuration and use of the school. Results
revealed that it is advisable to implement certain strategies that reduce the risk of infection among
the occupants of the spaces, without a significant decrease in hygrothermal comfort. Given the
importance of maintaining better IAQ in the future within classrooms, and regarding the pre-COVID
situation, these strategies may be extended beyond this pandemic period, through a simple protocol
and necessary didactic package to be assumed by both teachers and students of the centre.

Keywords: indoor air quality; COVID-19; educational buildings; natural ventilation

1. Introduction

The face-to-face return to classrooms in Spain in September 2020 during the global
pandemic and after a long period of confinement opened up a debate in society about
health security and air quality. The discussion was reinforced when the scientific com-
munity began to show evidence of greater transmission by aerosols than by fomites [1].
Poor indoor air quality (IAQ) was already an existing problem in naturally ventilated
schools, but awareness was only raised after the COVID crisis. During the past school
year, recommendations and protocols have been developed by different institutions and
organisations to improve the ventilation performance of classrooms.

The objective of this study is the evaluation of the main protocols presented to improve
natural ventilation systems (NVS) in schools, as well as the assessment of their possible
adaptations to a post-COVID scenario, through the analysis of a case study.

Before the beginning of this global pandemic (February 2020), measurements were
carried out in a nursery and primary school, which yielded worrying results: throughout
a winter week of monitoring, the CO2 concentration in classrooms exceeded 1000 ppm
during 88.75% of the teaching time, reaching maximum values of 3628.8 ppm. These poor
results are in line with those obtained in various previous studies (Table 1).

Inside classrooms, pupils and teachers are commonly the only sources of CO2. There-
fore, CO2 is considered a good IAQ indicator, which shows the relationship between
ventilation rate and occupancy.
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Table 1. Comparison CO2 values in different studies.

Reference
City

Country
Year

Studied
Classrooms

Ventilation
System

Main Results

University of Burgos &
PSBP [2] Spain 2020 36 Natural

Ventilation
More than 1000 ppm during
67.6% of the teaching time

Jørn Toftum et al. [3] Denmark 2015 820 Natural &
Mechanical

More than 1000 ppm during
66% of the teaching time

Almeida et al. [4] Viseu
(Portugal) 2017 76 Natural

Ventilation

More than 2000 ppm during
25% of the teaching time.

Maximum above 3000 ppm

Turanjanin [5] Serbia 2014 5 Natural
Ventilation

More than 1000 ppm during
50.0% of the teaching time.
Maximum above 3600 ppm

Settimo et al. [6] Rome
(Italy) 2020 24 Not

Specified

Daily values from 653 to
1352 ppm. Maximum average

value of 2386 ± 480 ppm

Vassura et al. [7] Bologna
(Italy) 2015 2 Not

Specified
Maximum average value of

3000 ± 1000 ppm

In addition, CO2 has been associated with the presence of other pollutants [4,8]. The
presence of pollutants like bioaerosols, Particle Matter (PM), or Total Volatile Organic
Compounds (TVOCs) [9] is harmful to a pupil’s health and productivity [10–12]. CO2 must
be taken into account as a pollutant, too, because, although not injurious at the levels that
have been recorded in schools, it can cause adverse effects on the academic performance of
the occupants [13].

TVOCs have diverse sources, mainly from the interior. These can come from cleaning
products, construction materials or furniture, and, in the case of educational environments,
from school materials such as glue, paint, etc. [14].

The approach to improve IAQ in schools is to increase ventilation rates. The first
regulatory requirement in Spain for ventilation in schools dates from 1981 [15], which was
endorsed in the “Regulation of thermal installations in buildings” (RITE) (1998) [16], and
by its subsequent revision in 2007, currently in force with modifications [17].

Since in Castilla y León, 51% of public schools were built before 1980, and the vast
majority of these centres lack ventilation systems, which involves addressing natural
ventilation performance. This percentage is very similar to the Spanish average [18].

The requirements inside the classrooms are comparable between the different coun-
tries, according to Table 2.

Table 2. CO2 concentration requirements inside the classrooms in different countries.

Region and Policy CO2 Concentration [ppm]

Europe [EN 16798-1:2020] 1 950 2

Finland [Decree Indoor Climate and Ventilation 1009 (2017)] 1200 2

Germany [DIN 1946-4 (2005)] 1500
Portugal [RECS (2013)] 1250

Spain [RITE (2007)] 900 2

United Kingdom [Building Bulletin 101 (2018)] 1500 3

USA [ASHRAE 62.1 (2019)] 1100 2

1 Value for Category I (educational buildings—new buildings and renovations). 2 Outdoor air concentration was
assumed as 400 ppm. 3 Value obtained for up to 20 min.

The uncertainty regarding the real performance of ventilation systems in educational
centres has promoted different studies on the improvement of natural ventilation.

Almeida et al. (2015) compared the IAQ between two refurbished and two non-
refurbished classrooms for two months in Spring. All of them had a central heating
system with hot-water radiators as terminal units. A mechanical ventilation system (MVS)
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provided with CO2 and temperature sensors (indoors and outdoors as a reference value)
was implemented in the refurbished classrooms. The results obtained revealed that the
natural ventilation system was not able to provide adequate IAQ for the whole school day.
The CO2 concentration levels were over 1500 ppm for 20% of the time. On the other hand,
while using an MVS a good IAQ was maintained [19].

Also in a mild-climate location, Fernández-Agüera et al. (2019) [20] found that a
large part of the schools lacked ventilation systems. Therefore, the air renewal of the
classrooms was achieved by means of uncontrolled airflow through the building envelope
(air infiltration) or the manual opening of windows. The data showed that, when the
windows remained closed, the CO2 concentration reached values over 1000 ppm during
89.3% of the time.

Vasella et al. (2021) [21] studied the impact of an NVS protocol implemented in
a hundred schools in Switzerland for four days during the cold season with outdoor
temperatures below 15 ◦C (please note that these are similar climate conditions to the ones
of the present study). The protocol consisted of the brief opening of doors and windows
between different classes and for a longer period at the lunch break when the students
had to leave the classroom for its ventilation. The measures implemented included an
application to calculate the duration of the brief apertures, and teaching materials to
promote the importance of IAQ and ventilation. The protocol implemented reached CO2
concentration levels under 1400 ppm during 70% of the school time, whereas those levels
were only achieved during 30% of the time before its implementation, and the mean
temperature was between 19.9 ◦C and 20.5 ◦C.

Similar research in the Netherlands carried out in 2008 [22] demonstrated that when
protocols have been implemented to raise awareness of the problem among students
and teachers, it is possible to achieve a necessary longer-lasting effect. Therefore, before
the intervention, the CO2 concentration exceeded 1000 ppm for 64% of the school day,
whereas after the intervention, ventilation was significantly improved even though the
CO2 concentration still exceeded 1000 ppm for more than 40% of the school day.

Thus, there is enough existing evidence to indicate that it is necessary to control IAQ
in schools. However, it is also necessary to evaluate what success it could achieve, and how
it could affect the thermal comfort in schools in Castilla y León.

In a scenario in which health had to be prioritised, certain ventilation protocols that
compromised thermal comfort were reappraised. To determine the scenarios subject
to study, the main mandatory protocols and guidelines published to date were taken
into account:

• On 19 June 2020, the government of Castilla y León issued “Prevention and organisa-
tion protocol for the return to school activity in the educational centres of Castilla y
León for the school year 2020/2021” [23];

• In June 2020, the Harvard T.H. Chan School of Public Health published the guide
“Healthy Schools: Risk reduction strategies for reopening schools” [24], and in August
2020 “5-step guide to checking ventilation rates in classrooms” [25];

• In October 2020, CSIC-IDAEA released the “Guide to classroom ventilation,” which
has some common ground with the one just mentioned. In December 2020 this guide
was upgraded with results obtained from real cases [14];

• In February 2021, the report of CSIC-LIFTEC “Continuous Ventilation vs. Flashing
Ventilation” was published [26].

2. Methodology

2.1. Site and Building

The case of study is a primary public school in Valladolid (Castilla y León, Spain).
The building is placed in a plot mostly occupied by the playground, and it is next to
other public buildings to the north and south sides, a park to the east and a four-lane
avenue with medium-high traffic volume to the west (Figure 1). Valladolid has a Conti-
nental Mediterranean climate with cold winters and minimum temperatures below zero
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(Csb-Temperate, dry and temperate summer). As a consequence, maintaining the indoor
temperature efficiently becomes an important factor.

 
Figure 1. Aerial view of the school from Google Earth Pro (2021).

The building, which was built in 1980, has a construction system that was widespread
in the construction of public educational buildings built in the same decade: a reinforced
concrete structure and vertical envelope composed of brick masonry, a non-ventilated air
chamber (insulated only on some occasions) and single-hollow brick as the inner layer. It
has a ground floor and two additional floors, with a central corridor and classrooms on
each side (oriented to north and south). Each classroom (Figure 2) has a rectangular floor
area of 60 m2 and is 2.85 m in height. The classrooms have two doors to the corridor, with a
panel of adjustable methacrylate slats over them, and four tilt-and-turn PVC windows with
integrated shutters to the exterior (the original exterior windows were recently replaced).

 

Figure 2. 360◦ view from a tested classroom.
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The building is naturally ventilated, and the heating system has a central boiler and
aluminium radiators, with uninsulated pipes through the classrooms.

The usual class schedule is Monday through Friday from 9:00 a.m. to 2:00 p.m., with
an intermediate break time of 30 min.

2.2. Test Design

Different parameters that define IAQ in classrooms were compared in different venti-
lation scenarios. In the first phase (pre-COVID-19), IAQ parameters before the pandemic
under no ventilation protocol were collected. Next, scenarios A and B, which emerged
from the protocol prescribed by the public administration in Castilla y León [21], were
assessed. Finally, alternative scenarios (C, D and D’) were defined according to the guide-
lines proposed by the Harvard T.H. Chan School of Public Health and CSIC [22–24]. At the
same time, hygrothermal comfort conditions for the different ventilation configurations
were analysed, considering their viability in a post-COVID time.

For each test, measurements were carried out simultaneously in two facing represen-
tative classrooms (Figure 3), with the aim of evaluating the impact of cross-ventilation. In
this regard, cross-ventilation was determined from the data monitored in the corridor from
the simultaneous opening of doors and windows in facing classrooms. This resulted in a
significant increase in the ventilation flow by the pressure gradient between the windward
and leeward façades.

 

Figure 3. Scenario locations and classrooms within the building.

All tests were carried out during the cold season. The data collection for the pre-
COVID-19 scenario was carried out for 5 school days (Monday–Friday), 3 days (Wednesday–
Friday) for scenarios A and B and 5 school days (Monday–Friday) for scenarios C, D and
D’ (Table 3). During all the test phases the occupation of the classrooms was constant.

Table 3. Organisation of classrooms and test protocols.

Classroom Pre-COVID-19 Scenario A Scenario B Scenario C Scenario D Scenario D’

Preschool X
Level 1◦A X X X
Level 1◦C X X
Level 1◦D X X
Level 2◦A X
Level 2◦C X X X

Other sensors took measures outdoors and in the corridor, respectively.
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• Scenario A: IAQ was monitored in the classrooms under the application of the govern-
ment protocol. This regulation established protection measures (mandatory use of a
face mask for all students over 6 years old), safety distancing (chairs at a minimum
distance of 1.5 m, preventing the occupants from sitting facing each other) and the
ventilation of classrooms. Mandatory ventilation had to take place between 10 and
15 min before the arrival of the students, at the end of each school class (5 min after a
55-min non-ventilated period), during the break (30 min) and at the end of the day.
(The teachers and students were unaware of the nature of the sampling carried out on
these days.);

• Scenario B: a similar situation to the previous one, but CO2 sensors were provided to
teachers so that, in light of the protocol, they could act according to their criteria in
case excessive concentrations were detected during the tests;

• Scenario C: the continuous opening of the windows was tested. Thus, the four windows
in each classroom were kept open in an oscillating position (approximately 0.18 m2 of
free surface each) throughout the school day. Moreover, to maintain cross-ventilation,
at least one of the two doors to the hall was open. During the break, two windows
were completely open (0.72 m2 of free surface each), while the other two remained
in the aforementioned position. In addition, it was possible to assess not only the
suitability of the indoor air renewal but also the operability of the situation. Likewise,
the teachers had CO2 sensors in case excessive concentrations were detected during
the tests;

• Scenario D: the windows of the classroom were opened at specific times. All four windows
(0.72 m2 of free surface each) and both doors (1.65 m2 of free surface each) were com-
pletely opened for 5 min after a 25-min non-ventilated period. For example, if the class
started at 9:00 a.m., users opened the windows at 9:25 and closed them at 9:30 a.m.,
and so on for the whole school day. During the break, all the windows were kept open
in an oscillating position (0.18 m2 of free surface each) and doors were completely
opened. The operation was carried out simultaneously in the facing classrooms to
force cross-ventilation;

• Scenario D’: a slight variant of Scenario D. In this case, the scheme of apertures was
the same as Protocol D, but the classrooms were ventilated constantly through the
small slats over the doors (0.35 m2 of free surface each), while the doors (1.65 m2

of free surface each) were kept closed. This means that there was not important
cross-ventilation.

In all cases, the opening scheme could be modified at the discretion of the teachers
and such circumstances were registered.

2.3. IAQ Monitoring

The sensors used were AirQualityEgg, which measure several IAQ conditions, specifi-
cally: air temperature, relative humidity (RH), CO2, TVOC, PM10, PM2.5 and PM1.0. The
systematic measurement error (bias) of the different sensors integrated were:

• CO2: ±30 ppm/±3% of the measured value;
• TVOC: Sensor IAQ—Core Indoor Air Quality (Resolution 16 bits);
• PM: ±10%;
• Humidity sensor: ±2%RH;
• Temperature sensor: ±0.3 ◦C.

Measurements were taken every five minutes from the previous hour, before the
academic activity, up to one hour after its completion. The position of the measurement
devices within the classroom was determined by previous tests, to limit distortions pro-
duced by the occupancy, academic material, blackboards, windows and doors. Sensors
were kept between 1 and 2 m away from the area where the students were, and at least 1 m
away from other possible disturbance sources. Regarding height, negligible variations of
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less than 3% in CO2 and pollutant levels were observed between the breathing plane of the
students in a sitting position (1.20 m) and 1 m above (2.20 m above the floor level).

2.4. IAQ Limit Values

The limits established for the different pollutants were determined based on the
criteria established by different regulations and guidelines:

• Operative temperature: between 21 ◦C and 23 ◦C during the heating season [17];
• RH: between 40% and 50% during the heating season [17];
• CO2: 900 ppm (absolute value, i.e., 500 ppm over outdoor CO2 concentration), defined

as InDoor Air level (IDA) 2 for educational buildings [17];
• PM: since 2005, the World Health Organization (WHO) recommends a daily mean

concentration of PM2.5 below 25 μg/m3, and below 50 μg/m3 in the case of PM10.0 [27];
• TVOC: 1.00 mg/m3 or 500 ppb are considered adequate limits [28].

3. Results

The results obtained in this study are structured in three phases. Firstly, the data
obtained during the winter season in 2020, in a pre-COVID-19 situation, are shown. Af-
terwards, Phases 1 and 2, with the data of the different ventilation protocols evaluated,
during the winter season in 2021 and in a COVID-19 scenario, are presented (Table 4).

In the scenario pre-COVID-19, the monitoring results obtained in the classrooms
(Level 2◦C, 1◦A, 2◦A and Pre-school) revealed very poor values, achieving a maximum
CO2 concentration gradient indoors of 4025 ppm, more than six times above the limit set
for RITE [17]. Taking into account the CO2 concentration, its level was out of the normative
range between 81% and 93% of the school time. The TVOC concentration was out of the
range between 3% and 50% of the time, with a maximum value of 767 ppm reached in
Level 2◦A. In all cases, the level of PM was adequate under the maximum recommended
levels. The ventilation was quite low, and cross-ventilation was close to zero. The rare
opening of windows entailed that the only air change occurred through air infiltration.
The lack of ventilation also caused the increase in temperature during the school day and
poor IAQ.

Furthermore, cross-ventilation was an active strategy within scenarios C and D. In
these scenarios, the classrooms maintained an average comfort temperature throughout the
day, but there were significant periods with out-of-range conditions. In all cases, the mean
CO2 concentration level during the school day was within the adequate range. However,
there were short periods in which CO2 levels were above the maximum recommended
values, namely for scenarios A (7.10%) and D (6.23%). This implies that the classroom had
inadequate ventilation rates for 20 min per school day. PM was not a problem in any case.
Instead, TVOC levels were over the recommended level of 500 ppm in certain moments, in
a small percentage.

Finally, it is worth mentioning that during the performance of the tests, the condi-
tions of the outdoor environment were continuously monitored (Table 5). The average
outdoor temperature and the temperature differential between the hour before the start
of the activity and the average temperature during the day were practically the same.
Of particular importance are the CO2 values outdoors since they serve as a reference
in most of the regulations based on the concentration gradient between the inside and
the outside.
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Table 5. Outdoor conditions for each test Phase.

Week Day
Temperature

[◦C]
RH
[%]

Wind Speed
[km/h]

CO2

[ppm]
PM2.5

[μg/m3]
PM10

[μg/m3]
TVOC
[ppb]

Phase pre-COVID
February 2020

Mon. 12.1 68.6 6.8 440 5.3 5.7 227

Tues. 7.1 60.7 3.9 443 7.2 7.8 281

Wed. 5.2 60.7 3.9 450 16.0 17.3 405

Thurs. 5.3 57.6 2.9 452 24.7 27.2 424

Fri. 9.0 70.9 2.8 442 25.8 28.1 202

Mean 7.8 63.9 4.1 446 15.8 17.2 308

Scenarios A & B
February 2021

Wed. 11.3 59.9 12.0 426 10.7 14.2 202

Thurs. 11.9 55.6 6.1 420 9.4 13.9 193

Fri. 8.8 62.5 8.0 457 20.1 23.26 344

Mean 10.7 59.4 8.7 433 13.4 17.1 246

Scenarios C, D & D’
February 2021

Mon. 10.6 59.6 6.9 439 20.2 24.8 227

Tues. 10.8 63.2 5.0 434 23.0 27.3 225

Wed. 9.9 63.4 4.0 428 19.5 22.4 221

Thurs. 12.2 59.4 3.0 440 21.7 25.7 230

Fri. 9.6 65.4 6.0 421 27.0 32.5 182

Mean 10.6 62.2 4.9 432 22.3 26.6 217

Inquiry to the Teachers

After the tests, a brief survey was sent to the ten teachers of the classrooms studied,
with two questions related to their experience during the process:

• Question 1: In a COVID-19 scenario, would it be possible and realistic to keep this
ventilation protocol in the classrooms?

• Question 2: In a post-COVID-19 scenario, would it be possible and realistic to intro-
duce a ventilation protocol which is less restrictive into your daily routine for the
long term?

They could also make additional comments or clarifications (Table 6).

Table 6. Survey to the teachers after the tests (1 teacher per class, 2 teachers per scenario).

Scenario
Question 1 Question 2

Comments
Yes No Yes No

A 2
100%

0
0%

2
100%

0
0%

B 2
100%

0
0%

2
100%

0
0%

C 2
100%

0
0%

2
100%

0
0%

D 0
0%

2
100%

2
100%

0
0% Rigid protocol to diary routine

D’ 2
100%

0
0%

2
100%

0
0% Cold/Perception of poor ventilation
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4. Discussion

In pre-COVID cases, the lack of ventilation is evident. In some situations, there is
almost none, except when the windows and doors are rarely opened during the midday
break. Only in the scenario pre-COVID-19 Level 1◦A was the intention of a routine indoor
air renewal perceived; thus, even if ventilation is scarce, it is enough to maintain adequate
TVOC concentration for most of the time. In this classroom, the average indoor CO2 was
34% below the other classrooms, but even so, during 81% of the week’s school time, or for
4 out of the 5 teaching hours, CO2 levels exceeded the limit set by Spanish regulations.

From the tests performed on the scenarios (A–D’), the most important aspects of the
impact of ventilation on the monitored contaminants were analysed:

• CO2: in all scenarios, the average CO2 concentration was low, well below the range
established by regulations (around 900 ppm), so good IAQ conditions were guaranteed
throughout the school day. Scenario C guaranteed better IAQ since the time out of the
quality standards was negligible;

• Scenarios A and D’ were the most unfavourable in terms of time out of range and max-
imum values obtained. Although the time with CO2 concentration levels out of range
did not exceed 19 min, which could be acceptable, the maximum values recorded rose
up to 1255 ppm, 33.3% above the limit, which makes it not a recommended solution.

• TVOC: comparing the pre-COVID-19 scenario and COVID-19 scenarios, mean con-
centration levels during school hours in the classrooms improved from 421 ppm to
320 ppm, and from 29.0% of the out-of-range time to 10%. Therefore, overall, it can
be said that the proposed ventilation scenarios succeeded to register adequate TVOC
concentration in the classrooms.

• In Scenario C, with continuous ventilation, the average TVOC concentration was
lower than the average registered in other scenarios and, also, the time out of range
was notably lower. This may be due to the fact that, in cases where ventilation is
rarely promoted, there were long periods when TVOCs accumulated, especially when
school materials that are VOC sources (markers, paints and other handicraft materials)
were used.

• PM: this did not entail a problem within the classrooms. The presence of PM in-
side the classrooms was conditioned by the outdoor concentrations. Despite the
fact that aerosols are vectors of SARS-CoV2, the presence of these does not necessar-
ily imply a greater probability of infection since the external particles are assumed
not contaminated and the transmission is carried out through the human-produced
aqueous bioaerosols.

Regarding the indoor temperature conditions throughout the school day, it was ob-
served that scenarios C and D’ were the most favourable, with values of just 18.7% and
11.0% of the time outside the acceptable temperature range.

One last aspect to consider for any natural ventilation strategy to be valid is its
feasibility to be lasting over time. In other words, it must be compatible with the daily
routine of the classroom. The surveys carried out revealed that the punctual opening
entailed a great difficulty because, in order to be effective (cross-ventilation), coordination
between two classrooms was needed. Therefore, it would be a solution with little scope.
Additionally, to achieve the durability of the protocol, Geelen et al. (2008) [22] pointed out
the need for a didactic package attached to the scenario of application, for both a COVID-19
or post-COVID-19 scenario. This may have failed in Scenario A, as reflected in the results.

This study was limited to a case study, so it would be necessary to evaluate its applica-
bility to other educational centres in order to achieve a larger sample and representativeness.

5. Conclusions

Despite the limitations that a case study supposes, the proposed methodology and
proceedings can serve as guidelines for a post-COVID-19 scenario.

Considering IAQ, thermal comfort and the practicality of the scenarios, scenario C is
the most effective for this case study. Thus, the mixing model, which ensures the removal of
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pollutants, is guaranteed by continuous cross-ventilation. It can be reached using different
opening levels, depending on the use and occupation of the classroom, which contributes
to acquiring an adequate air quality for the use of the space. Air flow regulation reduces
the thermal effects of the new air coming from outdoors.

A similar air flow can be obtained by fully opening doors and windows in designated
moments of the day. However, there is both a thermal loss and an absence of cross-
ventilation while teaching. These conditions promote an air quality fluctuation value,
while a constant value is preferred for these kinds of spaces. This can be observed in the
application of Scenario B, with similar ventilation values but 82% lower cross-ventilation,
where adequate thermal comfort results were not achieved.

As demonstrated in Scenario B and Scenario D, having specific openings set was only
effective if there was cross-ventilation. As a result, if the layout of the classrooms require
coordination between them, it cannot be considered functional since its application over
time would be compromised.

Overall, two types of protocols are suggested to be applied in naturally ventilated
classrooms: one for health emergency scenarios, in which higher ventilation rates are
required, and another for non-emergency situations, in which ventilation rates are not
that demanding.

Finally, all these natural ventilation scenarios are influenced by the pollutants present
outdoors. This aspect should contribute to defining criteria to operate the openings by the
constant monitoring of those pollutants. In this case study, high-pollutant values were
not detected, neither in PMs nor TVOC. For instance, it was possible to verify that the
indoor concentration of pollutants is ruled by a proportional relationship with the values
registered outdoors.
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Abstract: Concrete made with Portland cement is by far the most heavily used construction material
in the world today. Its success stems from the fact that it is relatively inexpensive yet highly versatile
and functional and is made from widely available raw materials. However, in many environments,
concrete structures gradually deteriorate over time. Premature deterioration of concrete is a major
problem worldwide. Moreover, cement production is energy-intensive and releases a lot of CO2;
this is compounded by its ever-increasing demand, particularly in developing countries. As such,
there is an urgent need to develop more durable concretes to reduce their environmental impact and
improve sustainability. To avoid such environmental problems, researchers are always searching for
lightweight structural materials that show high performance during both processing and application.
Among the various candidates, Magnesia (MgO) seems to be the most promising material to attain
this target. This paper presents a comprehensive review of the characteristics and developments
of MgO-based composites and their applications in cementitious materials and energy-efficient
buildings. This paper starts with the characterization of MgO in terms of environmental production
processes, calcination temperatures, reactivity, and micro-physical properties. Relationships between
different MgO composites and energy-efficient building designs were established. Then, the influence
of MgO incorporation on the properties of cementitious materials and indoor environmental quality
was summarized. Finally, the future research directions on this were discussed.

Keywords: MgO-based cement; sustainability; energy efficiency; sustainable materials; green architecture

1. Introduction

The adage “all old is fresh again” surely applies to the existing condition of magnesia-
based cements (MgO). The worldwide building materials sector, which has been tradition-
ally focused on a wide variety of materials suitable for local requirements and individual
uses, became almost a monoculture based on the use of Portland cement (PC) during the
latter half of the twentieth century, with the other materials largely overlooked. Because
of the fast growth of the building sector, the production of Portland cement and natural
aggregates has risen at an unprecedented rate. In fact, the building industry required
around 40 billion tons of aggregates and 4 billion tons of cement in 2014 [1,2]. As a result,
mostly during the manufacturing of these products, a large volume of carbon dioxide (CO2)
is emitted into the atmosphere. For instance, to generate 1 ton of cement, 125 kW of energy
is needed, as well as 0.89 tons of CO2 emissions into the atmosphere [3,4]. Implementing
renewable materials into concrete, such as fly ash (FA), silica fume, slag, metakaolin, and
industrial byproducts, is one way to address this problem [5–10]. Incorporating MgO into
concrete is another choice for making it more natural. Cements with a high MgO content
have become increasingly common in recent years, owing to the concern about climate
change and the need to reduce CO2 emissions associated with the manufacture of tradi-
tional Portland cements. Some scholars assume that cements with a high MgO material can
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be made with lower CO2 emissions [11]. Other scholars assume that by trapping ambient
CO2 and converting it to magnesium crystals, it is possible to make cement with a positive
CO2 balance (carbonates and hydroxycarbonates). Carbonation of MgO is defined as the
formation of magnesite from MgO as a result of the absorption of CO2 [11].

In such pyrolysis and reaction situations, the use of MgO will reduce thermal shrink-
age [12,13]. It is also possible to decrease the expense of concrete by eliminating the need
for expensive curing steps and speed up the manufacturing process by continually casting
concrete without the need for too many cold joints [14]. However, environmental con-
cerns were the driving force behind the production and increasing capacity of MgO-based
cements. Because of the need for MgO production by cooler altitudes (relative to the
desired rate for processing CaCO3 in ordinary Portland cement (OPC)), as well as the
fuel savings related to low temperatures, many people see MgO-based cements as a key
component of the future of environmentally sustainable cement manufacturing. Natu-
ral resources such as soil, stone, and timber are appropriate building materials for low
carbon emissions and footprints and recycling or reuse potential. Natural materials that
are unprocessed or minimally processed have limitations, notably in terms of strength
and durability. Energy is expended in the processing and transportation of raw materials,
resulting in carbon emissions. To reduce carbon emissions, developing technologies that
allow building materials and products to be made with the least amount of energy [15].
The building industry is interested in the development of carbon-neutral cementation
pathways as a significant challenge. Capturing CO2 released during the calcination of
limestone, and perhaps reusing it, is a very appealing technique to attain this goal. To
that purpose, this research investigated the importance of reaction parameters, including
time, temperature, and pressure, affect the rate of Ca(OH)2 carbonation under both liquid
and supercritical CO2 exposure [16]. Similarly, MgO’s capacity to absorb carbon dioxide
from the air to shape a range of carbonate and hydroxycarbonate blends are on point with
“carbon neutral” cements, which can absorb almost as much CO2 over their lifespan as they
emit during manufacturing. These two intertwined factors have sparked a recent surge in
research and business involvement in MgO-based cements.

This paper starts with the characterization of MgO in terms of environmental pro-
duction processes, calcination temperatures, reactivity, and micro-physical properties.
Relationships between different MgO composites and engineered cementitious compos-
ites are then established. Next, the influence of MgO incorporation on the properties of
cementitious materials and indoor environmental quality are summarized. Finally, future
research directions are discussed.

2. Materials and Methods

2.1. Production of Magnesia and Its Use in Cementitious Materials

The construction industry is responsible for a multitude of environmental problems
worldwide. It is an energy and resource-intensive industry that generates significant
emissions and waste. While steel and concrete are the most commonly used construction
materials, each has its own advantages and disadvantages based on price, properties, and
structural capabilities. Recently, however, there has been increased concern about the
environmental impact of their production and use. Cement, for example, is widely known
to be a key ingredient in the production of concrete used in the construction of buildings and
other physical infrastructures. The production of cement, in turn, consumes a significant
amount of energy. Despite significant technological advances, the world continues to be
plagued by health risks and other environmental disasters caused by cement manufacturing
companies. Emissions from cement manufacturing harm the environment, degrade air
quality, and have a major impact on climate change, contributing significantly to global
warming [17].

For avoiding environmental problems, scientists are always searching for sustainable
structural materials that show high performance during both processing and application.
One way to overcome this issue is to partially replace Portland cement with industrial
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waste products, e.g., blast furnace slag, fly ash, micro-silica, natural pozzolans, and lime-
stone fillers. Supplementary cementitious materials (SCMs) contribute to the qualities
of hardened concrete by hydraulic and/or pozzolanic activity when used in conjunction
with Portland cement, Portland limestone cement, or blended types of cement. Supple-
mentary cementitious materials provide long-term and performance benefits to persons
who construct and occupy various structures [18]. Several performance factors, including
improved workability and consolidation, flexural and compressive strengths, pumpability,
resistance to chlorides and sulfates, lower temperatures for mass concrete, mitigation of
alkali-silica reaction, and decreased permeability, have contributed to the growing use of
these environmentally friendly materials. The use of cementitious blends not only results
in stronger, more lasting high-performance concretes but also helps minimize the global
climate impact by cutting energy consumption and greenhouse gas emissions. These
materials provide a substantial contribution to environmentally friendly buildings. The use
of these materials in concrete manufacturing consumes less energy and delivers increased
efficiency and building performance [19,20]. These SCMs are not only effective in lowering
the environmental impact but also have the potential to enhance the durability of concrete.
Some SCMs can modify microstructure by forming additional hydration products. This re-
fines the pore structure and decreases the penetrability of concrete. Magnesia (MgO)-based
cementitious composites are another foremost approach towards sustainable design and
for promising to attain targets. It is possible to produce environmentally friendly cement
with a high MgO content associated with reduced CO2 emissions.

Cement filler substitutions alter microstructural development in a variety of ways.
The particle effect (on hydrate nucleation and dilution of the reactant in a larger volume
of water) is distinguished from the hydration of the fillers in the cementitious matrix. As
already stated, siliceous SCMs provide silica (reacting with calcium aluminate hydrates to
form a new stable) phase-filling space during the hydration and curing. In the second part
of the dissertation, we aim to better understand the formation of cement paste and mortar,
such as stratlingite, and their influence on the space-filling properties of mortars [21].

Magnesium, at 2.3 percent by weight, is the eighth most common metal in the Earth’s
crust and is found in a variety of volcanic rocks like olivine, magnesite, and iron oxide.
Magnesium is, indeed, the third most common compound in ocean water, with amounts
of around 1300 parts per million. The MgO demand is currently 14 million tons per
year (USGS, 2012), in comparison to over 2.6 billion tons for OPC, with current prices
of about GBP 200 per ton for responsive MgO (calcined), relative to BGP 70 per ton for
OPC. The fresh method is used in most industries to produce cement, and it comprises of
the following steps: refining and heterogenization of raw materials (to collect raw flour);
clink erization of the fresh flour in domestic fuels (to produce clinker); resulting in clinker
cooling; refining of clinker and application of gypsum to produce cement; packing and
shipment of the end product. This method consumes a lot of energy and produces a lot
of air pollution because it needs temperatures as high as 1400 degrees Celsius. Magnesia
(magnesium oxide, MgO) is made mostly by calcining magnesite, which is usually the
method of making lime from limestone. Seawater and brine streams, as well as other
sources, provide a smaller proportion of the world’s MgO [22].

Since concrete’s roles in the community are pretty scarce in life, and its hydration
compound brucite [Mg (OH)2] appears in only a few commercially feasible geological
formations, commercially extracted magnesium oxide (commonly referred to as magnesia
or periclase) is not mined specifically. Alternatively, MgO is typically obtained via a
dried route from calcination of extracted magnesite mines (MgCO3) or a moist route from
magnesium-bearing drilling fluids or ocean water substances. As well as the high energy
processing needs via the wet path, calcination of magnesite accounts for the majority of
MgO global production [22]. The dried path for MgO processing usually necessitates
magnesite crushing prior to calcination via the process, and MgO-alkaline oxide plays an
electron donator role in water, as shown in the equations below:

MgO(s) + H2O → Mg(OH)+(surface) + OH−
aq (1)
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OH− anions are adsorbed on the positively charged surface:

Mg(OH)+(surface) + OH−
aq → Mg(OH)+·OH−

surface (2)

OH− anions desorbed from the surface, releasing Mg2+ and OH− ions into the solution:

Mg(OH)+· OH−
surface → Mg2+ + 2 OH−

aq (3)

Ion concentration reaches the solution supersaturation (pH~10.5), at which point the
hydroxide starts to precipitate as brucite on the oxide surface:

Mg2+
(aq) + 2 OH−

(aq) → Mg(OH)(2(s)) (4)

Here, it should essentially be aimed at increasing the quantity of CO2 and increase the
formation of HHMs, and the general mechanical performance of the formulations obtained
by increasing MgO hydration.

Since Fe2O3 and SiO2 contaminants may adversely impact MgO’s refractory use,
higher-grade MgO necessitates the careful selection of MgCO3-bearing rocks or thermal
treatment [22]. The wet path is more complicated chemically, but it usually involves
precipitating Mg(OH)2 from a magnesium-rich solution as a way to solve seawater or
(more dilute) saltwater. Water is pumped into an MgCl2-rich precipitation and transferred
to the groundwater to add pressure in Veendam, the Netherlands. Groundwater has an
average magnesium concentration of 1.29–1.35 g/L, which varies by area. As a result,
groundwater is a huge source of magnesium. Ion-exchange adhesives can also be used to
deborate condensed brines or coastal areas, and sulfate concentrations can be decreased by
adding CaCl2 brines to instigate CaSO4•2H2O and yield filtered MgCl2-rich saltwater [22].

2.2. Development of Reactive Magnesia Cements

Increased populations directly reflect improvements in health and mortality rates
over time, leading to further population expansion. Rising populations, on the other
hand, indicate an increase in pressure on existing social facilities, such as housing. As
the demand for housing increases exponentially, the construction sector and production
of traditional materials such as cement, steel, aluminum, and wood, will be even more
strained. According to studies, the production of traditional building materials, such as
cement, consumes a significant amount of thermal and electrical energy resulting in higher
construction costs [23].

However, as some have noted, the housing supply is inadequate for a variety of
reasons. First, poor urban planning limits urban expansion due to a lack of land and
infrastructure. Second, insecure land tenure and high urban land costs are exacerbated by
various land tenure regimes and ineffective land administration and governance institu-
tions. Third, since housing finance markets in Africa are underdeveloped, most Africans
have to rely on self-financing and incremental construction methods to obtain houses. Most
importantly, the high cost of construction puts houses out of reach for the majority of low-
and middle-income families [17].

Moreover, such manufacturing processes have a larger carbon footprint and pollute
the air, land, and water. For example, studies show that the calcination process used
to make cement requires temperatures up to 1450 ◦C and emits about 0.85 tons of CO2
per ton of cement produced. According to another study, buildings in France account
for about 23.5 percent of greenhouse gas pollution due to the use of traditional building
materials. In a similar vein, others have claimed that the construction industry is currently
unsustainable. These findings suggest that further scientific research is needed to develop
building materials that are not only more environmentally friendly and sustainable but
also more economical without compromising construction quality [23].

The calcination process of reactive MgO requires a lower temperature (700–1000 ◦C
for reactive MgO vs. 1450 ◦C for PC), which allows the use of alternative fuels with low
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calorific values (e.g., refuse-derived fuel and hybrid). By interacting with H2O and CO2
to bind CO2 and build strength, the reactive MgO creates the binding property. Figure 1
shows the variables that affect the hydration of MgO.

Figure 1. Factors influencing the hydration process [14].

There has already been a revival of excitement in dynamic magnesia (MgO) cements
with a high MgO component in recent decades, but most of the research was already
published in the field of quality management or web outlets rather than peer-reviewed
journals [24]. Whenever the responsive MgO is generated in a carbon-recycling cement kiln,
the subsequent CO2 absorption (by the cement in operation) is taken into account. Based
on a 2001 application, Harrison of the Australian company TecEco was granted a patent in
the United States that explains the use of expanded curing periods and occasionally steam-
curing to manufacture solid blocks made of MgO, pozzolan, and PC [25,26]. The MgO
used is made by calcining MgCO3 at a low temperature of 800 ◦C; this causes layer strain
and permeability in MgO samples that would otherwise be coated at higher temperatures.
This allows for the precise regulation of MgO reactivity based on treatment conditions
and particle shape, ensuring that it hydrates at the same period as the other cementitious
materials [25]. Pertinently, this MgO responds much faster than kilned MgO (low-reactivity
MgO calcined at >1500 ◦C), including the free MgO in Portland (clinker), which has been
fired, often at extreme temps, and thus normally hydrate slowly, causing cracking within
traditional cements as an expansive reaction rate is caused centrally within a hardened
substrate [26]. MgO has little impact on the formation of PC hydrate processes after up
to four weeks of hydration [27–29]. Many tests have shown that some responsive MgO–
PC-blended cements do not absorb a detectable amount of CO2 from the atmosphere
within the period of curing and are hence impossible to be carbon-negative, or even carbon-
neutral, in the appropriately limited period. Once MgO is applied to a PC-based device,
Cwirzen and Habermehl-Cwirzen [25] found that now the freeze-thaw tolerance, flexural
and compressive strengths are decreased due to higher capillary permeability. Figure 2
shows low magnification scanning electron micrographs of fractured surfaces of all types
of samples at 14 days.

Nevertheless, when accelerated-carbonation healing criteria were applied to respon-
sive MgO structures, a very opposite result was obtained. Until being split onto 5-mm-thick
specimens, MgO/PC/FA- and MgO/FA-based cements became air preserved for two
weeks at 98% moisture content (MC). Such specimens were again preserved for another
two weeks, whether in the air at 98% MC as a monitor or in monitored CO2 atmospheres
at atmospheric pressures including 5 or 20% CO2 by volume, at 65% or 95% MC [29].
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Figure 2. Low magnification secondary electron micrographs after 14 days of curing of the 50%
and 90% pfa content mixes: (a) MgO0.1-pfa0.9, (b) (MgO0.8PC0.2)0.1-pfa0.9, (c) (MgO0.5PC0.5)0.1-pfa0.9,
(d) PC0.1-pfa0.9, [24].

Mo and Panesar recently published research on responsive MgO, focusing on the
rapid carbonation of MgO/PC blends both with and without the inclusion of surface
granulated blast-furnace slag (BFS) [30]. Such cements produced up to 40% MgO, with
MgCO3•3H2O and CaCO3 even as the main carbonate compounds produced (both calcite
and aragonite polymorphs). Cement materials were vacuum-dried to extract the capillary
humidity before even being subjected to a 99.9% CO2, 98% MC, allowing for accelerated
carbonation of the collections. The existence of MgO was said to change calcite composition,
leading to the formation of magnesian calcite that, in combination with the accumulation
of MgCO3•3H2O, decreased sample porous structure, densified the microstructure, and
increased microhardness [31]. Due to the comparatively harsh carbonation circumstances,
it is unclear if this carbonation system will be used commercially or on a broader scale.

2.3. Expansive MgO Cements

It’s worth noting that responsive MgO cements are different from limited propor-
tion reactive MgO as a comprehensive additive in cement binders, which are commonly
used in dam building and other major construction projects, especially in China. This is
to substitute for PC’s natural hydration shrinkage, which can last weeks or months in
operation [32]. The usage of decent low cements or the intensive need for supplemental
cementitious materials will help only with the cooling shrinkage of cement paste during
toughening, which can be mitigated by using massive cement/concrete edifices. This really
is attributable to the fact that cement hydration is strongly exothermic, releasing upwards
of 500 J/g of cement. When the temperature goes up in reach of 50 ◦C, after the concrete
has been cured (up to six months after casting), hydration of the cement in such massive
amounts of concrete occurs [9,33].

In 1867, Sorel cement or magnesium oxychloride cement (MOC) was discovered. MOC
was prepared by mixing magnesium oxide (MgO) with magnesium chloride (MgCl2) [33].
The MgO/MgCl2 and H2O/MgCl2 molar ratios are the main parameters, which potentially
affect the mechanical properties of MOC [34]. The main hydration products of MOC, which
are responsible for its hardening and strength, are 5Mg(OH)2•MgCl2•8H2O (phase 5),
3Mg(OH)2•MgCl2•8H2O (phase 3) and 2 Mg(OH)2•MgCl2•8H2O (phase 2). The com-
position of hydrate phases mainly depends on the MgO/MgCl2 molar ratio [35]. The
mechanism of hydrate phase formation includes three steps: the first is the neutralizing
process in which MgO powder is neutralized by free H+ produced from the dissociation of
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MgCl2 crystals in water. The second includes the formation of bi-nuclear, tri-nuclear, and
poly-nuclear complexes {Mgx(OH)y(H2O)z}2x−y by the hydrolyzing-bridging reaction. In
the final step, the condensation of these phases and the adsorption of Cl- (to equalize the
positive charge on complexes) have occurred, leading to the formation of an amorphous
gel, which crystallized in a few days or weeks [35]. MOC characterizes by low thermal
conductivity, high early strength, high firing, and good abrasion resistivity [36]. Although
advantageous properties, the MOC showed poor water resistivity, limiting its application
for practical engineering projects.

Based on the mechanism of MOC formation [35], MgO cement has been considered a
good alternative to traditional Portland cement. MgO-based composites have been charac-
terized by their high strength, early hardening, and strong adhesion strength. However,
the inherent brittleness of these composites may restrict the number of application areas
in practice. To overcome this issue and extend the application range of these compos-
ites within the construction industry, MOC-based engineered cementitious composites
(MOC-ECC) have been developed.

When the concrete cools down, it expands, resulting in a crack-prone dam. Vari-
ous structural engineering ventures have long used shrinkage-compensating and expan-
sive cements [36–39]. These really are traditionally dependent on applying ye’elimite
(Ca4Al6O12SO4) with anhydrite (CaSO4) to cements to increase aluminate and sulfate
concentrations, resulting in extensive value [Ca6Al2(SO4)3(OH)12•26H2O] crystals on such
hydration [40]. Traditional shrinkage-compensating cements, on the other hand, are inap-
propriate for massive structural parts where shrinkage is often detected as a product of
cooling after a preliminary exergonic hydration reaction instead of autogenous or dried
shrinkage of the cement hydrates—as shrinkage occurs far after the intended expansive
materials have developed. MgO-extensive cements have been gaining popularity for this
reason. The extensive hydration of MgO to Mg(OH)2, which results in a 117 percent molar
solid mass transfer, is used in these studies [41–43]. One study was conducted to investigate
the mechanical and morphological properties of carbonized corn stalk used to reinforce
polyester composites in the manufacture of environmentally friendly composites [32]. A
comparison of the results reveals two important findings. For starters, agro-waste materials
could be employed in their natural state in reinforcing applications, such as bamboo in
cementitious applications. Second, the agro-waste materials might be treated or employed
as chemical admixtures in reinforcing biocomposites, implying that they needed to be
treated before being used in reinforcement applications [32,44,45].

The sustainability advantages of MgO involve (i) adequacy of carbonate to gain
vigor/strength in relation to this, (ii) appreciable durability increase due to the higher
resistance of the hydration and carbonation products in assailant environments, (iii) lower
susceptibility to smudginess enabling the utilization of considerable amounts of waste
and industrial by-products, and (iv) probable entirely recyclable where MgO is used
alone as the binder as its carbonation time course produces magnesium carbonates, which
are the dominant resource for the production of magnesia. Interchangeably, accurate
restrictions come into being concerning the production and application of MgO cements in
the construction sector [43].

2.4. Recent Developments for Building Design

A common thread running through these research studies is that they all aim to solve
two major problems. The first is to reduce the impact of the construction industry on
climate change by promoting the use of alternative materials. The implication of the two
factors (depletion of non-renewable resources, high pollution levels) makes it necessary to
refocus on the need for sustainability in the construction industry. On the one hand, it is
necessary to ensure that the raw materials used in construction, such as cement and sand,
are not used up, but on the other hand, it is also necessary to ensure that the results of the
construction industry (buildings and infrastructure) do not emit significant amounts of
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carbon dioxide. As a result, several efforts, as well as countless research studies, have been
developed over the years to ensure the sustainability of the construction sector [32,44].

Another industrial hurdle is the pre-processing stage that some agricultural wastes
must undergo before they can be combined with conventional materials. In one study,
wheat and barley straw fibers were treated with boiling water and linseed oil to reduce
water absorption while improving binder compatibility and adhesion; they were used to
produce lightweight composites for building insulation. In another study, alkali was used
to treat agricultural waste in the development of composite materials made of rice straw,
magnesium cement adhesive, and a foaming agent (NaOH) [32]. Similarly, researchers
were observed burning other solid wastes such as peanut, rice, and barley husks to produce
ash that could be mixed with traditional materials for the construction of bricks and
masonry components. It was also found that the ash had to be further sieved before being
incorporated into the bricks [44].

It is very well known that the incorporation of a low amount of short fibers (Figure 3)
into the cementitious matrix is a very effective solution for preventing brittleness and im-
proving the tensile ductility of PC-based composite materials [45]. Engineered cementitious
composites (ECC), which adopt polymeric fibers at a typical 2% by volume mixture, are a
good example of effective and successful fiber supplements. ECC shows strain-hardening
behavior like metal, and thus, the tensile stress of these types of composites continue
to increase even within the presence of cracks. Cracking is considered one of the most
common forms of deterioration in concrete structures leading to strength loss, thermal
discomfort, and energy consumption. Cracks in buildings are inevitable and can be created
at nearly every phase of the material’s service life by thermal gradients, over-loading, or
chemical attacks.

The high cement content is required to produce ECC mixes for providing strain
hardening behavior and reducing the matrix toughness. These characteristics of ECCs offer
an attractive change for utilization of reactive MgO cement combined with CO2 curing
and has encouraged the development of a novel version of ECC built upon the MgO-fly
ash-CO2 system. This innovative MgO-ECC has a tensile strain ductility of more than 5%
and successfully sequesters approximately 30% CO2 by mass of MgO within 24 h, which,
in turn, provides new sustainable building design applications for the carbonated MgO
cement [44–47].

Wu et al. [43,44] investigated the cracking behavior of concrete made with reactive
MgO and flew ash cured with an accelerated carbonating process for one, three and seven
days. The study revealed that the carbonation curing densifies the interfacial bonding
system, resulting in a significant increase of the retarded tensile strength at first cracking,
which in turn, has considerable influence on the fracture properties of concrete. The recently
developed ECC-supported reactive MgO-fly ash blends show a guarantee in building
up self-healing ability. The typical width of the multiple micro-cracks formed under
uniaxial tension measured but 60 μm. The ECC’s matrix contains a high volume of reactive
MgO, which is not completely responded to during the accelerated CO2 carbonation. The
unreacted MgO and its hydration products create the potential for subsequent dissolution
and precipitation in microcracks that will facilitate the self-healing process [46–48].

Reactive MgO is not only used for self-healing but also frequently used to optimize
the shrinkage behavior of concrete. While M92-200 is a moderately reactive grade of MgO
that has been used for a variety of applications, researchers have also used highly reactive
grades of MgO to reduce shrinkage in concrete [49]. Both reactive MgO types, therefore,
have a high potential for self-healing of drying shrinkage cracks. The development of
internal stresses within the cement matrix is caused by the expansion of MgO in the early
stages of hydration. The reason for equalizing the shrinkage stress in cement is well known.
The optimum proportions of MgO in PC lead to suitable expansion by densification of the
microstructure through partial MgO hydration.
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Figure 3. Structure of short and long fibers controlling microcracks and their influence on the
stress–crack opening curve [48].

The conversion of lignin to high value-added products plays a key role in the economic
viability of a biorefinery. For example, some potential new applications for lignin are the
production of nano-scale structures for metal absorption captured in water or air pollutant;
generation of inexpensive-effective pyrolysis processes to obtain simple compounds as
industrial solvents to replace petroleum-derived compounds such as toluene, xylene, and
benzene; or development of 3D printing materials designed for biomedical applications
(artificial tissues as support for antioxidant, antimicrobial, or biodegradable compounds
from lignin). Optimizing the catalytic mechanisms using lignin as raw material will
facilitate the development of improved sustainable materials [46].

In a concert of emerging strategies countering such deterioration, the self-healing of
concrete cracks has been progressively contemplated. Although the addition of fiber was
shown to have a positive effect in reducing water permeability, increasing compressive and
flexural strengths of matrixes, controlling micro-cracks, and improving impact resistance—
the improvement was far from ideal to solve the mechanical and durable issues that MOC
encounters in practical applications [46,48].

2.5. Life Cycle Assessment for Building Design

The demand for cement is constantly increasing, due to the growth of the world
population, making it the most used building material, reaching a production of 10 billion
tons per year. Because of these huge quantities, the impact on the environment is substantial
in terms of embodied energy consumption, raw materials required, and greenhouse gas
emissions. Indeed, the latter aspect amounts to around 5–7% of the anthropogenic carbon
dioxide emitted, contributing to global warming, mostly because of the Portland cement,
one of the widely used binders of modern concrete mixtures, which is not environmentally
friendly [49].

A building’s total life cycle energy consumption is divided into two categories: em-
bodied energy and operational energy. Embodied energy is the entire quantity of non-
renewable primary energy necessary for all direct and indirect processes associated with
the construction of a building, maintenance, and end-of-life, whereas operational energy is
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the energy used during the building’s use stage [50]. To reduce carbon dioxide emissions,
the architectural industry has concentrated on reducing the usage of fossil fuels throughout
the construction stage. However, in order to achieve the net-zero policy target, efforts
must be made to decrease the embodied energy that is generated during the collection and
production of building materials. Nevertheless, even in the case of green and sustainable
architecture, which basically aims to minimize carbon dioxide emissions and environ-
mental impacts over the life cycle, building foundations or structural frames are mostly
made of concrete, which requires a lot of energy during the manufacturing process. This is
because of the difficulties in developing viable alternatives to the current concrete-based
strategy when numerous considerations like structural safety and economic efficiency are
considered. As a result, developing a new binder that is more environmentally friendly
and reduces the embodied energy of concrete could be a useful alternative to finding a
construction method that substitutes concrete foundations [51].

There are over 100,000 materials in our world, and suitable material selection is criti-
cal. Different factors can be considered to select alternative materials, depending on the
required functional properties and the final cost. Today, more attention must be devoted
to sustainability. Sustainable materials can be defined as materials derived from renew-
able resources. They must have a zero/minimal impact on the environment and society
for their extraction and production. Examples are recycled metals, bio-based polymers,
and materials for renewable energy. In some cases, biomaterials can be interesting for
combined applications, such as bioremediation and fuel production [49]. There are also
eco-friendly binders that lead to less carbon dioxide emissions than OPC, namely including
magnesium phosphate cement, geopolymer, alkali-activated slag cement, and super sulfate
cement [51–60].

Sinka et al. [61] developed a bio-based wall panel consisting of MgO cement (as a
binder) and hemp shives and compared its CO2 emission performance to the other wall
panels made with traditional materials. Figure 4 illustrates that the emissions of a wooden
frame wall, which is filled with the mineral wool, emits only 16.1 kg/CO2 eq m2, 27%
more CO2 of the magnesium-hemp panel, as both wall types consist of a load-bearing
wooden frame, the largest part of emissions (around 50%) comes from the mineral wool.
More interestingly, the magnesium-hemp material produces significantly fewer emissions
compared to the traditionally used materials because hemp shives could absorb the CO2
that was built in the wall material.

Figure 4. (a) Comparison of different wall types and their greenhouse grass emissions; (b) emissions
by percentage of hemp-magnesium panel parts [50].
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A recent study conducted by Li et al. [60] investigated a life cycle assessment (LCA)
of an innovative and sustainable magnesium oxide structural insulated sandwich panel
(MgO SIP) used for a high-performance smart home in Vancouver. For those purposes,
the authors constructed a prototype house (Figure 5) and compared the environmental
impacts across six parameters for the MgO SIPs, traditional SIPs, and traditional stick-
frame construction across the life cycle phases of raw material extraction, manufacturing,
transportation, construction, and operation. The findings of this study indicated that
the MgO SIPs do not outperform conventional alternatives, notably because of the long-
distance transportation of materials. However, further LCA of hypothetical scenarios
shows that MgO SIPs have a great potential to become more environmentally friendly
than the conventional alternatives by sourcing MgO domestically, implementing onsite
manufacturing, and eliminating oriented strand boards.

Figure 5. The prototype structure for the study [50].

3. Conclusions

Research on MgO and MgO-based cementitious composites is very important nowa-
days when most of the CO2 emission and heat consumption is made for heating and
cooling purposes in buildings. MgO-based building elements (for example, wall panels,
roof decking) can effectively be used for energy harvesting in buildings and provide a
comfortable temperature inside the building. This study refers to the characteristics and
developments of MgO-based composites.

• MgO-based composite application in cementitious materials and energy-efficient
buildings, and summaries of the numerical and experimental studies on these mate-
rials, have shown that MgO cement-based composites can play an important role in
terms of sustainable and environmentally friendly building design.

• It has been emphasized in studies that MgO-based composites can provide increases
in temperature comfort in buildings.

• It is very important that MgO, which has been recently used in buildings with a wide
variety of methods, is suitable for climatic conditions, and the type of application
should be selected according to the climate.

• It’s crucial to form an oxidation and reduction method that can remove individual
carbon stratum and isolate them without changing their composition until magnesium
oxide can be used as an intermediate in the development of a monolayer or few-layer
MgO sandwich panel parts.
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• It has been observed that although chemical reduction of magnesium oxide is generally
thought to be the best process for mass production of MgO composites, scientists have
struggled to complete the challenge of manufacturing lightweight and fiber-reinforced
MgO sheets of the same quality as mechanical exfoliation, but on a much larger scale.

• We should expect magnesium to become much more commonly used in consumer
and industrial applications until this problem is resolved.

• Finally, MgO-based engineered cementitious modified sustainable building materials
provide crack toughening mechanisms improving the bridging stress of the cementi-
tious matrix and make the micro-structure much denser, which, in turn, increases the
load-carrying capacity of the composite under mechanical stresses.
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Abstract: Building design is one of the essential elements to consider for maximizing the sustainability
of construction. Prior studies on energy and resource consumption and on indoor environmental
quality indicators (IEQs) are increasingly frequent; however, attention has not been focused on
design as supporting the function performed within architecture. Educational buildings have
specific conditions related to teaching methodologies, including activating students and promoting
participation and interaction in the classroom. This manuscript aims to explore whether the social
dimension of physical space in educational settings can explain a student’s academic outcome.
For this, the Learning Environment and Social Interaction Scale was designed and validated and
applied to 796 undergraduate students at the University of Coruña, and multiple linear regression
analysis was applied to the academic results. The results display a structure comprising five factors;
these include novelties such as the division of conventional IEQs into two groups: the workspace
and the classroom environment. In addition, place attachment, the design of the classroom as a
facilitator of social interaction, the learning value of social interaction, and the satisfaction of the IEQ
demonstrated their influence on the academic result.

Keywords: architecture; building evaluation; functional adequacy; human-centered; IEQ; learning
space; place attachment; social interaction; social participation; sustainable building

1. Introduction

Indoor environment quality indicators have been recognized as main features of
sustainable design. Therefore, research on their influence is increasingly abundant [1–3].
However, an evident sustainability factor—the suitability or usefulness of the environment
for the use of the building—has not received the same attention. It seems logical that if the
relationship between built space and its function is consistent, the energy and resources
required will be more efficient.

Previous studies have focused on the technical measurement of learning spaces
through indoor environment quality indicators, which include lighting, ventilation, thermal
levels, connection with nature, acoustics, etc. [4–9]. The validity of this approach is proven
and of great relevance to understand to what extent and how the indoor environment
can influence the users of the space. The IEQ has become a key factor in the design and
construction of buildings, since internal conditions can significantly influence the well-
being, productivity, health and safety of people [10]. Therefore, in recent decades, different
certifications have been designed, such as LEED (Leadership in Energy and Environment
Design), the WELL Building Standard and Fitwel, for different types of buildings. However,
these focus on low energy consumption or technical aspects of the building or on the health
and comfort of the users. However, both the socio-psychological factors and those related
to intended activities are significant in this field.
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Since 1960, attempts have been made to study social interactions and the user’s per-
ception of the environment, an issue that emerged in the field of environmental psychology
through post-occupancy evaluation (POE) studies [11]. Sustainable design is not only about
reducing emissions and saving energy but also about providing the necessary comfort
in the environment for the development of human activities [12,13]. For this reason, in
POE studies, it is usual to include user characteristics, work processes, user satisfaction
regarding the possibilities of interaction with their colleagues, and privacy and comfort [14].

Current studies have explored the effects of poor environments on cognitive functions,
including social cognition [15]. Advances in this field confirm that subjective issues play an
important role in user behavior, such as attitude, social customs, or perceived behavioral
control, as well as intentionality [16]. Social values, cultural differences, and personality
traits have also become factors to be valued among the scientific community [17–19]. How-
ever, there is still some uncertainty about the selection and use of appropriate contextual,
social and personal variables; this could be addressed through the implementation of
interdisciplinary frameworks [20]. In addition, recent studies have emphasized the need
to consider the relationships and interactions between physical or technical variables and
personal and social factors [9,21].

This manuscript deals with the learning space typology that considers social interac-
tions as a means of learning. Regarding educational buildings, the literature has already
identified that elements such as satisfaction or comfort, functionality, the possibilities of
social interaction and place attachment are key for the development of learning [22]; this
will be considered in this research as part of the social dimension of space.

1.1. Peer Effect and Active Methodologies in Higher Education

In recent decades, peer effect studies have provided contradictory results, including
positive and negative influences [23,24] as well as large or small effects in similar contexts.
Some investigations have focused on the characteristics of classmates. Booij, Leuven,
and Oosterbeek [25] found that low-ability students perform better when in groups with
peers of a similar skill level. Others have focused on group size, such as Brady, Insler,
and Rahman [26], who identified different social influences depending on group size,
showing negative effects at a broader company level and positive effects at a narrower
company level.

The influences of social interactions and the peer effect have been analyzed in recent
studies on educational buildings that include disruptive and attractive methodologies
such as gamification [27,28]. In addition, classroom design can foster interaction and
collaboration among peers, affecting teaching methodology and improving learning [29].
Specifically, flexible spaces are more appropriate for adapting to different teaching method-
ologies, including a better flow of interactions between users [30].

There is general agreement on the benefits of social relationships among classmates [31,32],
since they provide companionship, affection, intimacy, assistance, improvement of self-
esteem and emotional support, as a basis for the development of identity [33]. The results
show that those students who participate in positive social interactions with other class-
mates are associated with greater academic motivation as well as a higher academic
result [34,35].

1.2. Satisfaction and IEQ Perception

Comfort and satisfaction are social constructions that can influence the value of the
indoor environment, not only over time, but also from one culture to another [36]. However,
this satisfaction covers environmental aspects and social characteristics that can contribute
to the mental harmony or instability of the users [37]. This indicator has been correlated
with building characteristics, personal characteristics and variables related to the purpose
of the space [38]. Under these premises, studies were carried out regarding buildings
classified as “green”, showing that the interior environments led to a positive perception
that affected productivity [39,40]. In addition, some research has focused on how the
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social influence of friends and family affects the opinion and satisfaction of sustainable
elements [41]. Non-physical and subjective aspects influence the way occupants perceive
environmental comfort; therefore, psychological and social factors can positively affect
users’ perception of comfort [42]. For this reason, satisfaction as a variable that favors social
relations is part of Kopec’s theory of integration [43] on the relationship between human
beings and space. The literature on buildings destined for education reiterates that the
satisfaction of students with their environment is related to their academic results [44,45].

Studies on the comfort and satisfaction in school buildings have identified that a good
quality environment positively affects the well-being, learning capacity and comfort of
students [46]. It has been suggested that a better understanding of students’ perceptions is
necessary to understand their comfort level with the different variables of building design,
such as temperature or lighting [47]. The effects of artificial light on the emotional state
of adolescent students have also been explored, since inadequate lighting can be very
harmful to the psyche of young people. Thus, ethical and healthy regulations regarding
the optimization of lighting have been put forward [48]. Satisfaction regarding the indoor
environment of schools, according to thermal comfort, air quality, and visual and acoustic
comfort, has been addressed in recent studies, verifying that the discomfort of a specific
element does not result in general discomfort; thus, individualized treatment of IEQs is
necessary [49]. The literature has brought to light visual or aesthetic satisfaction, beyond
the color of the classroom, as being influenced by images in primary education settings [50].
This is an unusual practice in university classrooms, but it is important to keep in mind
the possible relationship with the place attachment. Other studies have shown that the
level of satisfaction decreased when there were many people in the same room, which
can be attributed to a lower degree of perceived control and greater necessary social
interactions [51].

However, perceptions of comfort and satisfaction are usually incomplete or biased,
which leads to failure when performing any type of intervention. Specifically, in educa-
tional buildings, the approach that involves students in POE provides researchers with
contextualized information on which elements are most influential in overall comfort. This
helps analyses to be carried out with greater precision, taking into account the factors that
maximize solutions [13,52].

1.3. Place Attachment

In recent years, researchers have become more interested in the human dimension of
sustainable design as it relates to health and well-being [53]. POE studies identified a series
of outcomes related to the well-being of users, such as reduced absenteeism and stress,
greater comfort and learning outcomes, and more positive attitudes [54,55]. However,
among these human factors, place attachment and the relationships between people and
their places have received little attention in the literature [56]. This fact is reflected in
the multiple definitions of this construct in the literature before Scannell and Gifford [57]
synthesized them and created an organizational framework with three main dimensions.

The first focuses on a personal and cultural dimension and is centered on who is
becoming attached and how places are meaningful, both in individual and collective
experience. The second brings a dimension that focuses on what a person is attached
to, including physical and social characteristics, such as the natural environment that
surrounds him or her or the opportunities for interaction with the rest of the users. The
third, a psychological process dimension that focuses on how attachment includes certain
behaviors, affective bonds and cognition, such as memories. Thus, in the case of students,
their need to define their territory and their sense of belonging to it can be seen, for example,
in the choice of seating area [58]. Affection is a key element in the process of creating a
bond between the person and the place. Therefore, place attachment is more likely to occur
in spaces with physical characteristics that support stress reduction, that evoke memories
of people, and that facilitate the inclusion and interaction of other people [59,60]. It is also
related to the personal or cultural circumstances of the users, which can lead to variations
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in the affective bonds with the different architectural contexts and even with the other
users of the space [61].

Several studies have highlighted the value of place attachment concerning green or
sustainable buildings and have tried to determine a connection between these feelings
and pro-environmental behavior [62]. Thus, its consideration in educational buildings has
the potential to support sustainable behavior, providing an incentive for green building
practices [63]. Building design strategies focused on human attachment have also been
found to improve community well-being, quality of life, and resilience [64]. They can also
increase the amount of time spent in the building and the kinds of activity engaged in [65].
In this sense, Heerwagen and Zagreus [66] found an association between the feeling of
place attachment and pride in the adoption of actions focused on sustainability. The results
provided information on a series of psychosocial benefits, such as a more positive work
experience, better communication between colleagues, and a strong connection with the
environment and the company.

Regarding learning spaces, holistic studies on place attachment have shown that it has
a greater value than other common IEQs, such as light, in the development of educational
activities [67].

1.4. Objective

The objective of this research is to explore whether the social dimension of physi-
cal space in educational settings explains a student’s academic results through a post-
occupancy evaluation design.

2. Materials and Methods

The research was conducted using a quantitative approach that sought to understand
the perception of students regarding their satisfaction with their indoor environment and
its ability to foster learning interactions.

First, appointments were arranged with each dean or person in charge of infrastructure
to visit centers to identify the learning space designs. Figure 1 shows selected classrooms
and their diversity in layout design, lighting typology, furniture, information technology
support, etc. Then, the professors who teach in these classrooms were identified, and they
were contacted to determine their availability for applying the data collection instrument
to their students. The purpose of the study and the average time of responding to the
questionnaire were indicated. Consequently 21 of the 30 groups were able to establish a
date to conduct the test.

The Learning Environment and Social Interaction scale (LESI) was provided in hard
copy, and the students’ answers were entered into a digital spreadsheet (educational
Microsoft Excel 365).

The analysis of data consisted of a description of the sample, the reliability and
validity, and prediction of the Grade Point Average (GPA) from IEQ satisfaction and
learning interaction. First, the mean value and the standard deviation were defined to
determine the empirical framework. Then, Cronbach’s Alpha and Exploratory Factor
Analysis were conducted to evidence the reliability and the construct validity of the data
collection instrument. Finally, multiple linear regression was calculated to identify which
items of the scale could predict academic performance and to what extent. The linear
independence of predictor variables and the homoscedasticity of residuals were checked.
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Figure 1. Pictures of some classrooms in the sample: (a) lecture hall; (b) practice room; (c) health practice room; (d) lecture
room; (e) engineering practice room; (f) computer lab.

2.1. Sample

The sampling model is non-probabilistic by convenience and intentional, based on
the representativeness of the areas of knowledge and the diversity of the space design.
In other words, more and less illuminated rooms, more and less ventilated rooms, etc.,
were searched to obtain a sample with a wide range of possibilities in order to be able
to relate the different levels of the predictor variables. The LESI scale was completed by
796 undergraduate students from 18 bachelor degree programs at Universidade da Coruña,
who were reasonably balanced among arts and humanities, engineering and architecture,
health science, science, and social and legal sciences. Table 1 shows the distribution of
participants by bachelor degree program. The number of students in each degree program
is proportional to participants in the study.
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Table 1. Sample distribution by bachelor degree program.

Bachelor Degree n n (%)

Architecture 35 4.40
Biology 26 3.30

Chemistry 35 4.40
Civil engineering 61 7.70
Computer science 30 3.80

Early childhood education 80 10.10
Economics 62 7.80
Economy 16 2.00

Humanities 29 3.60
Industrial design and product development 8 1.00

Law 117 14.70
Mechanical engineering 12 1.50

Nursing 28 3.50
Occupational therapy 34 4.30

Podiatry 15 1.90
Primary education 81 10.20

Public works engineering 11 1.40
Social education 9 1.10

Sociology 22 2.80
Speech therapy 71 8.90

Technical architecture 14 1.80

Total 796 100.00

2.2. Data Collection Instrument

Learning Environment and Social Interaction (LESI) is a 1–7 Likert scale that is part
of the Student Perception Questionnaire of Learning Space [68]. The instrument seeks to
measure the collective perception of the environment by users regarding its power to favor
learning interactions, the indoor environment quality satisfaction, and the importance
of learning interaction in education. Students rated 18 independent variables from 1
(completely disagree) to 7 (completely agree). In addition, grade point average was
requested at the beginning of the test template (Table 2).

Table 2. LESI scale items.

Item Variable

The lecture classroom favors teacher–student interactions V1
The lecture classroom favors interactions between students V2
The practice classroom favors teacher–student interactions V3

The practice classroom favors interactions between students V4
Classroom design encourages participation V5

Learning space attachment V6
Lighting satisfaction degree V7

Ventilation satisfaction degree V8
Thermal level satisfaction degree V9

Wall color satisfaction degree V10
Acoustics satisfaction level V11
Room layout satisfaction V12

Furniture comfort satisfaction V13
Connection with nature satisfaction V14

Importance of professor–student interactions V15
Importance of interactions with professors from other courses V16

Importance of interactions between students V17
Importance of interactions with students from other courses V18
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3. Results

3.1. Descriptive Analysis

Regarding the descriptive analyses (see Table 3), the LESI items could be grouped
around four values:

• A value close to 3.40 was determined for the ventilation satisfaction degree (m = 3.32),
the importance of interactions with professors from other courses (m = 3.43), the
thermal level satisfaction (m = 3.45) and the furniture comfort satisfaction (m = 3.52).

• Values close to 4 represent the learning space attachment (m = 3.80), the connection
with nature satisfaction (m = 3.84), the room layout satisfaction (m = 4.04), the acoustic
satisfaction degree (m = 4.08), the importance of interactions with students from other
courses (m = 4.14), the lecture classroom favors teacher–student interactions (m = 4.30)
and the practice classroom favors teacher–student interactions (m = 4.31).

• A score of over 4.70 was determined for the wall color satisfaction (m = 4.62), the
lighting satisfaction (m = 4.69), the lecture classroom favors interactions between
students (m = 4.76), the practice classroom favors interactions between students
(m = 4.82) and the classroom design encourages participation (m = 4.82).

• The best scored items received values close to 5.50, including the importance of
interactions between students (m = 5.48) and the importance of professor–student
interactions (m = 5.51).

Table 3. Descriptive results of LELI scale.

Variable Min. Max. Mean Std. Dev.

V1 1 7 4.30 1.716
V2 1 7 4.76 1.721
V3 1 7 4.31 1.793
V4 1 7 4.82 1.762
V5 1 7 4.82 1.844
V6 1 7 3.80 1.737
V7 1 7 4.69 2.576
V8 1 7 3.32 1.626
V9 1 7 3.45 1.713
V10 1 7 4.62 1.823
V11 1 7 4.08 1.665
V12 1 7 4.04 1.696
V13 1 7 3.52 1.715
V14 1 7 3.84 1.677
V15 1 7 5.51 1.488
V16 1 7 5.48 1.496
V17 1 7 4.14 1.790
V18 1 7 3.43 1.786

3.2. Reliability and Sample Adequacy

The sample for internal consistency analysis was 796. The Cronbach’s Alpha index
was used to check the level of reliability. Table 4 shows the results of Cronbach’s α for the
LESI scale, obtaining appropriate results (0.809).

Table 4. LESI internal consistency.

Cronbach’s Alpha Number of Items

0.809 18

3.3. Exploratory Factor Analysis

Exploratory Factor Analysis (EFA) was applied using the Principal Components
method and Varimax rotation for the LESI scale. Previously, the Kaiser–Meyer–Olkin
Sample Adequacy Measure (KMO = 0.767) was performed (see Table 5), which showed
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a high partial correlation coefficient. This result evidenced that the variance was not
caused by underlying factors. Subsequently, the Bartlett’s test of Sphericity was 4416.101
(p153 < 0.001), which demonstrated that there is no relationship between the test items.

Table 5. Kaiser–Meyer–Olkin (KMO) and Bartlett’s test.

Kaiser–Meyer–Olkin Measure
of Sampling Adequacy

Bartlett’s Test of Sphericity

Approx. Chi-Square df Sig.

0.767 4416.101 153 <0.001

The analysis provides a structure of five factors that explain 60.158% of the total
variance. During the process, coefficients lower than 0.3 were suppressed. Figure 2 shows
a sedimentation graph of the factorial structure of five factors on the abscissa axis and the
eigenvalues on the ordinate. The factors with high variances are located in the first five
components, evidenced by a steep slope. After the fifth component, there is an evident
change in slope, correlating with a weaker interpretation of the construct.
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Figure 2. Sedimentation graph of the factor components.

The variables were grouped as follows (see Table 6):

• Classroom design as a facilitator of social interactions: This factor describes the extent to
which the classroom design supports social interaction between students, both among
those in the same classroom and different classrooms, as well as between students and
professors in the same classroom and different classrooms.

• Workspace design satisfaction: This factor describes satisfaction in terms of organization,
comfort of furniture, acoustic conditions, connection to the outside, and color of the
classroom walls.

• Learning value of social interaction: This factor describes the extent to which students be-
lieve that social relationships with professors in other classrooms or between students
in the same classroom and in different classrooms influence learning.

• Classroom environmental satisfaction: This factor is interpreted as satisfaction with regard
to air renewal and thermal and light conditions.

• Place attachment: This factor describes the perception regarding the feeling of belonging
to one’s own space or a certain privacy within a broader social space, as well as the
extent to which the relationship with the classroom professor influences learning.
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Table 6. Exploratory Factor Analysis results.

Factor Item Communalities

1

The practice classroom favors interactions between students 0.818
The practice classroom favors teacher–student interactions 0.808
The lecture classroom favors interactions between students 0.799
The lecture classroom favors teacher–student interactions 0.794
Classroom design encourages participation 0.466

2

Room layout satisfaction 0.810
Furniture comfort satisfaction 0.749
Acoustics satisfaction level 0.636
Connection with nature satisfaction 0.545
Wall color satisfaction degree 0.435

3
Importance of interactions with students from other courses 0.841
Importance of interactions with professors from other courses 0.828
Importance of interactions between students 0.587

4
Lighting satisfaction degree 0.714
Ventilation satisfaction degree 0.710
Thermal level satisfaction degree 0.601

5
Learning space attachment 0.714
Importance of professor–student interactions 0.553

3.4. Multiple Linear Regression Analysis

In order to verify the prediction assumption, a multiple linear regression analysis
of the sample was applied using the Stepwise method. For this, the 18 LESI variables
were included. As a result, a general model of seven variables was established (see
Table 7): Learning space attachment (v5), Wall color satisfaction degree (v10), Importance
of interactions with students from other courses (v18), Acoustics satisfaction level (v11),
Ventilation satisfaction degree (v8), Importance of professor–student interactions (v15)
and Practice classroom favors teacher–student interactions (v3). The model explains
7.6% of the academic outcome (GPA), establishing direct and inverse relationships. In
addition, the Durbin-Watson statistic is 1.519, which fulfills the assumption of residual
independence (Table 7).

Table 7. Multiple linear regression results: LESI variables on GPA.

Variables Adjusted R2 Std. Error F df1 df2 Sig. Durbin-Watson

V5; V10; V18; V11; V8; V15; V3 0.076 0.97926 3.944 1 761 0.047 1.519

The Pearson correlations of the seven-variable model are provided in Table 7. Pos-
itive Beta values, indicating a direct relationship with the academic outcome variable,
are associated with five variables: Learning space attachment (v5), Wall color satisfac-
tion degree (v10), Acoustics satisfaction level (v11), Ventilation satisfaction degree (v8),
Importance of professor–student interactions (v15). Negative Beta values, indicating an
inverse relationship with the academic outcome, as provided by the remaining variables:
Importance of interactions with students from other courses (v18) and Practice classroom
favors teacher–student interactions (v3).

In addition, it must be verified that perfect multicollinearity does not exist, to validate
the model; for this, the variance inflation test was applied. Table 8 provides the VIF values
that are close to one, indicating no collinearity problems or correlation between the input
variables. Furthermore, the tolerance values are also close to one, so the other independent
variables do not explain any of them in particular.
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Table 8. Standardized coefficients and collinearity statistics: LESI variables on GPA.

Variable Beta t Sig. Tolerance VIF

(Constant) 23.356 <0.001
V5 0.137 3.816 <0.001 0.931 1.075
V10 0.134 3.632 <0.001 0.880 1.137
V18 –0.118 –3.234 0.001 0.902 1.109
V11 0.134 3.512 <0.001 0.828 1.208
V8 0.131 3.566 <0.001 0.886 1.129
V15 0.107 2.843 0.005 0.855 1.169
V3 –0.072 –1.986 0.047 0.919 1.088

Another of the assumptions to be checked is linearity; Figure 3 displays the values
that predict our estimation with respect to the values of the regression residuals. The result
confirms the assumption of homoscedasticity, since the variance is practically homogeneous
for the entire range of values. This figure also demonstrates compliance with the principle
of linearity, since there is no non-linear pattern in the data cloud.

Figure 3. Cloud points of standardized predicted values vs. standardized residuals.

The last check requires that the distribution of the residuals follow a pattern close to
normality. The P-P plot verifies compliance since, in general, the factors are close to or
above the line (see Figure 4).

Once the validity of the model is verified, it is necessary to analyze the ANOVA results
(see Table 9). This provides an F statistic value and an associated probability value, as well
as sums of squares, degrees of freedom, and mean squares. A probability value less than
0.05 indicates that the model is consistent, thus allowing us to explain the relationship
between the input and output variables.
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Figure 4. Normal P-P plot of Regression Standardized Residual. Dependent variable: GPA.

Table 9. ANOVA results.

Model Sum of Squares Difference Mean Square F Sig.

Regression 67.056 7 9.579 9.990 <0.001
Residual 729.759 761 0.959

Total 796.815 768

Finally, Figure 5 shows the partial regression graphs of each variable in the model,
where the line is the equation obtained from the linear regression analysis.

The multiple linear regression analysis performed on LESI demonstrated the existence
of a relationship with academic outcome. The coefficient of determination was 0.076, while
the mean square error was 0.9540.

89



Sustainability 2021, 13, 11181

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

 

 

(g)  

Figure 5. Partial regression graphs: LESI variables on GPA. (a) Learning space attachment; (b) Wall color satisfaction degree;
(c) Importance of interactions with students from other courses; (d) Acoustics satisfaction level; (e) Ventilation satisfaction
degree; (f) Importance of professor–student interactions; (g) Practice classroom favors teacher–student interactions.
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4. Discussion and Conclusions

Sustainable building design is one of the priorities for the preservation of resources
and energy. In recent decades, research based on post-occupation evaluation studies of
indoor environment quality indicators have become more and more common. Factors such
as geographic, cultural and climatological diversity have confirmed that it is not possible to
develop a single model, but rather it is essential to disseminate research to diagnose reality.
In addition, it is important to consider the functions, uses and habits in order to determine
a sustainable design. In the case of educational buildings, in addition to IEQs, teaching
methods should be taken into consideration. At present, several university models involve
active teaching, which promotes the participation and interaction of students as a basis
for learning. This research aimed to delve into three constructs—the peer effect, place
attachment and IEQ satisfaction—and their relationship with academic outcomes.

For this, the Learning Environment and Social Interaction scale was designed and
validated, which evidenced a structure of five factors: classroom design as a facilitator of
social interactions, working design satisfaction, the learning value of social interaction,
classroom environmental satisfaction and place attachment. Regarding the first factor, the
literature shows that flexible designs allow teachers to promote greater learning and better
adaptability to active methodologies, which also allows an improvement in the flow of
social interactions between students [29,30]. The IEQ satisfaction has was divided into
two factors: workspace design and classroom environmental satisfaction. The literature
does not really show this separation, but there is agreement on the variables related to the
activity performed in the space and those related to the environment [38,69]. Regarding the
learning value of social interaction, positive relationships between classmates have shown
benefits for academic performance and motivation [34,35]. Finally, place attachment has
been confirmed as a factor in itself; as the basis of the link between the person and the
place [60], it not only improves the well-being of the users of the building but also favors
inclusion and interaction between people [57].

The regression results indicate that place attachment is the LESI variable that explains
academic performance in the sample to the greatest extent. This contribution supports
previous studies that demonstrated that place attachment had a higher value than other
common IEQs, such as lighting, regarding the development of academic performance [67].
Regarding IEQ satisfaction, wall color, acoustics and ventilation also evidenced a direct
relationship with the academic outcome, in line with evidence on satisfaction with the
learning environment [44,45] and quality of environment [46].

Two variables of the learning value of social interaction showed an inverse and a
direct relationship with the learning outcome: the importance of interactions with students
from other courses and the importance of professor–student interactions. These findings
indicate that greater interaction with the teacher may be related to a better understanding
of the objectives or content of the subject and consequently of the academic outcome, while
greater interaction with students from other courses leads to lower solvency of the course.
Although it seems a consistent result, it is common for students to lean on peers from other
courses, as they create bonds of friendship beyond academic assignments. However, this
scenario would require a larger study to determine whether the support of outsiders is
correlated with fewer interactions in the classroom itself. Previous research has verified
the negative effects of a greater number of classmates and interactions and the positive
effects of interactions in a smaller group [26], which could identified as the academic group
within the classroom.

Finally, only one of the variables of classroom design as a facilitator of social interaction
showed an inverse relationship with the academic outcome: the practice classroom favors
teacher–student interactions. This result shows an apparent contradiction, in line with
the literature [23,24]. Previously, it came to light that those students who assign higher
value to teacher–student interactions obtain better GPAs, and those users who perceive
that the classroom favors these interactions obtain worse results. The research does not
allow for determination of the reason for this difference, but it seems logical that those who
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value interaction for their learning use it for academic purposes, also known as “learning
interaction”. Meanwhile, those who indicate that the design favors interaction would use
it for social purposes.

This leads to the conclusion that the social dimension of the physical space contributes
to the explanation of a student’s academic result. In addition, the research contributes to
the design and validation of LESI, the scale that those responsible for higher education
centers can apply to diagnose their particular scenario and consequently manage the
pertinent modifications.

This research focused on quantitative methods, due to its exploratory nature. A
multi-method approach would be beneficial to complement the theory on learning space
satisfaction and social interaction in higher education. Furthermore, more research is
necessary both in higher education and at other educational levels, so that the high costs of
building can be justified by substantial data on sustainable architecture in terms of purpose
adequacy. Likewise, research on each factor, allowing an in-depth understanding of the
particular complexity of each variable, is required.
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Abstract: Residents of nursing homes have been significantly affected by COVID-19 in Spain. The
factors that have contributed to the vulnerability of this population are very diverse. In this study,
physical agents, chemical pollutants, population density and different capacities of residences were
analysed to understand their influence on the number of elderly people who have died in geriatric
centres in different autonomous communities (AACCs) of Spain. A statistical analysis was carried
out on the variables observed. The results show that many residences with a larger number of deaths
were private, with some exceptions. Physical agents and pollutants were found to be determining
factors, especially for the communities of Extremadura and Castilla–La Mancha, although the large
number of factors involved makes this study complicated. The compromise between air quality and
energy efficiency is of great importance, especially when human health is at stake.

Keywords: quality air; epidemiology; data analysis; statistics; nursing homes; COVID-19

1. Introduction

Today, in developed countries, 80–90% of people’s time is spent indoors [1], especially
in their homes. The duration spent in the home varies between 60% and 90% of the day, and
30% of the time is spent sleeping [2,3]. Since homes contain air that is inhaled, the greatest
exposure to potential air pollutants is in these interior spaces. The indoor environment
of the home should facilitate rest and recovery [4,5]; therefore, as poor indoor air quality
(IAQ) has harmful effects on health, it prevents these beneficial effects from being realised.

Since the energy crisis of the 1970s, buildings have become increasingly airtight,
leading to the appearance of IAQ-related diseases, such as sick building syndrome (SBS) [6].
In addition, a relationship between air movement in buildings due to ventilation and the
spread of infectious diseases has been demonstrated [7,8]. In this context, the benefits
of indoor air exchange have been confirmed, although the influence of ventilation on
the spread of infectious diseases is not clear [6]. Consequently, since the influence of
airflow rates on health has not been quantified, the ventilation rates specified in different
regulations are usually set according to comfort criteria (perceived conditions) [9–12].

However, a healthy indoor environment can be achieved by applying strategies
necessary to improve the COVID-19 pollutant IAQ, which, in addition to increasing the
supply of fresh air, include controlling pollution from emission sources, cleaning the air
and improving the efficiency of ventilation [13–15]. Therefore, the indoor air quality (IAQ),
especially in indoor residential spaces, has a strong influence on human health; thus, it is
essential to design adequate ventilation, which ensures good IAQ since the main purpose
of ventilation is to dilute or remove indoor contaminants by providing outdoor air [16–21].

The values set for air renewal to ensure comfort and eliminate odours have been modi-
fied over the course of history, according to variations in ventilation theories. Currently, the
Basic Document HS 3 for indoor air quality, included in the Technical Building Code [22],
provides data on minimum ventilation rates for residential buildings in Spain, depending
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on the room of the dwelling. In European countries, in addition to the EN 15251 standard
(which should be used if no national standard is available), there are also state regulations
that, as in the Spanish standard, provide data on minimum ventilation rates based mainly
on body odours (with CO2 as an indicator) and, to some extent, according to primary
emissions from some building materials [23,24].

On the other hand, even if the regulations are complied with, indoor air quality may
still be inadequate if stagnant air zones are generated, and therefore, health and comfort
problems may develop [25–29]. In-depth research in this field is still needed; therefore, the
debate on how much ventilation is sufficient to achieve good indoor air quality, capable of
preventing both odours and the emergence and spread of diseases, is still ongoing.

Spain is one of the countries most affected by the COVID-19 pandemic. According to
data provided by the Spanish Ministry of Health’s Centre for the Coordination of Health
Alerts and Emergencies [30], the number of deaths as of 16 May 2020 was 27,563, and
230,698 people were infected.

Based on the number of elderly people who have died in nursing homes [31], we
find that the most affected autonomous communities (AACCs) were Castilla–La Mancha
(14.44%), Extremadura (14.13%), Castilla y León (13.71%) and Aragón (12.90%), compared
to the total number of deaths in these communities (elderly and non-elderly). These
numbers are very similar to the number of the elderly who died in these communities:
Castilla–La Mancha (17.38%), Extremadura (16.80%) and Aragón (15.36%).

According to data provided by the AACCs, the number of elderly people who have
died as a result of COVID-19 in the approximately 5417 Spanish homes for the elderly,
including public, subsidised and private residences, stands at 18,354 deaths. Only people
who died after testing positive for coronavirus have been registered as casualties of COVID-
19, i.e., tests have not been performed post-mortem, so those who were not tested are not
listed as having died of coronavirus.

It is observed (Figure 1) that the number of private residences in AACCs is greater than
the number of public residences in a proportion of 3 to 1, with the exception of the autonomous
communities of Extremadura, Castilla–La Mancha and, to a lesser extent, Canarias.

The population pyramid in Spain continues to reflect population ageing, measured
by the increase in the proportion of elderly persons, i.e., those aged 65 years old and
over. According to the latest statistical data from the Continuous Register of the National
Statistics Institute (INE), on 1 January 2019, there were 9,057,193 elderly people, 19.3%
of the total population of 47,026,208 [32]. This population of elderly people continues to
increase, both in number and proportion. The average age of the population, which is
another way to measure this process, is 43.3 years; in 1970, it was 32.7.

Below is a comparative chart of the population over 65 years of age and the number
of deaths in that age range for each AACC.

The data show that the communities of Madrid, Extremadura, Castilla–La Mancha and
Baleares have been most affected by deceased elderly persons relative to the population of
persons over 65 years of age in these communities (see Figures 1 and 2). On the other hand,
Ceuta, Melilla, Canarias and Galicia have been less affected.
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Figure 1. Distribution of the number of public and private nursing homes in the different autonomous
communities of Spain.

Figure 2. Graph of number of people >65 years old and deaths of people in this range by
autonomous community.
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The first study carried out in Europe on indoor air quality [33] includes detailed
statistical data from the Eurostat Union Statistics on Income and Living Conditions. The
data demonstrate a correlation between people’s health and the conditions of the buildings
in which they live.

In March of this year, the European Respiratory Journal published a study that revealed
the importance of maintaining adequate indoor air quality conditions in residential build-
ings. Based on this study, it was deduced that older people are more likely to suffer negative
effects on lung health due to indoor air pollution in buildings, compared to younger adults.

It has been shown that city dwellers (especially the elderly and children) spend
between 58% and 78% of their time in an indoor environment that is polluted to a greater or
lesser degree. This is a problem that has been exacerbated by the construction of buildings
that are designed to be increasingly airtight and that recycle air with a smaller proportion
of fresh air from outside in order to increase energy efficiency. Pollution of the indoor
environments of buildings is the cause of many health problems of various kinds, which can
range from simple fatigue or discomfort to symptoms consistent with allergies, infections
and cancer, among others.

The pollutants present in the indoor air of buildings (residences), whether chemical,
physical or biological, vary depending on the activities that take place in such spaces,
the health of the occupants, the physical infrastructure of the building and its material
assets and the quality of the surrounding air. At present, environmental pollutants, such as
environmental tobacco smoke, formaldehyde, radon, mineral fibres, isocyanates and epoxy
resins have been identified as some of the main emerging factors that can increase the risk of
diseases, such as allergies, asthma, fertility disorders and cancer [34]. Physical factors that
influence comfort are mainly related to relative humidity, average air speed, temperature
and noise. In addition, there are chemical pollutants, including carbon dioxide (indicative
of insufficient indoor air renewal), carbon monoxide, sulphur dioxide, volatile organic
compounds, suspended particles, ozone, radon, etc., as well as various pathogens. In short,
the population is faced daily with an array of pollutants not only in buildings, but also in
the outside air, water, food, consumer products, etc. Determining the pollutant composition,
daily exposure dose and interaction with the human body and the environment is quite a
complex undertaking [34,35].

Volatile organic compounds (VOCs) play an important role in the process of assessing
the IAQ. They negatively affect both the comfort and health of occupants [35,36]. The
effects of VOCs in indoor spaces vary from sensory irritation at medium exposure levels to
toxic effects at high exposure levels [37]. Formaldehyde (HCHO) is especially important,
as it is known to be the most common irritant in indoor air, causing eye, nose and throat
irritation (at concentrations above 0.1 mg/m3) and may even cause asthma attacks at high
concentrations [38,39].

Previous studies [40,41] provide total VOC concentration data, using the concept of
total volatile organic compounds (TVOCs). This parameter is used to allow a simpler
and faster assessment than the analysis of a high amount of VOCs, which are usually
detected in indoor spaces [42]. The concentration of any pollutant in an indoor space is
the result of a balance between the network in that space and what is removed or added
by ventilation. Therefore, if the TVOC level is high, it indicates that there are significant
sources of contamination or that local ventilation is inadequate. Therefore, it is important to
measure TVOCs, as they are an indication of the pollution load in the indoor environment
and the sustainability of the ventilation rate [43]. It should be noted that TVOCs do not
include all VOCs present in indoor air, as some organic pollutants are excluded, such as
low molecular weight aldehydes, e.g., HCHO, because the method of identification differs
from that of other VOCs. Therefore, in order to characterise the IAQ and determine the
adequate ventilation rate, it is essential to consider the concentration of VOCs and HCHs.

Therefore, it is difficult to assess the health risks (measurement, tolerance level, expo-
sure time, effects, etc.) in the indoor environment; preventive and corrective maintenance
in the facilities involved is important in order to promote healthy environments.
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In this study, chemical pollutants (such as formaldehyde, nitrogen dioxide, ozone,
PM10 and PM2.5 particulate matter and sulphur dioxide), physical agents (such as temper-
ature, humidity, precipitation and hours of sunshine) and socio-demographic variables
(such as population density and the capacity of different public or private homes for the
elderly) were analysed to understand their association with the indoor air quality of the
homes and to determine whether they influence the health of the elderly who live there.

The analysis was carried out in two stages, first taking into account the sizes of differ-
ent residences and subsequently evaluating the effects of physical agents and pollutants.

For the first stage, the statistical technique of multivariate correlation between the
variables was applied in order to determine the relationships between the number of deaths
in the residences and the 12 variables based on the size of the residence. Then, a cluster or
conglomerate analysis was carried out to determine the relationship between the nursing
homes and the autonomous communities under study.

2. Materials and Methods

In addition to children and pregnant women, other population groups are vulnerable
to the effects of air pollution. These include people with respiratory diseases, such as
asthma, chronic bronchitis or emphysema, those with cardiovascular diseases or diabetes,
and elderly people with chronic diseases, particularly those living in residential homes.

The quality of the air in residences is in the IDA2 category, according to the Regulation
of Thermal Installations (RITE) in Spain [24]. In this type of building, it is necessary to have
a good quality of air in the indoor environment because the elderly population is more
vulnerable to infectious agents.

Age and diseases (cardiovascular, respiratory problems) are factors that make the
elderly more likely to be negatively affected by pollutants present in the air of residential
environments. Susceptibility to pollutant effects is also influenced by the individual’s
lifestyle, diet, genetic predisposition, etc.

2.1. Comfort

In indoor environments, the ability to regulate temperature is provided by heating,
ventilation and air-conditioning systems. The human body has the ability to regulate its
temperature within a range of degrees. Thermal comfort in an indoor environment refers
to the general sense of temperature and humidity felt by most people who live there.

Thermal comfort means that a person feels good from the perspective of the surround-
ing hygrothermal environment. Extreme thermal values can be harmful, even deadly, to
human beings. This is because human beings are homeothermic, i.e., they must maintain
certain vital parts at an approximately constant temperature. To achieve a feeling of thermal
comfort, the most advisable condition is an ambient temperature that is slightly higher than
the air temperature and a flow of radiant thermal energy that is the same in all directions
and is not excessive above the head. In the UNE EN ISO 7730 standard (thermal comfort in
moderate environments) [44], thermal comfort is given by the thermal balance between
the body and the environment, i.e., a person will feel comfortable when the internal heat
generated and the losses due to evaporation from the body are compensated by the losses
or gains due to latent, sensitive or radiant heat with respect to the environment.

The following table (Table 1) shows data on the average temperature and humidity,
precipitation, hours of sunshine [45] and the number of elderly people (≥65 years) who
have died in homes and in total for the different autonomous communities [30].
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Table 1. Data on deceased elderly people and physical agents in the autonomous communities.

CC.AA.
(RD) Residential

Deaths
(CD)

Community Deaths
Average

Temperature (C)
Average

Humidity (%)
Precipitation

(mm)
Sum

Hours (h)

Andalucía 527 1355 19.4 53.6 344.5 3342
Aragón 704 838 14.6 61 272.7 3112
Asturias 192 313 13.8 80 908.2 1962
Baleares 84 216 19.3 73.5 466.5 3034
Canarias 18 151 22 61 78.5 3165
Cantabria 135 206 13.8 74 1157.6 1826

Castilla–La Mancha 2395 2883 16.4 49 221.8 2779
Castilla y León 2519 1940 12.1 65 384.3 2894

Cataluña 3394 5915 16.9 63.3 329.3 2731
Ceuta 0 4 19.1 74 650.2 2640

C. Valenciana 518 1365 19.1 62 335.6 2808
Extremadura 418 497 17.4 53 271.8 3326

Galicia 269 604 14.5 74 798.5 2342
C. Madrid 5909 8826 16 53 256.1 2970

Melilla 0 2 19.6 70 239.7 2778
Murcia 67 144 20 55 177.9 3348

Navarra 422 501 13.2 67 696.9 2512
País Vasco 584 1455 14.4 75.5 1456.7 1780

La Rioja 199 348 144 61 3907 2708

2.2. Air Quality Factors

The quality of the environment in nursing homes is affected by indoor air pollutants,
such as dust, suspended particles, CO2, CO, NOx, VOCs, bacteria, fungi and viruses, as
well as pollution from outside. However, nursing homes need special maintenance of the
facilities and environment (air renewal) for the following reasons:

• Elderly residents spend practically all of their time in these places (90%) since it is
their home.

• The quality of the environment in the residences will be vitiated by a greater number
of viruses, due to the fact that their occupants usually suffer from different infections.

• In residences, food and different types of drugs or medicines are maintained on the
premises to care for the elderly, and these products need the air quality to be optimal.

• It is essential to use air-conditioning systems in homes to ensure the comfort of the
users and to renew the indoor air. In winter, it is necessary to temper the indoor
air to prevent cold currents, which can affect the health of the elderly. In summer,
the opposite will occur, and air-conditioning systems need to be used to prevent the
occurrence of hot flushes or heat in the occupants.

• The use of air-conditioning systems in residences is as important as their cleaning and
maintenance: the lubrication of mechanisms, revision, change of filters, etc.

• Cleaning and disinfection of the building need to be carried out daily to maintain
the quality of the indoor environment in the residence halls since different groups
of people live together in these areas every day. In the residents’ rooms, in the
reception areas and in the corridors, it is necessary to carry out a deep cleaning or
even disinfection several times a day to improve the safety of the guests and visitors.

2.3. Consequences of Poor Air Quality

The World Health Organization (WHO) warned that air pollution (outside air) kills about
seven million people every year. Indoor pollution levels can be as much as 10–100 times
higher than outdoor concentrations, and people (with the elderly being more vulnerable)
exposed to poor-quality residential environments can suffer many health problems as
a result:

• Airways: dryness, itching/heartburn, nasal congestion, sneezing and sore throat;
• Lungs: chest tightness, choking sensation, dry cough and bronchitis;
• Skin: redness, dryness and generalised itching;
• General malaise: headache, weakness, drowsiness/lethargy, difficulty concentrating,

irritability, anxiety, nausea and dizziness;
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• Diseases: hypersensitivity pneumonitis, humidification fever, asthma, rhinitis and dermatitis;
• Infections: legionellosis, Pontiac fever, tuberculosis, common cold and flu.

2.4. Chemical Pollutants

The pollutants studied in this work, as well as their impact on human health, are
described below.

2.4.1. Nitrogen Oxides (NOx)

The presence of NOx is related to the burning of fuels, mobile sources (vehicles),
industrial processes and some natural processes (lightning, and soil microorganisms).
Combustion processes emit a mixture of nitric oxide (90%) and nitrogen dioxide (10%).
In turn, nitric oxide reacts with other chemicals in the air to become nitrogen dioxide. In
indoor environments, the main sources of NO2 emissions are heating systems and gas
stoves, as well as tobacco smoke.

At low concentrations, nitrogen oxides are irritating to the upper respiratory tract and
eyes. Prolonged exposure can cause pulmonary oedema. Excessive exposure to nitrogen
oxides can cause health effects on the blood, liver, lung and spleen. Nitrogen dioxide is
also one of the gases that contribute to acid rain that damages vegetation and buildings
and contributes to the acidification of lakes and streams.

2.4.2. Suspended Particles

These particles are usually referred to as total suspended particles (TSP) and include
all particles with diameters ranging from less than 0.1 microns to 50 microns, as larger
particles are deposited by gravity. TSP is expressed as PM (particulate matter) with a
sub-index referring to particle diameter, and the unit is the weight of particles per volume
of air (mg/m3 or μg/m3). The larger the particle size, the shorter the time they remain
suspended in the air and the shorter the distances they can travel. Particles larger than
10 microns fall rapidly near the source that produces them; PM10 particles (with a diameter
of ≤10 microns) can remain suspended for hours and travel from 100 m to 40 km, while
PM2.5 particles (with a diameter of ≤2.5 microns) can remain in the air for weeks and
are capable of moving hundreds of kilometres, moving with air currents and penetrating
premises through ventilation systems.

The main sources of particulate matter outdoors are road traffic, especially diesel
vehicles, industrial processes, incinerators, quarries, mining, stack emissions, coal heating,
etc. Other important sources of particulate matter are dust from agricultural work, road
construction or vehicle traffic on unpaved roads. On the other hand, particulate matter
is present in almost all indoor environments, mainly from combustion appliances and
tobacco smoke. It can also have a biological origin, such as pollen, spores, bacteria and
fungi. Typically, most particles of anthropogenic origin are in the range of 0.1–10 μ.

The size range that can be considered dangerous in relation to its effects on human
health and air quality is between 0.1 microns and 10 microns in diameter since these
particles, once inhaled, generally have a greater capacity to penetrate the respiratory
system. PM10 particles are deposited in the upper respiratory tract (nose) and in the trachea
and bronchi, while PM2.5 particles with a smaller diameter can reach the bronchioles and
alveoli of the lungs.

2.4.3. Formaldehyde

Formaldehyde is a major indoor air pollutant, and due to its chemical properties and
serious health effects, an individual assessment is recommended. It is often present in
the structure of modern building installations and furnishings, and its concentrations are
higher indoors than outdoors. Urea–formaldehyde foam insulation (UFFI) was widely
used in the construction of houses until the early 1980s, although its installation is now
rare. The main sources of exposure to formaldehyde include particle board, varnishes,
lacquers, glues, fibreglass, carpets, non-iron fabrics, paper products and certain cleaning
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and disinfection products. Due to the extremely high concentrations of formaldehyde in
tobacco smoke, smoking is a major source of this compound. Gas stoves and ovens and
open fireplaces are also sources of formaldehyde exposure.

Studies conducted in Canada since the early 1990s indicate the presence of formalde-
hyde in households in concentrations ranging from 2.5 μg/m3 to 88 μg/m3, with an
average of between 30 μg/m3 and 40 μg/m3 [46].

The main form of exposure is inhalation; it can also be absorbed through skin contact.
The main effects of acute exposure to formaldehyde are irritation of the conjunctiva of the
eye and the mucosa of the upper and lower respiratory tract. The symptoms are temporary
and depend on the level and duration of exposure. Exposure to high concentrations of
formaldehyde may cause burns to the eyes, nose and throat. In the long term, exposure
to moderate concentrations of formaldehyde (chronic exposure) may be associated with
respiratory symptoms and allergic sensitivity, especially in children. Prolonged or repeated
skin contact leads to irritation and dermatitis.

2.4.4. Ozone

In the indoor environment, the ozone originates from equipment that generates a
potential discharge between metal plates or with the existence of ultraviolet radiation. This
occurs in photocopiers, laser printers, electrostatic equipment for air purification, electric
motors and equipment with UV radiation, such as those used in disinfection.

Due to its oxidising power, the immediate health effects are irritation of the respiratory
tract and eyes, coughing, breathing difficulties, etc. In the medium term, there may be a
general decrease in physical performance, as well as symptoms of general malaise, such
as headache, tiredness, heaviness, etc. In the long term, it can produce alterations in
pulmonary function (pneumonitis and pneumonia). In general, the effects of exposure
to the ozone are accentuated by a higher concentration, longer duration of exposure
and higher levels of activity during exposure, although the form of the dose—response
relationship is not known. The severity of the response is strongly dependent on the
sensitivity of the respiratory system and often on the health status of the exposed person.

2.4.5. Sulphur Dioxide

Data were collected on various pollutants in the different AACCs in Spain. The
limit and objective reference values that appear in this study are those established by
Directive 2008/50/EC [47] and Royal Decree 102/2011 [48], as well as those recommended
by the World Health Organization (WHO) [49]. The data in the following table (Table 2)
were extracted from the 127 zones and agglomerations established for the measurement
of nitrogen dioxide in the Spanish territory, organised by AACC, with their respective
measurement stations. The exceedances of the legal limits and WHO references by zone or
agglomeration are reflected in the table. The values that appear correspond to the average
value of all of the data collected by the stations in the zone (whether they exceed the limits
or not). Some stations are the only representative of their area, and therefore, their data
correspond to the average value of the area. The target value for the protection of human
health from tropospheric ozone is set for a three-year period, in this case, for the years 2017,
2018 and 2019. The remaining pollutants refer to the year 2019 [50].
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Table 2. Table of chemical contaminants with their limits according to regulations.

PM10

(Particles < 10 Micras)
PM2,5

(Particles < 2.5 Micras)
NO2

O3

(Tropospheric
Ozone)

SO2
Formal-
dehyde

Daily
Value

Annual
Average

Daily
Value
(OMS)

Annual
Average

Annual
Average

Eighth
Hour

(Normative)

Eighth Hour
(OMS)

AOT40
(Normative)

Daily
Value
(OMS)

Annual
Average

No Days >
50 μg/m3

Normative:
Máx = 35

OMS:
Máx:3

μg/m3

Normative:
Máx = 40

OMS:
Máx:20

No Days >
50 μg/m3

OMS:
Máx:3

μg/m3

Normative:
Máx = 25

OMS:
Máx:10

μg/m3

Normative:
Máx = 40

OMS:
Máx:40

No Days >
120 μg/m3

Normative:
Máx = 25

No Days >
100 μg/m3

OMS:
Máx = 3

Normative:
Máx:

18,000

No Days >
20 μg/m3

OMS:
Máx = 3

μg*m2

Andalucía 5.36 23.27 12.36 13.27 15,9 18.36 94.18 18,767.54 0.36 59.2
Aragón 1 14.25 2.75 8.75 8 12.75 69.5 13,766.5 0 60.4
Asturias 7.75 22 6.25 11.75 13.5 1.75 18.75 3223.25 8.25 54.6
Baleares 1 13.75 1.33 7.33 11.75 8.75 77 14,018.5 0.75 76.1
Canarias 17 22.83 7.5 8.16 11.83 0.83 16.16 2274.66 2.66 57.4
Cantabria 4.33 19 1.66 9.3 18 1 35.33 4180.66 1.33 68
Castilla La

Mancha 15.33 21.66 13.66 10.66 11.66 23.66 88 18,153.66 2.33 59.3

Castilla y
León 3.1 15.2 1.8 6.4 10.1 9.6 66.1 10,345.5 2 57

Cataluña 2.2 19.6 5.64 10.5 15.92 14.66 77 19,245.78 1.76 58.2
Ceuta N/A N/A N/A N/A N/A N/A N/A N/A N/A 61.3

C.Valenciana 1.21 14.78 4.28 9 11.71 16.64 90.28 19,060.35 0.64 61
Extremadura 5.5 15 4.5 9 11.71 16.64 90.28 19,060.35 0.64 61

Galicia 5 22 10.66 12.33 20.83 6.5 33.5 4911.16 2.66 65
C.Madrid 4.71 16.28 4 10 20.42 36.14 110.71 22,506.42 0.42 57.1

Melilla N/A N/A N/A N/A N/A N/A N/A N/A N/A 60.6
Murcia 26.5 27 N/A N/A 27 28.5 76.5 22,224.5 20.5 57.8

Navarra 0.5 13.5 5 12 11.25 5 29.75 8902 1.5 59.8
País Vasco 0.87 15 1.62 8.25 15.25 5 36 7419.25 0.28 58.6

La Rioja 2 17 1 9 7 7 59 10,237 0 60.1

For the interpretation of the data in Table 2, the limit values of the analysed pollutants
are described below:

1. PM10 particles:

• Daily value: No. of days in the year when the 50 μg/m3 limit is exceeded.
When it is greater than 35 days, the daily limit established by the regulations is
exceeded, and if it is greater than 3 days, the WHO recommendation is exceeded.

• Annual average: Average value of PM10 during the year. The limit established by
the regulation is 40 μg/m3 per year, while the WHO recommends not to exceed
an annual average of 20 μg/m3.

2. PM2.5 particles:

• Daily value: Number of days during the year when 25 μg/m3 is exceeded. When
it is greater than 3 days, the WHO recommendation is exceeded.

• Annual average: Average value of PM2.5 during the year. The regulations do not
allow exceeding 25 μg/m3 per year. WHO recommends not to exceed 10 μg/m3

as an annual average.

3. Nitrogen dioxide NO2:

• Annual average: Average value of NO2 during the year. The annual limit value set
by the regulations is 40 μg/m3, which is in line with the WHO recommendation.

4. Ozone O3:

• Eight-hour value: Number of days over the year when the average value of
120 μg/m3 (legal) or 100 μg/m3 (WHO) ozone is exceeded in 8 h periods (defined
as the maximum daily 8 h moving average). The regulations do not allow more
than 25 days per year (averaged over three consecutive years), a threshold also
adopted in this report for the WHO recommendation (in 2018).

• AOT40 May–July: Sum of the difference between hourly concentrations above
80 μg/m3 and 80 μg/m3 between 8:00 and 20:00, from 1 May to 31 July. The
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legal target is 18,000 μg/m3 h (the average of over five consecutive years), and
the long-term target is 6000 μg/m3 h (in 2019).

5. Sulphur dioxide SO2:

• Daily value: Number of days per year when the average daily value of 125 μg/m3

(legal) or 20 μg/m3 (WHO) of SO2 is exceeded. The regulations do not allow
more than 3 days per year, a threshold that is also adopted in this report for the
WHO recommendation.

The Table 2 shows the average chemical contaminant measurements for each AACC
and the limits according to the regulations specified above.

There are various types of buildings that require special air-conditioning and ventila-
tion conditions, due to their unique use and the special sensitivity of their occupants to
temperature changes or indoor air pollution, among other factors.

This is the case for homes for the elderly or geriatric centres, which, although not
subject to the regulatory requirements for the specific temperature, relative humidity and
ventilation conditions in hospitals, are buildings that require appropriate air-conditioning
and ventilation systems; this is necessary to enable the elderly people who live in these
facilities to achieve a good standard of living in terms of their personal well-being, due to
their special needs in terms of health and comfort.

Air conditioning and other factors related to architecture and interior design can have
a profound impact on the sense of home experienced by the elderly who live in this type
of centre; furthermore, the dimensions of the room and the position of various elements
within a room, such as furniture, have an influence on the movement of air and, therefore,
on the efficiency of ventilation [51].

Considering the ventilation of a dwelling in general, research [52] has shown that
for an uninhabited dwelling, the concentration of PM2.5 particles for interior conditions
without ventilation or forced ventilation is half that of the value in the exterior. In the case
of natural ventilation, the difference between inside and outside is almost negligible.

In the analysis of the particle size 10.0 μg/m3 (PM10), there is no appreciable difference
between concentrations indoors and outdoors in conditions without ventilation or with
natural ventilation, as in both cases, the highest concentration is outside. Finally, in the
case of forced ventilation, the concentration sampled outside is double that sampled inside
since the filters retain the larger particles.

Geriatric centres are usually full, and the residents are typically sedentary people
who move around within small spaces. Residents are also usually together for a long time
in different areas (motor room, activity room, dining room, TV room, etc.), which have
a high concentration of harmful agents and stale air that must be properly renewed. To
optimise the indoor air for these people, good maintenance of air-conditioning equipment
is necessary as well as an adequate change of filters.

Based on all of the above and taking into account the two ventilation systems used
(natural and forced), it would be logical for nursing homes to use mechanical ventilation
systems assisted by natural ventilation.

For the statistical analyses described below, given the condition of forced ventilation,
the PM10 and PM2.5 concentrations outside could potentially be regarded as being twice
as high as those inside. However, these data were obtained in a passenger compartment
(study area) without people. The areas studied in this work are geriatric centres, where
there is a great deal of mass, so for this study, the concentrations of both particle types
were considered to be identical outside and inside, using the data obtained in Table 2. This
hypothesis is described in the Indoor Air Quality study [53] carried out for the National
Institute of Safety and Health (INSST) in Spain.

A statistical analysis was performed with the support of the Statgraphics Centurion
v.xvi program to determine the influence of all parameters on the number of elderly deaths.
A principal component analysis was carried out in order to reduce the number of variables
studied with respect to the number of elderly deaths in the homes of each AACC. An
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analysis of variance was then carried out to identify the convergence of the variables
selected in the parameter studied.

3. Results

As indicated at the end of Section 1, the analysis was carried out in two stages, first
taking into account the sizes of the different residences, and subsequently evaluating the
effects of physical agents and pollutants.

For the first stage, the statistical technique of multivariate correlation between the
variables was applied in order to determine the relationships between the number of deaths
in the residences and the 12 variables related to the size of the residence. Then, a cluster or
conglomerate analysis was carried out to determine the relationship between the nursing
homes and the autonomous communities under study.

A total of 3844 private residences and 1573 public residences have been counted in
Spain [31]. At this stage of the study, the nursing homes were categorised into private and
public, and these, in turn, were classified by their size, resulting in 12 variables, including
private residence with less than 25 people (PR < 25), private residence with between 25
and 49 people (PR25_49), private residence with between 50 and 99 people (PR50_99),
residences with more than 100 people (PR > 100), residences with an unknown number
of people (PR_NI) and the total number of private residences (PR). Similar variables
were established for public residences for the elderly, resulting in the following variables:
PU < 25, PU25_49, PU50_99, PU > 100, PU_NI and PU [31].

For the statistical study, a multivariate analysis was applied, where the number of
elderly persons (old people) who have died in homes is a dependent variable, and the
12 previous variables are independent variables. The following table (Table 3) shows the
Pearson correlation coefficients between each pair of variables. The correlation coefficient
varies from −1 to +1 and shows the strength of the linear relationship between the variables.

The pairs of variables with P values below 0.05 (95% confidence level) were obtained
from the analysis to identify statistically significant correlations. Since the aim is to assess
the relationship between residences and the number of deaths in them, the relationships
between the RD variable and the other 12 variables must be calculated to then identify
independent variables that are significantly related to RD. The variables with the most
significant relationships with RD were the following (the p-values obtained are in parenthe-
ses): PR25_49 (0.0153), PR50_99 (0.0020), PR ≥ 100 (0.0001), PU50_99 (0.0428) and PU ≥ 100
(0.0000).

It is also observed that for medium-sized and large nursing homes, size is related to
the number of deaths; that is, a larger size is associated with more deaths. For different
residence types (private or public) with the same size, for example, PR50_99 and PU50_99,
the relationship between the number of deceased persons and the size is more significant
for the private residence.
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Table 3. Correlations between the different variables analysed.

CC.AA.
(RD)

Residential
Deads

(RD)
Community

Deads

(TD)
Total

Deads

PR<25
Private

Resi-
dences
(<25)

PR25_49
(25–49)

PR50_93
(50–93)

PR ≥ 100
(≥100)

PR_NI
No inf.

PR
Total

Privates:

PU < 25
Public
Resi-

dences
(<25)

PU25_49
(25–49)

PU50_93
(50–93)

PU ≥ 100
(≥100)

PU_NI
No inf.

PU
Total

Publics:

CC.AA 0.0458 0.0706 0.0819 –0.0371 –0.2717 –0.2076 –0.1577 –0.4264 –0.2107 –0.1546 –0.3066 –0.278 –0.1034 –0.2121 –0.273
(RD) 0.0458 0.9699 0.9737 0.8801 0.5474 0.6624 0.7889 –0.0744 0.6228 0.2255 0.2891 0.4689 0.8157 –0.0005 0.4605
(CD) 0.0706 0.9699 0.9862 0.4415 0.5704 0.6802 0.8094 –0.0124 0.6595 0.1169 0.1946 0.5065 0.8079 0.0174 0.3872
(TD) 0.0819 0.9437 0.9862 0.545 0.6585 0.749 0.8319 –0.0041 0.7366 0.0492 0.2005 0.5835 0.7946 –0.042 0.3741

PR < 25 –0.0371 0.3659 0.4415 0.545 0.8066 0.7652 0.5907 0.1824 0.8462 0.02 0.3536 0.7683 0.6352 –0.0992 0.4313
PR25_49 –0.2719 0.5474 0.57 0.65 0.8 0.96 0.79 0.33 0.97 0.12 0.58 0.92 0.69 0.11 0.6
PR50_93 –0.2 0.66 0.68 0.74 0.76 0.96 0.87 0.23 0.97 0.22 0.57 0.92 0.69 0.11 0.6
PR ≥ 100 –0.15 0.78 0.8 0.83 0.59 0.79 0.82 0.35 0.87 0.14 0.48 0.71 0.86 0.28 0.55
PR_NI –0.42 –0.074 –0.012 –0.004 0.18 0.33 0.23 0.35 0.34 –0.02 0.37 0.24 0.23 0.47 0.21

PR –0.21 0.62 0.65 0.73 0.84 0.97 0.97 0.87 0.34 0.14 0.56 0.9 0.79 0.15 0.61
PU < 25 –0.15 0.22 0.11 0.04 0.02 0.12 0.22 0.14 –0.02 0.14 0.71 0.2 0.39 0.6 0.83
PU25_49 –0.3 0.28 0.19 0.2 0.35 0.58 0.57 0.48 0.37 0.56 0.71 0.62 0.55 0.58 0.92
PU50_93 –0.27 0.46 0.5 0.58 0.76 0.92 0.9 0.71 0.24 0.9 0.2 0.62 0.63 0.23 0.66
PU ≥ 100 –0.1 0.81 0.8 0.79 0.63 0.69 0.77 0.86 0.23 0.79 0.39 0.55 0.63 0.24 0.69

PU_NI –0.21 –0.0005 0.0174 –
0.0042 –0.00992 0.11 0.18 0.28 0.47 0.15 0.6 0.58 0.23 0.24 0.59

PU –0.27 0.46 0.38 0.37 0.43 0.6 0.66 0.55 0.21 0.61 0.83 0.92 0.66 0.69 0.59

Next, a cluster analysis was performed using the Ward method and the Euclidean
square distance metric. Four groups or clusters were established from 19 observations
in order to study the groupings of the five variables with the greatest significance or
strongest relation with the number of elderly persons who have died in the residences. The
six variables of greatest significance are RD, PR25_49, PR50_99, PR ≥ 100, PU50_93 and
PU ≥ 100, which were analysed with respect to autonomous communities.

The results are expressed in a graph or dendrogram (Figure 3), which is a type of
graphical representation or data diagram in the form of a tree that organises data into
subcategories, which are further divided into other subgroups until the desired level of
detail is reached. The dendrogram tool uses a hierarchical clustering algorithm. The
program first calculates the distances between each pair of classes in the input signature
file. It then iteratively merges the closest pair of classes and successively merges the next
closest pair of classes and the next closest pair of classes until all classes are merged. After
each merge, the distances between all class pairs are updated. The distances at which class
signatures are merged are used to construct the dendrogram.

Figure 3. Dendrogram with the four final groups of analysis.
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This graph (Figure 3) shows four groups with similar characteristics, according to
the variables analysed. To form the groups, the procedure starts with each observation in
separate groups, and then the two observations that are closest are combined to form a new
group. After recalculating the distance between groups, the closest groups are combined
again, and this process is repeated until all four groups are formed.

Figure 3 shows four very clearly defined groups. The first group (G1) is formed by the
communities of Catalonia, Andalucia and Castilla y León, and the second group (G2) is
formed by the communities of Castilla–La Mancha, C. Valenciana, Galicia, Extremadura
and País Vasco. The third group (G3) contains only Madrid, which appears as a point at the
lower right of the dendrogram. The rest of the autonomous communities form the fourth
group (G4).

Relating the six previous variables of influence with the four associations or groups of
autonomous communities, it was found that the variable most related to the number of
deaths in all of the autonomous communities is PR ≥ 100, which denotes private residences
with more than 100 persons (large old people’s homes). This relationship is shown in the
cluster dispersion diagram in Figure 4. Cluster analysis is a multivariate technique that
allows cases or variables in a dataset to be grouped according to the similarity between
them, i.e., cluster analysis is a multivariate technique whose main objective is to classify
objects by forming groups (clusters) whose within-group homogeneity and between-group
heterogeneity are both as high as possible. In each cluster in Figure 4, central points called
centroids can be seen. The centroid of a cluster is defined as the equidistant point of the
objects belonging to that cluster.

 

Figure 4. Diagram of the dispersion of conglomerates of the autonomous communities, compared to public residences with
a capacity of more than 100 people.

For the second stage, the data corresponding to physical agents and chemical pollu-
tants were analysed to identify relationships between the indoor air quality in the residences
and the number of elderly people who have died in different residences in different au-
tonomous communities of Spain. The analysis process was similar to the one carried out in
the first stage. To analyse the influence of the size of the residences, a cluster or classification
analysis was carried out together with other techniques to relate and compare variables.
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The studied variables are the following physical agents: average temperature (AT) in
degrees Celsius, average humidity (AH) as a percentage, precipitation (PREC) in millime-
tres, and hours of sunshine (SH) in hours, among which we included the population density
of the communities (PD) in inhabitants per square kilometre. The following variables were
the analysed pollutants: average annual particulate matter (PM10AA and PM2.5AA) mea-
sured in micrograms per cubic metre, average annual nitrogen dioxide (NO2) measured in
micrograms per cubic metre, average annual ozone (O3OCTNOR) measured in micrograms
per cubic metre, average annual sulphur dioxide (SO2) measured in micrograms per cubic
metre and formaldehyde (FOR) in micrograms per square metre. In total, five variables
belonging to physical agents (including population density) and six variables belonging to
pollutants were included in this analysis.

The cluster analysis led to the following groups of autonomous communities according
to the previous 11 variables and the number of elderly people who have died in the homes.

Figure 5 shows four different groups were obtained, which are labelled differently from
those obtained in the analysis of the first stage in order to differentiate them: the first group
(FC1) is formed by the communities of Andalusia, Castilla–La Mancha, Catalonia and the
Canary Islands; the second group (FC2) is formed by Asturias, Cantabria, Extremadura and
Melilla; the third group (FC3) contains only Galicia; and the fourth group (FC4) includes
the rest of the autonomous communities.

 

Figure 5. Cluster diagram of physical agents and contaminants in AACCs.

A multivariate factor analysis was performed using listwise deletion. Factorisation
was applied for standardisation of the main components, and a varimax rotation was used
to analyse these variables and identify possible relationships. The objective was to extract
a small number of the 13 factors (the previous 11, plus DR and AACC) that explain most of
the variability considered in the analysis.

Applying the previous statistical methodology, four factors were extracted, because
these factors have eigenvalues greater than or equal to the unit. These four factors explain
79.3414% of the variability in all of the data which are shown in Table 4. When carrying
out principal component analysis, the initial estimate of the community was established to
assume that all variability in the data is due to common factors.
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Table 4. Factor analysis table.

Factor Variance Cumulative

Number Eigenvalor Porcentage Porcentage

1 4.09141 31.472 31.472
2 2.43407 18.724 50.196
3 2.28212 17.555 67.751
4 1.50677 11.591 −79.341
5 0.9121 7.016 86.358
6 0.67221 5.171 91.528
7 0.347443 2.673 94..201
8 0.315038 2.423 96.624
9 0..22916 1.763 98.387
10 0.099754 0.767 99.l54
11 0.0636375 0.490 99.644
12 0.029118 0.224 99.868
13 0.0171641 0.132 100.000

A factor loading matrix was then generated after the Varimax rotation. This is carried
out so that the factors have a few high loadings and many near-zero loadings on the
variables. This means that there are factors with high correlations with a small number of
variables and zero correlation with the rest, thus redistributing the variance of factors.

The following table (Table 5) shows the equations that estimate the values of the
common factors after the rotation. The rotation was performed to simplify the explanation
of the factors. The first rotated factor is the following equation:

F1 = 0.251871(AA.CC.) − 0.347442(RD) − 0.555084(AT) + 0.912213(AH) +
0.927481(PREC) − 0.920873(SH) − 0.0857457(DP) − 0.070322(PM10AA) +

0.0782349(PM2,5AA) + 0.383983(NO2) − 0.704236(O3OCTNOR) + 0.326536(SO2) +
0.324599(FOR)

(1)

Table 5. Factor loading matrix after applying Varimax rotation.

Factor Factor Factor Factor

1 2 3 4

Autonomous Communities 0.251871 −0.471631 0.262884 −0.52807
RD −0.347442 −0.0841992 0.744084 −0.367933
AT −0.555084 0.1I2131 0.0783305 0.662564
AH 0.912213 0.0516618 −0.145363 0.185372

PREC 0.927481 −0.00501128 0.0524455 −0.0907723
SH −0.920873 −0.145316 −0.0741857 0.215049
DP −0.0857457 −0.09622712 0.886502 0.076693

PM10 AA −0.070322 0.904561 0.0244 0.1497t4
PM 2.5 AA 0.0782149 0.714746 0.174668 0.128887

NO2 0.383983 0.424818 0.760336 0.172825
O3OCTNOR −0.704236 −0.157771 0.455243 −0.23757

SO2 0.326536 0.72773 −0.200042 −0.13505
FOR 0.324599 −0.325889 0.0236463 0.75947

The values of the variables in the equation are standardised by subtracting their means
and dividing by their standard deviations. The equations for the other three factors, F2,
F3 and F4, are obtained in a similar way by simply substituting the coefficients in the
corresponding column for each factor.

Next, three of the factors obtained are plotted in 3D to evaluate the contributions of
the different variables to each factor.

To identify the parameters that influence factor 1, we must look at their position along
the length of the box (from the front): the most important parameters are on the right, and
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the less important ones are on the left. For factor 2, we view the box from the right side
(width) and use the same criteria as for factor 1. For factor 3, we examine the height of
the box, with the most important ones toward the top and the less important ones toward
the bottom.

As indicated by the Figure 6, the highest loadings for factor 1 are provided by the
variables PREC, AH, FOR and NO2, whereas AT, RD, SH and O3OCTNOR appear to
have low loadings for the same factor. For factor 2, the variables PM10AA, PM2.5AA and
SO2 appear to be very important contributors, and the AACC variable appears to be
less important. For factor 3, DP, RD and NO2 appear to be influential, and no candidate
variables appear to be the contrary. For factor 4, a parallel analysis was carried out, and the
results suggest that the variables that most contribute to this factor are FOR and AT, and
RD and AACC are of little importance.

 
Figure 6. Graph of loadings for the different factors.

Multivariate analysis provides a series of Pearson correlation coefficients between
each pair of variables as indicated above. For the two variables X and Y, this coefficient
is defined as the quotient between the covariance of the two variables and the product of
their standard deviations. The values of the linear correlation coefficient r range between
−1 and +1: r = 0 indicates no correlation, r = +1 indicates the maximum positive correlation
and linear dependence, and r = −1 indicates the maximum negative correlation and
linear dependence. Values close to zero indicate a weak correlation, and values close to
extreme values, either −1 or +1, indicate a strong correlation. The sign indicates whether
the correlation is direct (positive) or inverse (negative). When the sign is positive, both
variables vary in the same direction, either increasing or decreasing. When the sign is
negative, even when there is a very high correlation between the two variables, it means
that when one increases, the other decreases, i.e., they covary inversely.

The following relationships were found.
The Table 6 shows the pairs of variables identified in the analysis with P-values

below 0.05, i.e., with a 95% confidence level. For a better interpretation of the analysis
results, a bubble diagram was generated to illustrate the connections between variables.
Two groups were obtained. In the first one, the connection of AH, AT, O3OCTNOR and
SH to PREC stands out; that is, there is a high correlation between precipitation and
humidity, temperature, ozone and sunshine hours. RD, DP and NO2 are connected to
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this first group through the ozone variable (O3OCTNOR). The main link in the chain, the
number of elderly people who have died in homes (RD), depends on population density
(PD) and ozone (O3OCTNOR), which in turn depend on the whole chain formed by the
other variables analysed. The second group consists of particulate matter and sulphur
dioxide. The PM10AA particulate matter acts as a link between the other type of particulate
matter (PM2.5AA) and sulphur dioxide (SO2). It is important to note that the formaldehyde
variable (FOR) does not appear in any of the above combinations, which may indicate that
its contribution to indoor air quality pollution in nursing homes is not very significant.

Table 6. Significant relationships between variables and bubble diagram.

Combination of Factors Bubble Diagram

RD + DP

 

RD + O3OCTNOR
AH + PREC

AH + SH
AH + O3OCTNOR

AT + PREC
AT + SH

PREC + SH
PREC + O3OCTNOR

PREC + NO2
PM10AA + PM2.5AA

PM10AA + SO2

Carrying out a multivariate cluster or conglomerate analysis, the best combination
obtained for the AACC, separated into four groups with all possible combinations with the
other 12 variables under study, is the combination obtained with respect to the precipitation
variable (PREC). Total significance is not achieved, as can be seen in the Figure 7, because
two groups clearly intersect.

Figure 7. Greatest significance of all parameters against AACC.

All possible combinations between all variables were tested for a total of 156 combina-
tions. The most significant cases of dependence are between the variables humidity (AH),
nitrogen dioxide (NO2), precipitation (PREC) and particulate matter (PM10AA), as can be
seen in the following graphs (Figure 8). The graph on the upper left shows the highest
significance between the autonomous communities and all of the variables, although the
relationship between the AACC and the humidity (HA) is not very strong, as there are
intersections between the groups.
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Figure 8. Most significant relationships among all parameters studied.

In the centre of Figure 8, the relationships through which these four variables influence
the number of deaths in nursing homes are indicated by means of red circles.

4. Discussion

The analysis carried out in this work indicates that geriatric homes or senior centres
with a capacity of over 100 people in the residence have had the highest number of deaths.
The number of elderly persons who have died is greater in private homes than in public
homes, probably due to a greater shortage of health resources and personnel, due to
their cost.

It was possible to divide both private and public residences, together with the number
of deaths therein, into four groups with common or similar characteristics. The first group
is formed by the communities of Cataluña, Andalucía and Castilla y León. The second
group is formed by Castilla–La Mancha, C. Valenciana, Galicia, Extremadura and País
Vasco. The third group is formed only by the Community of Madrid, and finally, the fourth
group is formed by the rest of the communities.

Establishing a link between atmospheric factors and harmful effects on human health
poses some difficulties. The effects on health are highly variable, and each factor can
generate more than one effect on human beings. The physical agents studied, in addition
to population density, have a clear connection with the number of deaths through ozone
(Table 6). The main meteorological factors that have been shown to have a clear effect
on human health are air temperature, humidity, wind speed, hours of solar radiation,
pressure and precipitation [54,55], many of which were also analysed in this work, and
their dependency relationship was demonstrated.

If the relationship between the number of elderly deaths and the total number of
deaths in each community is taken into account, the communities of Castilla–La Mancha
(14.40%) and Extremadura (14.13%) present the most significant results. If we study
the environmental conditions (physical agents) in these communities compared to their
average values in Spain (AT = 16.6 ◦C, AH = 60.4%, SH = 2739.8 h and PREC = 496.7 mm),
then possible contributors to the higher rates of elderly deaths in these regions emerge:
their relative humidity is higher than the average, temperatures and hours of sunshine are
approximately equal to the average values for the entirety of Spain and, finally, precipitation
is lower than the average. Excessive humidity may favour the proliferation of moulds and
mites, which increase the risk of respiratory infections [56]. Health problems related to
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the presence of heat waves (lower rainfall) have worsened, affecting the most vulnerable
population groups, i.e., the elderly and children, to a greater extent. The communities of
Extremadura and Castilla–La Mancha have a Mediterranean climate type characterised by
hot, dry summers with little rainfall in the summer period and long, milder winters.

Six pollutants were studied: ozone, particulate matter (PM2.5 and PM10), sulphur
dioxide, nitrogen dioxide and formaldehyde. The results of the analysis indicate that the
effects of formaldehyde were not significant. The contribution of this agent to indoor air
quality pollution due to construction materials and furniture in the residence was estimated
at 3–4% [53].

The ozone values in the communities of Extremadura and Castilla–La Mancha are
32% higher than the average for Spain (60.4 μg/m3). Some studies have shown a direct
relationship between daily mortality and tropospheric ozone levels [57]. As tropospheric
ozone concentrations increase above the recommended limit (100 μg/m3), health effects
are exacerbated, so prolonged exposure can have chronic effects on the respiratory system.
These effects may become more pronounced in very hot weather.

The relationship between the two tested types of particulate matter (PM10 and PM2.5)
and sulphur dioxide has high significance (Table 6). Anthropogenic activity is the main
factor influencing air pollution levels on hourly and daily time scales. However, a clear
relationship has also been found between African desert dust intrusions (Saharan air layer)
and the number of times that the daily PM10 limit value is exceeded. The contribution of
these long-range particulate transport processes to the annual average levels of PM has
been especially relevant in the southern and central regions of the peninsula, Melilla and
the Canary and Balearic archipelagos. The average annual contribution of African dust
episodes to PM10 and PM2.5 levels has also been quantified. There is also a large variation
between the north of the peninsula, with annual contributions of 1–2 μgPM10/m3 and <1
μgPM2.5/m3 to the Canary Islands, Melilla and the Balearic Islands, and the south of the
peninsula, with 4–6 μgPM10/m3 and 1–2 μgPM2.5/m3 [58].

The factors with the greatest influence on the temporal variability of PM concentration
levels include locally recorded surges of anthropogenic pollution (mainly traffic emis-
sions, with some industrial exceptions, demolition–construction, domestic and residential
emissions), followed by increases in natural and anthropogenic pollution produced on a
regional scale and by African dust episodes. The highest rates of incident solar radiation
recorded in the summer months favour the formation of secondary particles, as well as
the re-suspension of mineral dust by convective processes in semi-arid environments
in the peninsula, such as the autonomous communities of Andalucia, Extremadura and
Castilla–La Mancha, which have average PM10/PM2.5 values of (23.27/13.27), (21.66/10.66)
and (15/8) in micrograms per cubic metre, respectively. As can be seen from the data, the
community closest to the emission of particulate matter from the Sahara Desert has the
highest values of particulate matter, compared to the community of Castilla–La Mancha,
which is the farthest away, but all of them are strongly affected by this material.

In indoor environments, sulphur dioxide levels are much lower than those outside,
provided that there are no indoor sources that might produce it, such as kerosene stoves,
boilers or chimneys. For this reason, it is not a pollutant that causes major problems
indoors. However, the existence of particles produces a synergistic effect in the presence
of sulphur dioxide, since the combination of these two substances produces a greater
effect than each substance alone. Sulphur oxides also contribute to the formation of acid
rain, as do nitrogen oxides. Murcia and Asturias are the communities with the highest
rates of this pollutant. For the communities with the highest rate of elderly deaths in the
residence/community, this parameter affects very little. The highest incidence occurs in
the community of Extremadura.

The statistical combination of the population density (PD) variable shows that it has
the lowest correlation or significance with all of the variables analysed, so it can be ruled
out as having an influence on the number of elderly persons who died in the homes.
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One more relation that was obtained is the one among precipitation (PREC), humidity
(AH), nitrogen dioxide (NO2) and particulate matter (PM10AA). The concentration of PM10
is strongly related to relative humidity and precipitation (Figure 8, upper right and lower
right, respectively). The higher the precipitation, the higher the humidity and the higher
the particulate matter concentration [59,60]. On the other hand, relative humidity (RH) is
closely related to nitrogen oxide (Figure 8, bottom left). There are several internal sources
of nitrogen oxide emissions. On the one hand, those that occur in outdoor environments
can infiltrate into indoor environments through air change processes. On the other hand,
combustion processes in indoor environments are the main internal source of nitrogen
oxide emissions. The decreases in industrial, transport and commercial activity since the
beginning of the coronavirus outbreak have considerably reduced the levels of atmospheric
nitrogen dioxide (NO2) in the AACC, so it is considered a minor factor in this analysis.
However, the increase in humidity also causes an increase in the concentration of nitrogen
dioxide. For the communities of Extremadura and Castilla–La Mancha, NO2 concentrations
show values of 10.66 μg/m3 and 8 μg/m3, respectively, below the national average of 13.89
μg/m3; these values are within the regulations.

Based on the above discussion, it is difficult to establish precisely to what extent indoor
air quality may affect the health of elderly people in residential homes, as the data related to
exposure and the effect of concentrations are not sufficient. On the one hand, although the
effects of acute exposure to many air pollutants are well known, there are important gaps
in the data concerning long-term exposures to low concentrations and mixtures of different
pollutants. On the other hand, only experience and the rational design of ventilation,
occupancy and residential compartmentalisation will guarantee better indoor air quality.

In the last 20 years, studies on the presence of pollutants in many indoor environments
have shown higher levels than expected. In addition, pollutants different from those present
in outdoor air have been identified. The presence of microorganisms in indoor air can
lead to problems of an infectious and allergic nature. Viruses, as in the case of COVID-19,
can cause acute respiratory diseases, especially in the most vulnerable people, such as the
elderly, particularly those in residences, where the occupation density is usually high and
there is significant air recirculation [60–63].

The ventilation of a building, and thus the ventilation of a nursing home, is measured
in air changes per hour. This means that every hour, a volume of air equal to the volume of
the nursing home enters from the outside; similarly, every hour, a similar volume of air is
expelled from the inside. If there is no forced ventilation, this value usually varies between
0.2 and 2 changes per hour. The concentration of pollutants produced inside the residence
will be lower with high values of air changes, although this is not a guarantee of air quality.
The compromise between air quality and energy efficiency is of great importance, especially
when the residences are private, where the cost factor is very important.

Efforts to reduce the air velocity inside the building, as well as to increase the insulation
and waterproofing of residences, require the installation of materials that can be sources of
indoor air pollution.

In recent decades, the trend towards designing buildings, including nursing homes,
with minimal energy use has led to the development of buildings with very low air
infiltration and exfiltration, implemented through equipment such as HVAC systems,
which has generally enabled higher concentrations of airborne microorganisms and other
types of pollutants. The placement of air inlets near cooling towers or other sources
of microorganisms, in addition to making it difficult to access the HVAC system for
maintenance and cleaning, is a flaw in the design, operation and maintenance that can
affect the health of the occupants, especially the elderly, who live in the building.

5. Conclusions

Based on the data obtained, greater attention should be paid to private residences
with a capacity of over 100 people, where the number of deaths is very high.

114



Sustainability 2021, 13, 11898

The data show that the physical agents studied, in addition to meteorological factors,
have a clear connection with the number of deaths.

The autonomous communities of Extremadura and Castilla–La Mancha are the most
affected by a high number of COVID-19 deaths in the most vulnerable population groups.

Of the pollutants studied, formaldehyde has the least influence on air quality pollution
(3–4%).

In addition to carbon dioxide, PM10 and PM2.5 have a strong influence in the southern
regions of Spain, Melilla and the Canary and Balearic archipelagos due to dried dust
emissions from Africa.

The population density has the weakest correlation with the other variables, so it may
be possible to omit this variable in subsequent studies.

PM10 concentration is strongly related to relative humidity and precipitation, and
relative humidity is strongly related to nitrogen oxide.

Indoor combustion processes are the main source of nitrogen oxide emissions. In-
creased humidity also leads to increased nitrogen dioxide concentrations.

Special care must be taken with the data on pollutant concentrations in indoor envi-
ronments, which, unfortunately, are often below the actual levels.

It is advisable to increase the number of air changes in residences to improve air
quality, even if this results in higher energy costs. Health should be prioritised over cost.

These issues should be addressed in the design of buildings, particularly those of
nursing homes, where significant deficiencies have been shown in the design of heating,
air-conditioning and ventilation systems.

Authors should discuss the results and how they can be interpreted from the perspec-
tive of previous studies and of the working hypotheses. The findings and their implications
should be discussed in the broadest context possible. Future research directions may also
be highlighted.
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Abstract: As the human population grows and technology advances, the demand for concrete
and cement grows. However, it is critical to propose alternative ecologically suitable options to
cement, the primary binder in concrete. Numerous researchers have recently concentrated their
efforts on geopolymer mortars to accomplish this objective. The effects of basalt fiber (BF) on a
geopolymer based on fly ash (FA) and basalt powder waste (BP) filled were studied in this research.
The compressive and flexural strength, Charpy impact, and capillary water absorption tests were
performed on produced samples after 28 days. Then, produced samples were exposed to the high-
temperature test. Weight change, flexural strength, compressive strength, UPV, and microstructural
tests of the specimens were performed after and before the effect of the high temperature. In addition,
the results tests conducted on the specimens were compared after and before the high-temperature
test. The findings indicated that BF had beneficial benefits, mainly when 1.2 percent BF was used.
When the findings of samples containing 1.2 percent BF exposed to various temperatures were
analyzed, it was revealed that it could increase compressive strength by up to 18 percent and flexural
strength by up to 44 percent. In this study, the addition of BF to fly ash-based geopolymer samples
improved the high-temperature resistance and mechanical properties.

Keywords: geopolymer; fly ash; basalt fiber; basalt waste aggregate; mechanical properties

1. Introduction

In terms of environmental protection, it is critical to creating a sustainable product.
The geopolymer mortars were used to reduce OPC use to as an alternative to Ordinary
Portland cement (OPC). Cement manufacture accounts for 5–7 percent of global CO2
emissions [1]. This scenario has severe environmental consequences. Finding alternate
OPC replacements is essential. Industrial waste materials (slag, red mud, fly ash) were
significant replacements. Alkaline activators were used to activate these waste materials in
the geopolymer manufacture process. The carbon dioxide emissions are decreased due to
recycling waste materials and using less OPC [2].

Additionally, geopolymer mortars have much superior durability and mechanical
properties. In this instance, the compact and dense geopolymer microstructure is benefi-
cial [3]. Industrial waste, produced as a byproduct of many technological operations, is a
major environmental issue. One of these sectors is the quarry industry which generates a
large quantity of industrial waste. The environmental cost for storing waste items rises year
after year. The mining and processing of rock raw materials are rapidly expanding. Rock
raw materials are treated to cutting and grinding operations in stone manufacturers. The
fine-grained waste material generated during processing is transported to and deposited
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in landfills. Therefore, geopolymer was produced using different waste materials, and
its properties were investigated in previous studies [4–7]. The sodium hydroxide (SH)
and sodium silicate (SS) used in this study were close to the amounts of SH and SS used
in these studies. However, it can be stated that using BP instead of sand in this study is
more economical than geopolymers using sand. BP is a byproduct of the manufacturing of
high-quality aggregates from basalt rocks. Tammam et al. [8] were used industrial waste
filler materials such as BP, marble powder, and limestone powder waste in geopolymer
mortars. They found that the use of industrial waste enhanced the mechanical and dura-
bility properties of the geopolymer specimens. Celikten and Atabey [9] investigated the
mechanical and physical characteristics of geopolymer mortars manufactured using basalt
stone cutting waste. Geopolymer mortars with four different water contents were created
for this purpose. They found that the mortars with the least water content had the highest
strength values.

Improving mechanical characteristics using fiber has significant benefits. PVA, basalt,
glass, Carbon, and steel fiber have all been used to create geopolymer [10–12]. Previous
research used polyvinyl alcohol (PVA) fibers and nano-SiO2 to manufacture geopolymer
concrete. The findings showed that PVA fibers enhanced the proprieties’ strength, improved
toughness, and achieved the optimal value at 0.6% to 1% [13–16]. Significant values
were achieved with high temperatures in BF, and PVA contained geopolymer mortars.
BF was examined and is among the most widely used concrete fibers [17]. It is a very
efficient insulating, non-toxic, low-cost fibrous material formed during basalt rock melting
at up to 1400 °C. It is less costly than other fibers since it requires less energy and no
additives [18]. Additionally, it was shown that it had a function in strength growth by
substantially adding to workability. Several publications have verified the beneficial
benefits of BF [19–23]. Ali et al. [24] investigated the impact of boron waste and BF on
metakaolin-based geopolymer. Based on the findings of their study, 24 mm BF has more
significant beneficial impacts than 12 mm BF. The specimens were found to be stable during
high temperatures, sulfuric acid, and freeze-thaw effects.

Previous studies were conducted on alternative binder ingredients in fly ash-based
geopolymer. Only a few of them have mixed various ratios of BF and basalt waste ag-
gregate. This study aims to produce a sustainable mortar with high mechanical and
microstructural properties and good high-temperature resistance. Thus, this study has
led to environmentally friendly geopolymer mortar production using waste materials
instead of cement and sand. For this proposal, BF contained fly ash-based, and BP-filled
geopolymer mortar samples were produced. The mechanical, physical, and microstructural
tests were performed after and before the high-temperature test.

2. Materials and Methods

2.1. Materials

In this study, waste materials were used as binder and filler material in fly ash-based
geopolymer mortars. Class F fly ash (FA) and slag (S) were used as binders. Basalt dust
waste (BP) was also used as filling material. The physical and chemical properties of BP, S,
and FA materials are given in Table 1. The particle diameters of BP range from 1 to 300 μm,
with an average particle diameter of 120 μm. Sodium hydroxide (SH) and sodium silicate
(SS) were used as activators to produce geopolymer mortar. Tables 2 and 3 illustrate the
chemical characteristics of SS and SH, respectively. In addition, BF was used at 4, 8, and
12 percent by volume. BF properties used in blends are shown in Table 4. The images of
FA, S, BP, and BF materials used in fly ash -based and BP-filled geopolymer mortars are
given in Figure 1.
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Table 1. The physical and chemical properties of FA, S, and BP materials.

Materials SiO2 Al2O3 Fe2O3 TiO2 CaO MnO MgO K2O Na2O SO3 Cl-
Loss of
Ignition

Specific
Gravity

Blaine
(cm2/g)

FA (%) 54.08 26.08 6.681 - 2.002 - 2.676 - 0.79 0.735 0.092 1.36 1.98 2571
BP (%) 56.9 17.6 8.1 0.9 8.15 0.1 2.1 1.9 3.8 - - - 2.76 6285
S (%) 40.55 12.83 1.1 - 35.58 - 5.87 - 0.79 0.18 0.0143 0.03 2.9 2612

Table 2. The chemical properties of SS (wt. %).

Na2O (%) SiO2 (%) Density (20 ◦C) (g/mL) Fe (%) Heavy Metals Value (pb) %

9.68 26.12 1.367 <0.005 <0.005

Table 3. The chemical properties of SH (%).

NaOH (g/kg) Na2CO3 (g/kg) SO4 Fe Cl Al

≥990 ≤4 ≤0.01 ≤0.002 ≤0.01 ≤0.002

Table 4. Basalt fiber properties.

Diameter (mm) Length (mm)
Elasticity

Module (GPa)
Nominal tensile
Strength (MPa)

Specific Gravity

0.02 12 88 4100 2.73

Figure 1. The materials used in geopolymer mortars: (a) Fly ash; (b) slag; (c) basalt powder; and
(d) basalt fiber.

2.2. Mixing Procedure and Samples

In the first mixing stage of the fly ash-based geopolymer mortars produced in this
study, 12 M sodium hydroxide solution was prepared and kept at 20 ◦C for 24 h to cool.
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1000 g of deionized water was used for each 40 g of sodium hydroxide pellets to prepare
12 M sodium hydroxide solution. Then, sodium hydroxide solution (SH) was mixed
with sodium silicate solution (SS) after cooling. Then, fly ash was placed in the mixer,
and the prepared mixture of SS and SH (mixed activator solution) was added and mixed
until homogeneous. Then, slag was added to the mixture and mixed homogeneously. BP
waste, which is the filling material, was added to the mixture and mixed homogeneously.
Finally, BF was added to the mixtures at different rates (0%, 4%, 8%, and 12%) and mixed
homogeneously. In addition, the amounts of the materials used in the fly ash-based
geopolymer mortar mixtures produced in this study are given in (kg/m3), as Table 5 shows.
BF was added at 0%, 4%, 8%, and 12% by volume. Previous trial experiments and earlier
studies were used to prepare the mixture [8,25].

Table 5. Mix design of fly ash-based geopolymer mortar series (kg/m3).

Series FA Slag SS SH BP BF (Volume %)

0 BF 550 71 261 128 1100 -
4 BF 550 71 261 128 1100 4
8 BF 550 71 261 128 1100 8
12 BF 550 71 261 128 1100 1.2

Freshly prepared mixtures were placed into 40 × 40 × 160 mm3 prismatic molds and
50 × 50 × 50 mm3 cubic molds. The molds were then vibrated while being placed on
the vibration table. Then the samples were cured in an oven at 60 ◦C for 24 h. The cured
samples were kept at 20 ◦C for 28 days.

2.3. Tests Conducted

In this study, mixtures of fly ash-based geopolymer contained BF were prepared.
Compressive strength, flexural strength, Ultrasonic pulse velocity (UPV), Charpy impact,
and capillary water absorption tests were performed to examine the impact of BF content
on prepared samples. Then, 50 × 50 × 50 mm3 cubic and 40 × 40 × 160 mm3 prismatic
samples were subjected to the high-temperature test. Weight change, compressive strength,
flexural strength, and UPV tests of the samples exposed to the high-temperature test were
performed. In addition, the results before and after the high-temperature test were com-
pared. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDS) analyzes
were performed to observe the BF content and changes in the matrices of the samples.

2.3.1. Compressive Strength, Flexural Strength, and Ultrasonic Pulse Velocity (UPV) Tests

Compressive strength, flexural strength, and UPV tests were performed to examine
the impact of BF on produced samples after 28 days at 20 ◦C. The same tests were also
carried out on samples exposed to high-temperature effects. For each mixture, the average
compressive strength of three 50 × 50 × 50 mm3 cube samples after 28 days was performed.
Compressive strength was conducted with a rate of 0.602 MPa/s according to ASTM C39.
In addition, compressive strengths were performed on the geopolymer samples exposed to
200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C temperatures, and the differences between the results
were analyzed. The flexural test was performed after 28 days on three 40 × 40 × 160 mm3

prism samples for each mixture. Flexural strength tests were conducted following ASTM C
348. As in the compressive strength test, the flexural strength test was also performed after
the high-temperature test. The 4× and 40× magnified crack images of 12 BF specimens
subjected to flexural strength test are shown in Figure 2.
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Figure 2. Crack images of 12 BF specimens subjected to flexural strength test magnified at (a) 4×;
(b) 40×.

In addition, the UPV test of the geopolymer mortar samples was applied after 28 days
according to ASTM C597-16. UPV test results of fly ash-based geopolymer samples contained
BF exposed to 20 ◦C, and high temperatures were obtained. The damage degrees caused by
high temperatures were calculated using the UPV results and the following formula:

Dd = 1 −
(

va

vb

)
(1)

Dd was the damage degree of samples, Va was the UPV values of samples after the high-
temperature test, and Vb was the UPV values of samples before the high-temperature test.

2.3.2. Charpy Impact Test

The Charpy impact test was conducted following ASTM E23. 40 × 40 × 160 mm3

prismatic fly ash-based geopolymer specimens were used for the Charpy impact test. In
the first stage of the Charpy impact test, the sample was placed centered on the device,
as shown in Figure 3a. Subsequently, the pendulum was raised, and the drag indicator
was set to the zero position. Finally, the pendulum was released from the first height and
swung through the specimen to the second height. Figure 3 illustrates the procedure of the
Charpy impact test and the samples subjected to this test. Three fly ash-based geopolymer
samples containing BF were subjected to the Charpy impact test, and the average results
were recorded from the device in the Kgf-m unit.

Figure 3. (a) Charpy impact test procedure; (b) Samples exposed to Charpy impact test.
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2.3.3. Capillary Water Absorption

The capillary water absorption capacity of fly ash-based geopolymer samples was
determined using ASTM C1585-20. 40 × 40 × 160 mm3 fly ash-based geopolymer samples
were dried in an oven at 105 ◦C for 24 h. Then, the samples surfaces were covered with
paraffin except for the surface contacted with water and the opposite surface. Then, the
dry weights (Wd) of the samples were obtained, and the dry samples were immersed in
5 mm depth water. After 15 min, 30 min, 1, 2, 3, 5, 24, 48, 72, and 96 h, the fly ash-based
samples were withdrawn from the water, and their wet weight (Ww) was determined.
Finally, the capillary water absorption curves and water absorption coefficient (Kc) using
the following formula:

KC ×√
t =

Q
A

(2)

where Q was the absorbed water mass (Ww-Wd) (kg), Wd was the dry weight (kg), Ww
was the wet weight (kg), A was the immersed surface area (m2), t was a time (s), and Kc
was the water absorption coefficient ((kg/(m2.

√
s)).

2.3.4. High-Temperature Test

In this study, a high-temperature test was performed to examine the high-temperature
resistance of fly ash-based geopolymer samples and the effect on the BF contained in the
samples. Fly ash-based geopolymer samples were dried in an oven at 105 ◦C for 24 h. Dried
samples were exposed to temperatures of 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C, respectively.
The high-temperature degrees rose with the rate of 5 ◦C/min, and then the samples were
exposed to temperatures for another 1 h.

The dry weight (Wd) of the samples dried at 105 ◦C for 24 h in the oven was performed.
Then, the weights of the samples exposed to the effects of high temperatures were measured,
and the percentages of change in weights were calculated. The images of the cracks
were obtained using a microscope with 40× magnification to evaluate the effect of high
temperature on the samples.

3. Results and Discussions

3.1. Compressive and Flexural Strength Results

Compressive strength, flexural strength, UPV, and Charpy impact tests were per-
formed on geopolymer mortar samples after 28 days. These tests were conducted to
study the effect of BF and determine the mechanical properties of the fly ash-based
geopolymer mortars filled with BP. Subsequently, the results of these tests were deter-
mined. Figures 4 and 5 show the compressive and flexural strength results of fly ash-based
geopolymer samples containing BF. Additionally, Figures 4 and 5 show the relationship
between the strengths and the content of BF in the geopolymer series. The relationships
were quite strong, and R2 was 0.94 for compressive strength (Figure 4) and 0.97 for flexural
strength (Figure 5). Therefore, in this study, it was found that the increase of BF content in
fly ash-based geopolymer mortars increased the compressive and flexural strength of the
specimens. The increases in compressive strength were 6.43%, 9.65%, and 11.94% for 4 BF,
8 BF, and 12 BF, respectively.

Similarly, the flexural strength increased by 7.72%, 25.51%, and 34.15% for 4 BF, 8 BF,
and 12 BF, respectively. Consequently, the increase in flexural strength due to basalt content
was higher than the increase in compressive strength. Especially for the 12 BF series,
the increase in flexural strength was 2.86 times larger than the increase in compressive
strength. All specimens with BF exhibited higher strength than the 0 BF specimens. The
use of BF increased the compressive and strength of the geopolymer matrix. The delicate
and uniform distribution of crystal phases helped improve the BF materials’ physical
and mechanical properties. Applying a nucleating agent such as P2O5, TiO2, and ZrO2
helped achieve the required degree of microstructure. At the same time, basaltic rock was
not required for melting, creating a naturally occurring nucleating agent such as Fe3O4
aided in the process. Thus, the nucleating agents outperformed the necessary fibers [17].
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The addition of BF significantly reduced the number of fractures during the flexural test
because they transferred the flexural load. In other words, they delayed the formation of
cracks by distributing the resulting stress. As a result, BF had a massive effect on flexural
strength [26].

Figure 4. The relationship between the compressive strength and the content of BF in geopolymer series.

Figure 5. The relationship between the flexural strength and the content of BF in geopolymer series.

3.2. Ultrasonic Pulse Velocity (UPV) Results

The UPV test was performed on fly ash-based geopolymer mortar samples after
28 days. The UPV test was carried out to study the effect of BF on the samples and
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to determine the compactness of the fly ash-based geopolymer mortars filled with BP
waste. Figure 6 shows the UPV test results of the series. Similarly, Figure 6 illustrates
the relationship between the UPV and BF content in the geopolymer series. The wave
velocity and the number of voids in the matrix of geopolymer samples have a reciprocal
relationship [27]. The penetration rate is determined by dividing the distance between the
origin and the receiver by the elapsed time. When the matrix of samples contains more
voids, the time required increases, and the penetration rate decreases.

Consequently, the void ratio has a significant effect on the mechanical properties of
fly ash-based geopolymer specimens. The relationship between UPV and BF content was
relatively high, with an R2 of 0.99. Thus, in this study, it was found that the addition
of BF to fly ash-based geopolymer mortars increased the UPV values of the geopolymer
specimens. The UPV values increased by 3.34%, 6.05%, and 8.90% for series 4 BF, 8 BF, and
12 BF, respectively, compared to series 0 BF. Although the fiber exposure improved the
UPV values by reducing the void ratio, the improvement was not significant. This situation
was because the fibers had no direct effect on the homogeneity or compaction of the matrix.
The observed behavior indicates that basalt fiber content influences the UPV of composites
and is connected to the composite density and perceived porosity. Additionally, basalt fiber
influences the geopolymer matrix and improved the UPV values of geopolymer mortar
samples. Ozkan and Coban [28] investigated the hybrid effects of basalt and PVA fiber on
the properties of cementitious composites, and the effect of BF on UPV results they found
are consistent with the effect of BF performed in this study.

Figure 6. The relationship between the UPV and the content of BF in geopolymer series.

3.3. Charpy Impact Test Results

The Charpy impact test was performed on prismatic fly ash-based geopolymer sam-
ples. The Charpy impact test was performed on samples of the series, and the average
results were reported in Kgf-m units. This test uses a falling pendulum’s potential energy to
fracture samples at high strain rates and characterize the composites. Mechanical property
testing procedures are based on the principles of stress wave propagation, kinetic energy, or
potential energy [29]. The absorption of impact energy and comparable characteristics are
highly dependent on the fiber properties [30]. In this study, the correlation between Charpy
impact test values and BF content was strong, and the R2 was 0.90. The addition of BF
enhanced the Charpy impact test values of the geopolymer specimens. The Charpy impact
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test results were 13.65, 24.4, 28.65, and 29.8 Kgf-m for series 0 BF, 4 BF, 8 BF, and 12 BF,
respectively. The Charpy impact test results increased by 78.75%, 109.89%, and 118.32% for
series 4 BF, 8 BF, and 12 BF, respectively, compared to series 0 BF. The Charpy impact test
results increases are shown in Figure 7.

Figure 7. The increases of Charpy impact test values of fly ash-based geopolymers.

3.4. Water Absorption

After 28 days, the capillary water absorption test was performed on the samples, and
the results are shown in Figure 8. In this study, the amount of water absorbed over time
was determined as a function of the area in contact with the water, and the capillary water
absorption curves shown in Figure 8 were obtained using formula two given in Section 2.3.3.
Series 0 BF absorbed the least amount of water, and series 12 BF absorbed the most water
compared to the other series. Increasing the BF percentage increased the amount of water
absorbed, as shown by the slopes of the capillary water uptake. The percentage increase
in water absorption was 9.38%, 11.88%, and 18.13% for 4 BF, 8 BF, and 12 BF, respectively,
compared to sample 0 BF. These results are supported by the slopes of the capillary water
uptake tests. Figure 9 also shows the capillary water absorption coefficient (Kc) values of fly
ash-based geopolymer mortar samples containing BF in different proportions. The water
absorption coefficient (Kc) values were determined using the least-squares method. The
percentage increases in the water absorption coefficients of samples 4 BF, 8 BF, and 12 BF
were 9.04%, 10.55%, and 17.99%, respectively. As a result of capillary water absorption
of fly ash geopolymer samples containing BF in different ratios, increasing the content of
BF increased the amount of water absorbed by the samples. This increase is because the
addition of BF improves pore connectivity at large volume fractions. Similar results were
obtained in [21,31].

127



Sustainability 2021, 13, 12610

Figure 8. The amount of water absorbed per m2 of fly ash-based geopolymer mortar samples contained BF with different ratios.

Figure 9. Fly ash-based geopolymer mortar samples’ capillary water absorption coefficient (Kc) contained BF with differ-
ent ratios.

3.5. High-Temperature Results
3.5.1. Weight Measurement Results

The behaviors of the produced geopolymer specimens after a high-temperature test
were analyzed and compared with samples cured at 20 ◦C for 28 days. Fly ash-based
samples were exposed to 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C temperatures to perform
the high-temperature test. Figures 10–15 showed the weight loss, compressive strength,
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flexural strength, UPV, and damage degree values of fly ash geopolymer samples after
and before the high-temperature test. After 400 ◦C, the increase in weight loss ratio was
observed, as seen in Figure 10. The 12 BF samples had the smallest weight loss, and the
0 BF had the highest weight loss. After 800 ◦C, the weight loss percentages of 0 BF, 4 BF,
8 BF,12 BF were 8.73%, 8.49%, 8.38%, and 8.17% respectively. The inclusion of BF slowed
down the weight reduction. This occurred as a result of BF’s ability to limit the high-
temperature cracks in the samples. Thus, reducing the formation of cracks reduced the
samples’ weight loss exposed to the high-temperature effect. Sahin et al. [32] investigated
the effect of basalt fiber on metakaolin-based geopolymer mortars, and they found that the
inclusion of BF reduced weight reduction. Generally, the interface bonds between paste
and aggregate weaken at high temperatures, leading to weight loss [33,34]. For example,
the weight loss percentages of 12 BF samples exposed to 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C
were 1.26%, 4.26%, 7.18%, and 8.17 respectively.

Figure 10. The weight loss percentages of fly ash-based geopolymer samples exposed to high temperatures.

3.5.2. Compressive and Flexural Strength Results

The Compressive strength and flexural strength tests were performed on geopolymer
mortar samples which exposed to 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C. Then the results of
the samples conducted after and before the high-temperature test were compared. The
strength tests were conducted to study the effect of high temperature on the fly ash-based
geopolymer mortars’ mechanical properties contained BF. Figures 11 and 12 show the
results of the compressive and flexural strength of the fly ash-based geopolymer samples.
The 12 BF mix had the highest compressive and flexural strength results, and the 0 BF
mix had the lowest compressive and flexural strength results. Thus, the BF improved the
mechanical properties of the geopolymer samples. The increases of the results of 4 BF, 8 BF,
12 BF samples exposed to 800 ◦C were 9.01%, 12.79%, and 15.79% for compressive strength
and 11.61%, 32.87%, and 44.69% for flexural strength, respectively compared to 0 BF
samples. In addition, the increases of the results of 12 BF samples exposed to 200 ◦C, 400
◦C, 600 ◦C, and 800 ◦C were 14.31%, 17.18%, 18.65%, and 15.79% for compressive strength
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and 36.94%, 39.95%, 37.80%, and 44.69% for flexural strength, respectively compared to 0
BF samples.

At 200 ◦C, the flexural and compressive strengths of the samples did not change
significantly (Figures 11 and 12), but beyond 400 ◦C, the reduction rate of compressive and
flexural increased more. Endothermic processes caused these reductions. Dehydration
and water vapor of free water occurred concurrently with the processes in the matrix
structure of the geopolymer [8,35,36]. In addition, the flexural strength decreases due to
the high-temperatures effect were lower than the compressive strength decreases. Where
the decreases of the strength of the 12 BF samples exposed to 200 ◦C, 400 ◦C, 600 ◦C, and
800 ◦C were 7.53% 28.17%, 41.36%, and 54.57% for compressive strength and 2.27%, 14.02%,
33.71%, and 44.32%for flexural strength, respectively compared to the samples not exposed
to high-temperature test.

The vapor action emphasized the decrease of compressive and flexural strength as
the temperature rose. The geopolymer matrix structure’s water transformed into vapor
whenever the specimens were exposed to high temperatures. Additionally, increasing
temperatures make the Al SiO gel composition crystallized in the geopolymer matrix,
causing more microcracks [37]. When the temperature surpassed 100 ◦C, the internal
pressure rose steadily. This scenario produced microcracks in the geopolymer specimens
due to crystallization stress. Thermal fractures and thermochemical breakdown in crys-
tal lattices were apparent as the temperature rose. While the sample’s strength values
decreased, it became more brittle, and fragile cracking appeared. In addition, when the
temperature surpassed 100 ◦C, there was a substantial thermal incompatibility between the
paste and the aggregate in geopolymer. Increased temperature also caused microcracks in
the aggregate-paste interface transition region, resulting in thermal incompatibilities [38].

Figure 11. The effect of high temperature on compressive strength of BF contained fly ash-based geopolymer.
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Figure 12. The effect of high temperature on flexural strength of BF contained fly ash-based geopolymer.

3.5.3. Ultrasonic Pulse Velocity (UPV) Results

The UPV test of fly ash geopolymer samples was conducted, and using the UPV
results, the damage degrees of samples were calculated (Figure 13). The 12 BF samples
had the highest UPV, and the 0 BF had the smallest UPV. Where the UPV results of 0 BF,
4 BF, 8 BF,12 BF samples exposed to 800 ◦C were 2512.05, 2627.69, 2700.42, and 2785.63 m/s
respectively. Thus, the addition of BF in the fly ash geopolymer samples increased the UPV.
The UPV readings dropped as the temperature rose for all samples. Due to evaporation
in the interior structure, the pore size grew, and the continuity reduced, resulting in this
situation [39]. When the UPV findings were compared to the mechanical results, it was
observed that the values were almost consistent. At high temperatures, the interface bonds
between the aggregates and pastes of the samples weaken, resulting in a reduction in
UPV [33]. Where the UPV results of 12 BF samples exposed to 200 ◦C, 400 ◦C, 600 ◦C, and
800 ◦C were 3312.63, 3190.17, 3020.59, 2905.46, and 2785.63 m/s, respectively.

In addition, the damage degrees of the fly ash-based geopolymer samples exposed to
high temperatures were performed. The damage degrees of the fly ash-based geopolymer
samples containing BF are shown in Figure 14. The width and number of the cracks of
fly ash-based geopolymer samples increased as the high temperatures increased. The
UPV values were used to evaluate the degree of damage. In previous studies, Singh and
Gupta [40] were used the UPV values to perform the damage degree in their study. A
proportional relationship was obtained between the damage degrees and the increase of
high temperatures in all series. In addition, as Figure 14 shows, the increase in basalt content
decreased the damage degrees of fly ash-based geopolymer mortar samples containing BF
with different ratios. The performed damage degrees were ranged between 3.69% for 12 BF
samples exposed to 200 ◦C and 17.42% for 0 BF samples exposed to 800 ◦C. In other words,
the UPV values of the samples exposed to the high-temperature effect were smaller than the
initial UPV values of the samples. Thus, high-temperature increases increased the damage
degrees of geopolymer samples. The damage degrees of the 12 BF samples at temperatures
of 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C were 3.70%, 8.82%, 12.29%, and 15.91%, respectively.
This result is compatible with the weight measurement and mechanical strength tests
performed in the study. The damage degrees of 0 BF, 4 BF, 8 BF and 12 BF samples exposed
to 800 ◦C were 17.42%, 16.41%, 16.29%, and 15.91%. In addition, the damage degrees of
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0 BF, 4 BF, 8 BF, and 12 BF samples exposed to 200 ◦C were 4.54%, 4.38%, 4.04%, and 3.70%.
Thus, the increase in the BF ratio decreased the damage degrees. This situation was because
BF inhibited high-temperature cracks in the samples and limited the damage.

Figure 13. The effect of high temperature on UPV of BF contained fly ash-based geopolymer.

Figure 14. The damage degree of fly ash-based geopolymer samples exposed to high temperature.

3.5.4. Visual Assessment of High-Temperature Test

Fly ash-based geopolymer mortar samples exposed to various temperatures are shown
in Figure 15. In general, it was found that the color of the samples and BF exposed to 200 ◦C
and 400 ◦C did not change compared to the samples not exposed to the high temperature
(20 ◦C). The color of samples exposed to 600 ◦C and 800 ◦C changed from gray to brown and
white spots were formed in the cross-section. In addition, the BF of the samples exposed
to 600 ◦C and 800 ◦C changed in color. Unequal volume changes between geopolymer
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components caused by temperature exposure were referred to as thermal incompatibility
of components. This situation also resulted in microcracks in the interfacial transition zone
between the geopolymer paste and the aggregate. Microcracks were also increased because
of the loss of homogeneity [38].

Figure 15. Fly ash-based geopolymer samples exposed to various temperature effect (a) 0 BF; (b) 4 BF;
(c) 8 BF and (d) 12 BF.

A 40× magnification microscope was used to examine better the complexity of the
outer surfaces of the BF-containing geopolymer samples exposed to high temperatures.
The preliminary visual evaluation determined that series 12 BF was the most compact
series, as the BF content was higher than the other series. For this reason, 12 BF samples
were selected to be examined under the microscope. The microscope images of the 12 BF
samples subjected to the high-temperature tests are shown in Figure 16.
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Figure 16. 40x magnified microscope images of 12 BF samples exposed to high-temperature effects
(a) 200 ◦C; (b) 400 ◦C; (c) 600 ◦C; (d) 800 ◦C.

Figure 16a,b show that the geopolymer mortar samples exposed to 200 ◦C and 400 ◦C
did not show any cracks on the surface and the samples maintained their compactness.
Figure 16c shows that superficial microcracks formed on the outer surfaces of the geopoly-
mer mortar specimens exposed to 600 ◦C. Figure 16d shows that the outer surfaces of the
specimens exposed to the transition from 600 ◦C to 800 ◦C loosened due to superficial
cracks, and the cracks were filled with dust formed due to the deteriorated outer surfaces
and the aggregates emerged from under the outer surface. As a result, it was observed
that the compactness of the geopolymer samples exposed to 600–800 ◦C deteriorated
significantly due to dehydration [8,41].

3.5.5. SEM and EDS Analysis

SEM images of 0 BF and 12 BF samples not exposed to high-temperature tests are
shown in Figure 17. As Figure 17a,b shows, 0 BF samples without basalt contained
microcracks. The basalt-containing 12 BF samples shown in Figure 17c,d prevented the
formation of cracks with the effect of basalt, and it was seen that the 12 BF samples were
more compact. The BF acted as a bridging agent, slowing the formation of fractures [42]. In
addition, SEM images of both 0 BF and 12 BF samples contain N-A-S-H gel and unreacted
FA particles. This finding is consistent with previous fly ash-based geopolymers discovered
in the literature [43].

Moreover, SEM images of 12 BF samples exposed to 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C
are shown in Figure 18. In Figure 18a,c, it was seen that the structure of the BF of 12 BF
samples exposed to 200 ◦C and 400 ◦C was the same and did not change. In addition, the
12 BF samples exposed to 200 ◦C were more compact and had fewer microcracks than the
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samples exposed to different high temperatures. In this study, the authors were noticed
that the matrix of 12 BF samples started to form microcracks after 400 ◦C and became less
compact than the samples exposed to 200 ◦C. As shown in Figure 18e, voids were formed
in the sample exposed to 600 ◦C due to dehydration and evaporation. Figure 18g shows
that the sample exposed to 800 ◦C had more voids than the sample exposed to 600 ◦C.
Additionally, the voids formed caused volume reduction and structural deterioration of
the sample. After exposure to high temperatures, the samples’ evaporation rate and water
losses increase, leading to structural deterioration and increased formation defects [44].

Moreover, EDS traces of the 0 BF and 12 BF samples not exposed to high-temperature
test and 12 BF samples exposed to high-temperature test are shown in Figure 19. Figure 19a,b
show that Si/Al ratios of 0 BF and 12 BF fly ash-based geopolymer samples exposed to
high-temperature tests are 2.18 and 2.16, respectively. Thus, no significant change was
observed in the Si/Al ratio of 12 BF compared to 0 BF. The Si/Al ratio of 12 BF samples
exposed to 200 ◦C, given in Figure 19c, increased to 2.72. Additionally, it was observed
that the increase in Si/Al ratio of 12 BF samples exposed to 400 ◦C given in Figure 19d
decreased to 2.41. Figure 19e,f show that the Si/Al ratios of 12 BF samples exposed to
600 ◦C and 800 ◦C, respectively, decreased to 2.12 and 2.02. These results are consistent
with the study conducted by Abdulkareem et al. [45]. They found that the Si/Al ratio
decreased when the fly ash paste samples were exposed to 800 ◦C.

Figure 17. 2500 and 5000 times magnified SEM images of 0 BF sample (a,b) and 12 BF sample (c,d).
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Figure 18. 2500 and 5000 times magnified SEM images of 12 BF sample exposed to 200 ◦C (a,b); 400 ◦C (c,d); 600 ◦C (e,f)
and 800 ◦C (g,h).
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Figure 19. EDS traces of (a) 20 ◦C exposed 0 BF sample; (b) 20 ◦C exposed 12 BF sample; (c) 200 ◦C exposed 12 BF sample;
(d) 400 ◦C exposed 12 BF sample; (e) 600 ◦C exposed 12 BF sample and (f) 800 ◦C exposed 12 BF sample.
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4. Conclusions

This research examined the impact of BF on a geopolymer based on FA and filled with
waste BP. The following summarizes the findings of the tests conducted:

• The study revealed that adding BF to fly ash-based geopolymer mortars improved
compressive strength after 28 days. Compressive strength increased by 6.43%, 9.65%,
and 11.94% for 4 BF, 8 BF, and 12 BF, respectively.

• BF greatly improved flexural strength. The inclusion of BF decreased the number of
fractures during the flexural test by transferring the flexural load. Flexural strength
increased by 7.72%, 25.512%, and 34.15% for 4 BF, 8 BF and 12 BF after 28 days.
Additionally, in the 12 BF series, flexural strength increased 2.86 times larger than
compressive strength. Thus, the addition of basalt increased flexural strength more
than compressive strength.

• A good relationship was found between Charpy impact test results and BF content. It
improved the Charpy impact test results of the geopolymer specimens after 28 days.
As compared to series 0 BF, the Charpy impact test results improved by 78%, 109%,
and 118% for series 4 BF, 8 BF, and 12 BF, respectively.

• The increase in basalt content of fly ash-based geopolymer mortars affected negatively
by increasing the water absorption ability. This increase occurred because of the inclu-
sion of BF, which improved pore connectivity at high volume fractions. Additionally,
the water absorption coefficients of 4 BF, 8 BF, and 12 BF samples increased by 9.04%,
10.55%, and 17.99%, respectively.

• The addition of BF slowed down the weight decreases. The 12 BF samples lost
the least weight, while the 0 BF samples lost the most. After 800 ◦C, the weight
loss percentages of 0 BF, 4 BF, 8 BF, 12 BF were 8.73%, 8.49%, 8.38%, and 8.17%
respectively. At elevated temperatures, the interface bonds between the paste and
aggregate deteriorate, resulting in weight loss. Consequently, the increase of high
temperatures increased the weight loss percentages of geopolymer samples.

• The BF improved the compressive and flexural strengths of the samples after and
before the high-temperature test. The increases of the compressive and flexural
strengths of 4BF, 8BF, 12BF samples exposed to 800 ◦C were 9.01%, 12.79%, and
15.79% for compressive strength and 11.61%, 32.87%, and 44.69% for flexural strength,
respectively compared to 0 BF samples. Thus, the high-temperature effect reduced
flexural strength more than compressive strength.

• BF inhibited high-temperature cracks and limited the damages. Thus, the increase
in basalt content decreased the damage degrees of fly ash-based geopolymer mortar
samples. After the high-temperature test, the damage degrees of samples ranged from
3.69 to 17.42% for 12 BF samples. Additionally, the damage degrees of the samples
exposed to high-temperature effects increased proportionally with the increase in
high temperatures.

• The color of the samples and BF exposed to 200 ◦C and 400 ◦C did not change
significantly compared to the samples exposed to 20 ◦C. Additionally, the samples
exposed to 600 ◦C and 800 ◦C turned from gray to brown. Dehydration also affected
the compactness of the geopolymer samples exposed to 600–800 ◦C.

• After 400 ◦C, 12 BF samples developed microcracks and became less compact than the
12 BF samples exposed to 200 ◦C. In addition, the Si/Al ratio of 12 BF samples exposed
to 800 ◦C decreased compared to 12 BF samples exposed to 20 ◦C. After exposure
to 600 ◦C and 800 ◦C, the samples’ evaporation rate and water loss rise, resulting in
structural deterioration.
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32. Şahin, F.; Uysal, M.; Canpolat, O.; Aygörmez, Y.; Cosgun, T.; Dehghanpour, H. Effect of basalt fiber on metakaolin-based

geopolymer mortars containing rilem, basalt and recycled waste concrete aggregates. Constr. Build. Mater. 2021, 301, 124113.
[CrossRef]

33. He, P.; Jia, D.; Lin, T.; Wang, M.; Zhou, Y. Effects of high-temperature heat treatment on the mechanical properties of unidirectional
carbon fiber reinforced geopolymer composites. Ceram. Int. 2010, 36, 1447–1453. [CrossRef]

34. Kong, D.L.Y.; Sanjayan, J.G.; Sagoe-Crentsil, K. Comparative performance of geopolymers made with metakaolin and fly ash
after exposure to elevated temperatures. Cem. Concr. Res. 2007, 37, 1583–1589. [CrossRef]

35. Arslan, A.A.; Uysal, M.; Yılmaz, A.; Al-mashhadani, M.M.; Canpolat, O.; Şahin, F.; Aygörmez, Y. Influence of wetting-drying
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Abstract: The objective of this article is to improve building productivity, evolving from traditional
construction to industrial construction. The methodology used here consists of analysing the use
of materials, the construction design, the design of the spatial distribution programme, the use of
auxiliary means and resources and the application of lean tools in construction. The results achieved
here include a complete building system that integrates the design, project and execution, wherein
the construction process is improved and inconsistencies in the final project are reduced. With the
application of an industrial manufacturing methodology, the productivity in construction is improved,
reducing costs, materials, execution times and waste. These productivity improvements result in
construction being more sustainable. As a conclusion of the previous analysis, the elements that must
be integrated into a complete building project and the need to incorporate industrial manufacturing
into construction processes in order to achieve sustainable architecture are established.

Keywords: lean manufacturing; modular construction; sustainability architecture; efficient buildings;
sustainability; lean construction

1. Introduction

The intention of this article is to study construction in order to propose a sustainable
method in which it can be carried out. One possible way to achieve this is through the
application of lean manufacturing in construction processes.

The lean concept [1] was born in the 1930s through the observation of processes in
Toyota factories [2] and, since then, it has typically been applied in productive or industrial
processes through the use of different techniques and tools, such as 5s, SMEN, QFD, TPM,
Kamban and Pocayoke, etc., achieving adjusted production. With sustained applications
over time, the continuous improvement and optimisation of different productive processes
are achieved.

For this process, the lean methodology seeks the reduction of “waste,” commonly in
seven categories: Overproduction, waiting time, transport, excess procedures, inventory,
movements, defects and the non-contribution of the operator in obtaining ideas that can
improve processes.

As can be seen, this waste produced in the manufacturing industry is easily extrapo-
lated to the building sector, as the construction process is considered to be an industrial or
productive process [3].

Combining the use of the lean methodology in construction [4] and BIM (Building
Information Modelling) [5] for integrated building management would be the best way to
improve sustainability in construction, thereby achieving certain SDGs goals, such as 9, 11
and 12 [6].

The production process in construction should be understood as an integrated process
as are other industrial activities. However, at present, it is very fragmented, categorised as
independent fields such as design, focused on the speciality of architecture; the execution
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of the project, split between architects and engineers; and construction, carried out by inde-
pendent companies separate from the fields of action of those previous, where architects
and engineers are also present.

When considering any other process and development in the industrial field, the
activities, tasks, and work are coordinated, managed, and directed in a very different way
to building processes.

Construction, in order to be included in an industrial dynamic, should combine the
following stages: Design, devising the space, the project, the transfer to production, and
finally, the construction of the work, as well as the post-sale follow-up.

An analysis of today’s buildings has many characteristic aspects that are different
from typical industrial production, where all production activities are usually controlled by
the same entity or company and fall under the same methodology, standards, regulations,
and common performance objectives.

Lean techniques can be applied to all steps of the construction process, which en-
compass lean project definition, lean design, lean supply, lean assembly, and others [7].
The focus is on how a lean design and lean assembly can be combined to contribute to a
sustainable production process.

The production of buildings is carried out in three phases: Design, engineering, and
assembly [8].

In development, there are the following three stages:

• Design: Focusing on the treatment of the habitat and functional conditions of the building.
• Engineering: Referring to the preparation of the design for construction.
• Assembly: On-site construction of the building.

The results of this development are oriented towards obvious economic advantages,
such as a cost reduction, which is socially necessary. The deadline, which is an aspect
directly linked to the cost, will also be addressed more than the economic aspect.

Other advantages of the reorientation of building to an industrial environment include
quality assurance, sustainability [9] and digitalisation.

Unlike manufacturing, construction is a project-based production process. Lean
construction [10] is concerned with the integral pursuit of simultaneous and continuous
improvements in all dimensions of the built and natural environment: Design, construction,
commissioning, maintenance, recovery, and recycling.

2. Materials and Methods

The methodology is based on an analysis of the elements involved in the design and
construction process. Through the use of lean tools, productivity is improved, which
results in construction being sustainable. The following five aspects are developed below:
An analysis of the current situation, the discourse of the method, an analysis of UNE-
EN 15643-3-2012, the definition of the programme and the meaning of construction as
engineering through a price decomposition analysis.

Firstly, an analysis is conducted of the current state of the art [2], the traditional
building processes and the challenges of new buildings related to the industrialisation
available. We also analysed the advances achieved and the possible solutions for the
application in the construction industry.

2.1. Analysis of the Current Situation: Industrial versus Traditional Construction

Since the end of the 1980s, the lean philosophy has been adopted in the construction
sector with a focus on efficiency, mainly motivated by economic competition [11].

In terms of industrialisation, there are differences between products and technology.
Products refer to construction components available on the market, and technologies to the
methodologies for on-site assembly.
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2.1.1. Products and Technologies

Nowadays, sufficient materials, products and systems are available to develop a more
advanced building technology [12] than traditional building systems of the past.

Products:

• In situ: Made on-site, semi-finished, they require time to dry or set, they also need
auxiliary means, formwork, falsework . . .

• Workshop: custom-built off-site, available unassembled and ready to install on-site.
• Factory: Standardised, ready to be assembled on-site, adjusts to measurements easily.

Technologies:

• Craftsmanship: Labour-intensive on-site assembly, bonding with binders and adhesives.
• Industrial: Labour-simplified assembly, with standards or instructions, dry assembly

by screwing, adjusting, skilled and specialised labour.

Figure 1 is a study of the combination possibilities between the origin of materials and
the technology used.

Figure 1. Products and technology (own source).

Incoherent construction happens when technology and product categories that do not
correspond are mixed. Outside the “cloud” areas, advanced industrial design technological
products are combined with traditional, archaic construction.

2.1.2. Technology and Design

This is an analysis of building systems and technologies and their connection to the
elements of programme design and space distribution.

Sometimes, architecture that is intended to use advanced construction systems is
paradoxically executed with handcrafted construction. This results in incoherence between
design and construction.

Two construction systems can be distinguished as shown in Figure 2.
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Figure 2. Design and technology (own source).

System based on ancient techniques and materials: from archaic eras, based on earthy
materials and hydraulic joining methods, which combine water with binders that set
over time.

Modern systems based on external technologies: Aeronautical, naval [13] and oth-
ers, which provide lighter materials, composites of elements with combined properties,
according to more optimized requirements, as well as more rationalised execution methods.

There are four possible outcomes distinguished by the design of the habitat and the
construction technology provided.

• Rational and contemporary design combined with advanced technology: High tech [14].
• Conservative and outdated design with archaic construction: Traditional design.
• Rational design using traditional construction technology.
• Conservative design using advanced technology.

The first two possibilities are coherent and parallel between the design criteria and the
technology chosen for their execution; however, the latter two produce an incoherent result.

2.2. Stages of the Construction Project

Once the current situation has been analysed, reviewing the building project [6] can
lead to an improvement in the construction process, resulting in a better level of quality,
lower cost, and shorter execution time.

The complete cycle is reviewed—design, project, and assembly—in order to obtain a
better performance in terms of cost and construction time. This process review, which is
carried out within the lean construction methodology [15], seeks the optimisation of each
process of components, resources and materials.

According to Koskela, there are two main processes in a construction project:

• Design process: this is a step-by-step refinement of specifications where vague needs
and wishes are transformed into requirements, and after a variable number of steps,
into detailed designs.

• Construction process: Composed of two different types of flows; material process and
construction equipment work processes.
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Processes can be characterised by their cost, duration, and value to the customer [16].
A lean analysis in construction must be based on the order of stages established in

construction projects, as set out in the UNE-EN 15643-3-2012 standard: Terminology of
Engineering Services in Buildings, Infrastructures, and Industrial Installations.

To analyse the complete construction process, from the design to the material execu-
tion, the description of the UNE-EN 15643-3-2012 standard is used.

UNE-EN 15643-3-2012 is a reference to sustainability in construction.
From the following chart, Figure 3, we have chosen the following stages of develop-

ment of a construction project. Those that will best fit the above-mentioned arguments of
“design” and “material execution” are the following:

0. Initiative:

0.1. Market Study
0.2. Business Case

1. Start:

1.1. Project Start
1.2. Viability Study
1.3. Project Definition

2. Design:

2.1. Conceptual Design
2.2. Preliminary Design
2.3. Technical Design
2.4. Detail Design

Among the four design stages listed in the UNE-EN 15643-3-2012, the conceptual
design and the preliminary design belong to the architecture project group, while technical
design and detail design would be in the engineering execution group.

On an architectural level, in the project development phase, we will analyse the
architectural design manners of the habitat in order to find lines of improvement in the
organisation of the programme.

For the second group—engineering—oriented to the material execution of the project,
the economic configuration is studied, with price base and deadlines.

The main variables to be considered in costs are:

• Materials
• Manpower: M.P.
• Auxiliary resources: A.R.

Materials are the products that enter the construction site for assembly or joining.
Manpower is the human resources necessary to carry out the work. The auxiliary resources
are the means to facilitate such work, tools, and machines.

By analysing the architectural elements, the way to optimise cost efficiency is stud-
ied, from the revised design aimed at improving the productivity of execution to the
cost components and construction times to be reduced, depending on the construction
process itself.

The next subsection is an analysis of each of these two groups, framed in the “ar-
chitecture” and “engineering” of the construction processes, including the stages set out
for each of them, the particular developments of the project, seeking options for cuts and
elimination of superfluous elements, typical of lean methodology in construction.

2.3. Design: Definition of the Programme

The industrial engineer [17], who designs cars, railways, aeroplanes, and ships, sur-
passes the construction engineer by using mechanically processed materials and methods
for rational production. The problem has to be approached from three interdependent
factors: economy, technology and method.
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Figure 3. Based on UNE-EN 15643-3-2012: sustainability in construction: sustainability assessment in buildings.

The economic factor consists of analysing cost reduction, the technological one of
providing the materials, products, and components, all based on mass production means,
and the method, which deals with the rational composition of the living space and its
design, on the other hand.

From the historical analysis of habitat needs, two common strategies can be observed:
the revision of the way of living, its needs or corresponding consumption of space and the
search for technologies that facilitate its execution, with the aim of economising costs and
economic effort.

Thus, from new solutions and revised approaches to the habitat scheme, the aim is to
achieve a new rational industrialised building.

Before moving on to industrial production in construction, the requirements and use
of the spaces have to be clear.

The design of space is looking for housing with rational use. As a result of this, there
are habits that have to be revised, rationalising the organisation of living space.

A building system that combines design and execution will facilitate the typical
construction processes, based on industrial construction engineering, transferring method-
ologies that improve the productivity of construction on-site, and that will optimize
lean construction.

This section begins to focus the analysis on the design of the “product” itself, which is
the habitat.
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2.3.1. Functional Analysis

Facing a new form of construction affects both the specific execution process and the
design of the space.

It is necessary to delve into the design from the beginning, analysing the habitat
or way of living, its relations and internal functions and its needs and uses; in short, its
functional programme.

The in-depth study of this section is enormously complex as it is an extensive field
of analysis, in all its cultural, sociological, and psychological components; many authors,
analysts and architecture professionals have been working for some time on the exclu-
sive subject of housing, including its political implications since the last century, with
enormously committed positions.

In this sense, the CIAM congresses, Le Corbusier’s Athens Charter [18] and all that
follow are both in favour and broad critical positions: Team X and Hadraken’s diagram-
matic methodology [19], Japanese Metabolists [20], and Archigram [21]. Up to the present
day, this is a debate that is still unfinished.

The issue of housing has long been a problem of difficult satisfaction for society.
At the beginning of the 20th century, the social and economic panorama began to

change, with the studies of the Industrial City by Tony Garnier [22], in which new ap-
proaches to an integrated habitat were presented.

From the early years of Russian constructivism, through the successive trends of
modern architecture, solutions of housing units have been collected (Le Corbusier), in the
approaches of minimal housing, on arguments of hygiene and health or in the revision of a
new way of life, open to nature and today’s society, for example, Los Angeles architecture
with case study houses.

Likewise, even designs have been revised to facilitate a better and more rational
construction: the five points of Le Corbusier, Bauhaus school [23], Prouvé, even in
Spain, the contribution of Rafael de la Hoz [24] stands out, looking for solutions in
architectural elements.

On the other hand, pioneering engineers, using new materials such as steel, concrete,
plastics, and laminated wood, in line with the industrialisation of building, such as E.L.
Ransome [25,26] in the use of prefabricated concrete parts in the USA or Freyssinet in
France, with the evolution of pre-stressed concrete [27], provide applications in civil and
industrial fields.

Governments, city councils and schools of design and architecture universities have
always been gradually getting involved, looking for the solution to the population’s need
for housing. This began with the pressing problems that arose after the Second World War,
where Europe lost an enormous number of buildings and housing and looked for quick
and emergency solutions, from which the first applications of mass prefabrication [28]
emerged but did not turn out to be the desired solution.

2.3.2. Rational Design: The Architectural Project

This section analyses the minimum elements necessary for the habitat.
There is no justification for the fact that every house in a suburban neighbourhood

has a different typology: different floor plans, facades and building materials. Throughout
Europe, the old farmhouse, and the townhouse of the average citizen in the 18th century
show a similar layout.

Except for the typologies revised during the modern movement, in search of the
minimum house solution, the way of living is still traditional, falsely conditioned by
the construction of load-bearing walls, where rooms are enclosed between walls and
elongated corridors.

Housing should be designed according to the requirements of the family unit but
tending to standardise the common parts, eliminating unnecessary uses and spaces and
generalising related spaces.
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The optimisation of the habitat focuses on the strategy of reducing architectural
components through function and use, using architectural elements that configure spaces
according to their use.

According to A. Moles, the necessary minimum elements of a space configuration can
be determined as [29]:

A. The sphere of the “immediate gesture”: It is made up of the furniture close to
each function.

B. The “room,” the minimum determined space, configured by each function in a space,
delimited by partitions.

C. The “flat,” the composition of complete functions of the habitat, configuring the
hierarchy of complete functions of a habitat.

In this strategy of minimums can be referenced the design modes for a revised habitat
result, with the saving of architectural resources, which ultimately saves costs, preserving
user value.

As an example, we can propose solutions, taken from the courses at the Madrid School
of Architecture, taught by A. Fernández Alba in the 1970s [30].

In these solutions, the concepts of minimal conceptual strategies applied to the pro-
posed spaces are tested (Figure 4).

Figure 4. Interior perspective: rehearsal of the organisation of living space: J. Guardiola.

Elements of Design

A more controlled design of the habitat conditions, programme, space and uses
favours the rationalisation of the execution on the elements of the construction: Walls,
installations or façades.

The basic functions can be pointed out, which will help rethink less traditional housing
solutions and involve more current approaches among the needs of the habitat.

Functionality

The design premises, at afunctional level, which present the problem of building
organisation are set out under the following principles:

• Privacy and community: the private and the common
• Functional spaces
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• Sociological changes

Elements Reviewed

A revision of the programme allows a reduction of architectural components, which
favours cost-cutting.

Identification of components that make up the functional and technical categories:

• External cladding or skins: façade, roofing
• Supporting plans: floor slabs
• Interior partitions: walls
• Fluid lines: pipelines (electrical, mechanical, gas, etc.)

A rational study of the design of the habitat facilitates its execution, towards economi-
cally optimised results, as many superfluous elements are eliminated.

Some components of functional space can be reduced: corridors and partitions for
semi-private spaces, while compatible spaces can be unified.

On the other hand, the free plan, as Le Corbusier’s paradigm, achieves the simplicity
of relations between uses of the building, not conditioned by the rigid structural functions.

A well-coordinated structural choice can simplify internal partitioning conditions and
eliminate redundant elements. (Figure 5).

Figure 5. Housing plan: rehearsal of the organisation of a living space–J. Guardiola.

The application of the lean methodology in construction allows for the elimination of
components that do not add value to the user, which is achieved by reviewing the needs of
the habitat programme in the stages from the beginning of the project [31].

2.4. Construction Engineering: Price Decomposition Analysis

The analysis of productivity improvement in construction focuses on cost elements,
not including other aspects such as management, organisation or quality.

The aim of systems engineering [32] is to formalise new ways of approaching the exe-
cution of the building, with which we will understand better the advantages of industrial
approaches, using its own internal logic in the design.

However, it is not only necessary to industrialise the components for their industrial
manufacture but also to go further, thinking about assembly and maintenance, summarized
by contemplating the full 360◦ cycle of the complete exploitation of the building asset.

Cost optimisation is studied based on the price decomposition of the construction
components, following the elementary cost analytics known in construction.
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As far as execution concerns, including material and assembly, the material execution
cost is established, which is broken down into three elementary prices:

• Price of materials.
• Manpower price.
• Price of auxiliary resources.

When analysing the construction timings for the execution process, different types of
construction timings are found:

• Coordination times: one task depends on another to continue. Analysing the assembly,
looking for solutions of “parallel” tasks and prioritising over “serial” tasks.

• Construction times of semi-finished components that are not finished for their function;
looking for “finished” materials that do not require construction times.

• Weather: atmospheric conditions that condition construction (setting, drying); looking
for processes and materials, independent of weather conditions.

The deadline is reduced, with the shortening of work times, in each of its modalities.
Therefore, the cost—through its impact of manpower and auxiliary resources—the

deadline and the design will be the scope dimensions of this study.

The Elements of the Material Execution Cost: Current Situation

Current construction uses old methods and materials, and the execution is highly condi-
tioned by manpower and weather conditions and is very dependent on auxiliary resources.

The price of a construction element consists of: manpower, materials and
auxiliary resources.

• Currently, in construction, the cost of the construction elements is involved in a differ-
entiated manner, as explained below with the impact on the implemented component.

• Auxiliary resources: these are correlated by their time of use, which means that the
shorter the time, the lower the cost.

• Materials: traditional, obsolete, archaic technology.

On the other hand, execution times are aggravated by current on-site construction
methods, affected by weathering and by a linear sequence of jobs, which accumulate
their times.

More extensively, these observations are further elaborated by differentiating for the
three cost elements:

• Manpower considerations: Lack of homogeneity. No progress on the technical solution.
Construction work is affected by the weather. Improvisation, due to lack of detail in
the design. Quantity over quality.

• Auxiliary resources represent two types of units:

Means charged directly on items, in which repercussion, according to companies, is in
the range from 1 to 2% and refer to tools applied for internal finishing works, not applicable
for installation works.

Special external means for lifting and external platforms and mixing and storing
hydraulic materials, through which repercussion is a direct price and varies depending on
the construction. These means are normally applied as a temporary rate, either as a rental
or as amortisation, and are charged for the time employed, so that the term acts directly
against these units.

• Material considerations:

Material adjustments to the geometry are necessary, resulting in waste: shrinkage
and trimming.

Traditional materials without technological evolution, natural materials with few
possibilities for development.

End caps, overlaps: special pieces to cover up or cover unavoidable defects.
Auxiliary resources required for their work: Moulds, formwork, scaffolding, platforms

and cranes, etc.
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They require drying and setting times due to the use of hydraulic materials, usually
binders and finishing materials.

• Timeframe considerations:

Semi-finished products, which require time for shaping, setting or drying.
Semi-finished products, which require a large amount of manpower to be produced

on-site and therefore time consumed.
It is of interest to shift the manpower time from on-site to off-site production: work-

shop, factory or industrial factory.
Linear construction: chained times in traditional construction, with waiting times

between them due to the difficulty of coordination between different trades.

3. Results

In summary, the following results can be deduced from the optimisation of the lean
methodology in construction.

Firstly, in the same methodological order, through the results obtained from the analy-
sis of the combination of technologies and products used in construction (Section 2.1.1),
it can be determined that incoherent construction occurs when mixing craft technologies
with factory-produced materials or industrial technologies using materials made on site.

According to the analysis of technologies and design (Section 2.1.2), there are four
possibilities, distinguished between the design of the habitat and the construction
technology provided.

• Rational and contemporary design combined with advanced technology: High tech.
• Conservative and outdated design and archaic construction: Traditional design.
• Rational design using a traditional construction technology.
• Conservative design using advanced technology.
• The first two possibilities are coherent and parallel between the design criteria and the

technology chosen for their execution; however, the latter two produce an
incoherent result.

From the stages of the project, studied in the methodology (Section 2.2), there are two
areas in a construction project: The design and the execution.

Of the four design stages listed in the UNE-EN 15643-3-2012, conceptual design and
preliminary design would be in the architecture project group, while technical design and
detail design would be in the engineering execution group.

We summarize the review of the design definition of the programme (Section 2.3)
followed by the results of the economic analysis of the price in construction. It is necessary
to reduce architectural elements and resources, materials, and execution time.

3.1. Reduction of Architectural Elements

The results are obtained from the analysis of the construction systems and technologies
used in relation to the design.

A rationalised design of the habitats’ conditions, programme, space and uses, using
arguments of the original design and fundamentally detached from traditional and conser-
vative typologies can lead to innovative solutions along the lines of the savings sought in
lean construction.

The rationalisation of construction is favoured on the defining elements of the archi-
tectural space, according to three differentiated modes:

• Elimination of corridors, lobbies, and room separations, resulting in consequent savings:

- Reduction of interior partitions
- Elimination of doors, passages between partitions.

• Compatibility of uses:

- Elimination of intermediate partitions
- Reducing the surface areas dedicated to service areas
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• Integration of:

- Structural elements in space divisions: load-bearing walls and bracing planes as
implicit partitions.

- Furniture in compartmentalisation with cupboards, shelves, etc.

The rationalised design also facilitates the simplification of superfluous elements,
simultaneously reducing costs and timescales.

• Elimination of decorative elements: Skirting boards, ceiling coving, etc.
• Reduction of the cladding of transit spaces: walls and ceilings.
• Elimination of installation aids.
• Elimination of cladding for structural elements (concrete, steel), leaving their

exposed qualities.

Rational building design makes it possible to favour cost reduction by reducing the
elements of architectural composition.

Rational architecture optimises spaces and construction elements.
These architectural conditions lead to saving in material resources, in the definition of

habitat programs, in line with lean methodology.
Later, optimisation of construction can be completed, obtaining better production

costs and further reductions in execution times.
As a specific result, applying what is analysed in the article and as an example

that materialises industrialisation in housing in an experimental way, one of the authors
brought together all the parameters analysed in his Guardiola–Babecka single-family house
in Madrid, which has been awarded for its innovative proposal.

Figure 6 shows the interior environment of the house, in which elements of the space
have been reduced to define different functions of the habitat.

3.2. Cost Cutting: Resources, Materials and Execution Time

From the construction price decomposition studied in Section 2.4, construction prices
are composed of three components:

• Materials.
• Manpower.
• Auxiliary resources.

From these, the following options have been obtained within the framework of cutting
and saving time and resources, along the lines of lean construction.

With industrial manufacturing, we reduce the impact of material costs; however, in
order to reduce the manpower and auxiliary resources, it is necessary to think about the
execution method, simplifying the deadlines.

As far as the construction method is concerned, a mechanised technical assembly
allows not only less qualified manpower, with the consequent cost savings (the assemblers
could be the users themselves, suitably directed and with assembly instructions), but also
independence from climatic conditions, as no materials that have to set in dry weather,
are involved.

The repercussion of manpower and auxiliary resources is directly related to the time
used for assembly; if the period decreases, these cost components will decrease.

On the other hand, when comparing the prices of traditional materials with those of
industrial origin, the price of industrial components shows a downward trend.
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Figure 6. Interior of Guardiola–Babecka single-family house in Madrid.

They also serve to guide mechanised construction using the contents of “open indus-
trialisation” applied to construction. In summary, the following arguments are the key to
sustainable construction.

• Materials can also evolve in an increasingly cost-optimised way.
• Break the dependence of the material on manpower, reducing the impact of the former.
• Lower the impact of auxiliary resources.
• More optimised deadlines: overlapping tasks and obtaining shorter deadlines, delays

due to waiting times between trades are reduced or eliminated altogether.
• Avoid drying and setting times for hydraulic materials.

3.3. Streamlined Design: Transfer to Implementation (Productivity Improvement)

A revised design over implementation, through industrialised construction, will
improve the evaluation of the final cost.

Based on the above analysis, three strategies for change are observed, for the optimi-
sation of the cost of implementation.

3.3.1. Decrease the Impact of Manpower on the Materials

The trend of the material cost for industrial products is downward, in contrast to the
manpower, which is upward.

Consequently, a low manpower impact on the price of the material and a material of
industrial origin with a negative trend: decreasing cost, generate a doubly decreasing total
cost. (Figure 7).
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Figure 7. Industrialisation trend (own source).

Two aspects are therefore of interest:

• Materials can also evolve in a cost-optimised manner.
• Break the dependence of material on manpower by reducing the impact of the former.

3.3.2. Lower Impact of Auxiliary Resources: Lower Indirect Costs

Execution based on a design with a low impact of auxiliary resources generates a
decreasing cost for two reasons: the elimination of auxiliary resources with a direct impact
and the shorter time charged for those of external implementation.

3.3.3. Shortening the Deadline by Shortened Times

Time cuts should be sought in activities that overlap with finished products [33].

• More optimised lead times: with overlapping tasks and shorter lead times, delays due
to waiting times between trades are reduced or eliminated altogether.

• Avoid drying and setting times of hydraulic materials.
• Performance improvement towards lean process technology in construction.
• Decrease the impact of manpower.
• Cost reductions due to elimination/cutting of indirect costs.
• Shortening the time limit for reduced times.

In summary, the improvement of performance towards a lean process technology in
construction would be stated with the following arguments:

• Decrease the impact of manpower.
• Reduction of costs by eliminating indirect costs: auxiliary resources.
• Shortening of time due to reduced times.

Grouping into the three defined categories of the price under construction decomposition:

• Decrease the impact of manpower on materials.
• Lower repercussion of auxiliary resources: lower indirect cost.
• Shortening of the timeframe due to reduced times.

The prioritisation of material costs over manpower, by means of industrialised compo-
nents specialised in their function and prepared for rapid assembly on site is characteristic
of industrialised construction.
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Likewise, the reduction of lead times is an objective of the application of the tried and
tested methods of industry in construction.

Both strategies, with the cost of resources and time, add up to the cuts that are
characteristic of the application of lean construction.

As a summary of the results obtained in relation to the methodology used, the table in
Figure 8 is shown.

Figure 8. Methodology and results obtained (own source).

4. Discussion

4.1. Coherent Building System

Construction is improved with a complete and coherent building system that inte-
grates: design, project and execution.
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As described at the beginning, through the analysis of construction design, integrating
design and execution, opportunities have been found to improve productivity in building,
justified in lean construction.

In small-scale projects, single-family or block dwellings, small office and commercial
buildings, the only technician to develop the design is the architect, whose work usually
ends with the basic level of the project, which is specified in the premises of the habitat,
developed according to concepts of space organisation, and respecting the legal ordinances
and regulations that affect it.

The detailed project for the execution remains in two contributions—the structure and
the installations—without going deeper into the constructive analysis, which is taken for
granted according to the traditional rules of construction.

In larger projects, the work is complemented by detailed engineering, developed by
engineering specialists, outside the architect’s organisation, with no other relationship than
that of external professional collaboration, normally occasional and without continuity.

However, frequently, even in these cases, either the engineering does not understand
the architect’s design orientation, or the object of the architect’s design is far removed from
the parameters of the technical project.

In any case, the execution is not usually developed in-depth, analysing techniques,
products and components, which rationalise the construction.

4.2. Economic Parameters

An analysis of the economic parameters was carried out where it was possible to
identify cost and time reductions, based on the criteria of the construction itself, without
including other disciplines:

• Break the dependence of the material on manpower, reducing the impact of the former.
• Reducing the effect of auxiliary resources.
• More optimized deadlines, overlapping tasks and obtaining shorter deadlines:

- Delays due to waiting times between trades, which are reduced or eliminated
altogether.

- Avoid drying and setting times for hydraulic materials.
- Transferring time from site to “workshop”.

New architectural optimization arguments have also been included to eliminate
components of the habitat programme, which can be grouped into two categories:

1. Simplification of components:

• Habitat revision.
• Reduction of interior partitions.
• Elimination of doors, passages between compartments.
• Reducing dedicated surfaces in service areas: kitchens, offices.
• Structural in the divisions of space: load-bearing walls and bracing planes as

implicit partitions.

These components define the functional programme of the habitat, which we have
seen above, and are basic architectural elements at this level of design, principal elements,
and involve both spatial and structural functions.

2. Simplification of superfluous elements:

• Furniture, in the compartmentalization with cupboards and shelving.
• Reduction of cladding and transit spaces: walls and ceilings and cladding: struc-

tural elements: concrete and steel, leaving their qualities visible.
• Exposed installations, elimination of installation aids: chases and skirting boards.

On the other hand, these components are of more secondary application for a design level
of definition of shapes and textures, more definitions for style than as a functional program.

Performance improvement, towards a lean construction process technology,
is summarized:
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1. Reductions of architectural elements, for a design, as a solution of the habitat program.
2. Optimization of costs and deadlines in execution:

• Decrease the impact of manpower on materials.
• Lower repercussion of auxiliary means: lower indirect cost.
• Shortening of time due to reduced times.

However, it would be necessary to quantify all these strategic lines, both those of
an architectural nature and those of an economic nature, according to the cost and time
of construction.

It would also be necessary to obtain a design basis combining the two strategies
mentioned, a new method that would allow, in a systemic way, to align with these proposals
and which justify a cost reduction on the final construction.

It is difficult to determine the reduction; it depends on the solution adopted, and it is
not possible to give a general reduction parameter.

4.3. 3C System: Compatible Components in Construction

As a possible continuation of this article, we propose a design method that allows,
within the discipline of design, to integrate the contemporary building into the current
industrial environment.

This methodology is developed within systems engineering, adopting concepts and
laws from its epistemological field.

Successful implementation of the lean concept as a sustainable approach in the con-
struction industry depends on the identification of critical factors [34].

A system that focuses on industrialized components to obtain the two properties that
we have obtained from the previous analysis. (Figure 9).

Figure 9. 3C system composition mock-up. J Guardiola A.
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To this end, we will seek application in the discipline of systems theory, specifically
systems engineering, to find design arguments that achieve the objectives along the lines
outlined above.

The model shows how strategic implementation facilitates the integration of lean
construction and sustainable construction from the design phase to the finishing phase of a
project [35].

A system that we call the 3c system: Compatible Components in Construction.
This proposal brings together these improvement objectives, using the criteria of

sustainable construction through the so-called “3C system: Compatible Construction
Components”. This system involves the use of prefabricated modules, factory materials
and assembly using standardised joints. (Figure 10).

Figure 10. CAD model of the façade component of 3C system composition. J Guardiola A.

A design solution that will seek, first, to formalise its application principles, and then
to contrast with traditional solutions, its optimisation operability, as a defined tool of lean
construction [36]. (Figure 11).

4.4. Lean Construction

Finally, the lean construction methodology is confirmed as a tool that contributes to
the sustainability of buildings [37] for the following reasons based on ISO 20887 [38]. This
standard specifies aspects of sustainability in the field of recycling, dismantling and reuse
in the field of construction.
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Figure 11. Drawing of the façade component of 3C system composition and connections to other
components. J Guardiola A.

The following arguments stand out for the sustainability of the construction:

• For energy savings: on the construction site, the auxiliary resources are responsible
for almost the entire energy consumption. This is discussed in the article with regard
to the cost element, that of auxiliary resources.

• On materials, their manufacture (consumption), composition (non-polluting), recy-
cling, proximity (transport savings, etc.) and specifically the focus on the “specialisa-
tion” of materials. This is also dealt with under the heading of “cost elements”.
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• Cyclical economy: buildings, components and materials must be used for conti-
nuous reuse.

The first two are included in the analysis of cost elements, carried out previously, the
third one is considered below, using the above-mentioned ISO 20887 standard as a reference.

This standard, ISO 20887: Design for disassembly and adaptability of buildings and
civil engineering works, is structured on specific contents that determine design aspects to
be applied to construction assets, of which we highlight the following.

Lean practices show the reduction of environmental, economic, and social impacts
during the construction phase, and increase sustainability parameters in the development
of projects [39].

Standardisation (seiketsu standardize) facilitates transport, storage, and reuse. It
makes it possible to include the aspects of adaptability and simplicity.

Standardisation avoids waste, adapts to logistical, ergonomic, and functional
requirements.

The constructive design is favoured by standardisation aspects such as: components,
dimensions, and modules.

Simplicity, as a design principle, reduces the number of elements, components and
materials to the minimum required to perform the intended function.

This includes limiting the use of decorative details, minimising the number and
diversity of materials.

One of the objectives is the elimination of waste in disassembly, aided by the sim-
plification of tools and techniques required for disassembly. This directly improves the
appearance of cleanliness (seiso shine), eliminating debris and debris and keeping the
workspace tidy.

Lean methodology seeks the reduction of “waste”. This “waste” can also be assumed
in construction in different categories [40]:

1. Defects
2. Overproduction
3. Waiting
4. Non-utilized skills/capabilities
5. Transportation
6. Inventory
7. Motion
8. Over-processing

By increasing the functions that material provides, it contributes to dematerialisation
in construction, thus reducing the problem of material layering.

Order and systematisation in construction is a fundamental aspect of the work. Seiton,
set in order, organises, and places the necessary materials according to the order of use by
zones on the construction site and establishes the areas where these stockpiles, auxiliary
resources, reusable material, and rubble, etc. are to be made.

Independence is particularly important for the “levels” of the construction, related to
the temporal prediction of the function of each component.

The main levels that can be identified are:

• Shell or carcass: structure, foundations, and envelopes.
• Services: installations, ducts, pipelines, and machinery.
• Finishes: flooring, ceilings, walls, and panelling.
• Equipment: furniture and lamps.

The challenge is to achieve independence without compromising the functionality of
systems and materials in their integration.

Independence facilitates the separation and disconnection of building systems, favour-
ing spatial and functional adaptation and the reuse of systems. In addition, disassembly
shall allow materials and components to be removed without disrupting other components
or materials.
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The levels of a building shall be differentiated to facilitate adaptation and dismantling.
Separating levels of long-life components from those of shorter life facilitates retrofitting
and reduces the complexity of dismantling.

Durability is defined for an asset or component as the ability to perform as required
for its specified period of time without the need for repair or modification.

Durability and adaptability are close concepts.
To minimise maintenance or repair, materials with a long service life should be used.

In other cases, shorter life designs are required, with easy disassembly and consequent
re-use of components and materials.

The accessibility of components, especially connecting elements with a shorter service
life, facilitates replacement and avoids damage to adjacent elements of the assembly.
Another advantage is that disassembly of these components from the building sometimes
does not require special equipment.

The requirement for easy access to connectors can have an aesthetic impact on the
building design.

The discipline of improvement is necessary; shitsuke sustain propose maintenance,
sustaining process to create the habit, explaining to the team how it works and how it
is maintained.

An open construction, where parts are interchangeable, allows for modifications in
the implementation without significant repercussions.

All in all, these reasons contribute to the fact that “Lean Construction not only con-
tributes to creating the economic value to the construction process but can also contribute
to promoting the environmental and social issues” [41] and meets several points of the
objectives for sustainable development (OSD):

With the development of new building techniques [10], lower consumption of material
and energy resources and the planning of the building life cycle, more sustainable cities
and population centres can be achieved [12].

Controlling resources and reducing waste through Lean techniques will lead to re-
sponsible production and consumption [13].

5. Conclusions

In order to improve productivity, in the current situation of construction, the transfer
to industrialisation is essential.

With a complete building system, integrated by design, project and execution, the
construction is improved and more sustainable.

It can be determined that incoherent construction occurs when mixing craft technolo-
gies with factory-produced materials or industrial technologies using materials made on
site. (Figure 1).

Incoherent construction is also made when advanced technologies are used with a
traditional design or when traditional techniques are combined with a rational design.
(Figure 2).

A lean analysis in construction must be based on the order of stages established in
construction projects, as set out in the UNE-EN 15643-3-2012. Of the four design stages,
conceptual design and preliminary design would be in the project architecture group, while
technical design and detail design would be in the execution engineering group.

The habitat system must correspond to new modes of construction, which respect the
arguments obtained by the new type of buildings.

Reducing the cost of construction is of great importance, both from an economic and a
social point of view.

Attempts to reduce the cost of traditional manual labour methods by introducing
more rigorous organisational techniques have so far produced only a little progress.

On the other hand, numerous studies, both technical and sociological, have re-
viewed the human habitat, looking for more rational solutions, which have an impact
on space-saving.
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The repercussion of manpower and auxiliary resources is directly related to the time
used for assembly; if the period of time decreases, these cost components will decrease.

The new objective, uniting both trends, is to seek construction by means of industrial
production methods with spaces that meet the real needs of the habitat.

Industrial production must necessarily go through a manufacturing process at the
ground level, using components that can be assembled “in situ”. Modern technology
is already prepared to take this step, but today’s construction still uses archaic manual
methods, in which the machine plays only an auxiliary role.

From the project phases of architectural design, reviewing the habitat and the defining
components of the spaces to the execution phases of engineering and analysing process
improvements from the analytical decomposition of the prices of building components,
opportunities have been found to improve the construction process.

A new methodology should bring together these improvement objectives, using
the criteria of construction sustainability, through the so-called “3C system: Compatible
Building Components”. This system involves the use of prefabricated modules, factory
materials and assembly by means of standardised joints.

The application of the BIM methodology in the building’s life cycle can go from the
beginning of the design to its demolition. This building life can be programmed efficiently,
if, during the design process and its execution, the lean methodology is applied, seeking to
reduce waste, saving time and materials.

As a final conclusion, it is established that the elements that must integrate a complete
and coherent building project require the incorporation of industrial manufacturing and
lean methodology in the construction processes in order to achieve sustainable architecture.
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