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Abstract: A major rehabilitation programme of secondary school buildings
has been carried out in the last few years in Portugal. With the
introduction of HVAC systems in buildings that were previously naturally
ventilated, an increase on energy consumption has been verified.

During the first occupancy periods of new and refurbished buildings,
energy and indoor climate quality audits are important strategies to
improve the buildings' energy use. In this context, this paper aims at
showing the relations between the energy consumption and indoor
environment quality (IEQ) parameters, obtained from the energy and IEQ
audit in six representative modernised secondary schools - part of a
larger R&D project untitled 3Es - geographically and climatically
distributed in Portugal mainland.

The monitoring period during the mid-season 2013 varied between schools,
between two and three weeks. Air exchange rates, more specifically
infiltration rates, were quantified aiming at determining the current
airtightness condition of the refurbished schools. A subjective IEQ
assessment was also performed, focusing on occupants' feedback, providing
insight on the potential linkages between energy use and occupants'
comfort.

A reflection on the energy consumption indicators and the indoor
conditions obtained in the classrooms was proposed, and some suggestions
were anticipated.
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1. Introduction

1.1 Background

The physical and non-physical boundaries of school buildings environments have a critical effect on students’
health and sense of well-being. School buildings are therefore a fundamental element of society [1]. The indoor
environmental quality (IEQ) is a very important topic — not only children are particularly sensitive to low quality
indoor environments because they are still under development [2] but also, classrooms have a high occupancy
rate that may degrade users’ health, comfort and performance conditions [3], [4]. Among the consequences of
poor indoor air quality (IAQ) conditions in schools, recent studies have focused on students and teachers
performance [3,4] and verified a notably increased student absenteeism.

To achieve and maintain satisfying 1AQ levels, large buildings use mechanical ventilation systems. The
“EE-TC-IAQ” dilemma (energy efficiency - thermal comfort - indoor air quality), as presented by Becker et al.
(2007) [5], is still a challenge within the building sector. Other than external factors, such as climate, energy
demand in buildings is determined by three main types of factors and the linkages between those — building
services, building envelope and human factors [6].

Since the Kyoto Protocol and European Union’s first commitment period, large efforts towards GHG
mitigation have been undertaken globally [7], and specially within the European energetic context. Many
European policies towards energy conservation and rational use of energy have focused on the building sector.
The Energy Performance Buildings Directive (EPBD) 2002/91/EC [8] and its 2010 recast [9], assumed special
relevance in this context. In the Portuguese legislation, the EPBD was ensured in the form of three decree-laws,
in 2006 [10-12].

By the end of 2009, a large building modernisation programme of the secondary schools was taking place
in Portugal, led by the state-owned company Parque Escolar E.P.E. (PE) [13]. Most existing school buildings,
which were naturally ventilated at their origin, were refurbished in accordance to the new legislation [10-12],
integrating both insulation elements on walls and/or ceilings and ‘heating ventilation and air conditioning’

(HVAQC) systems to comply with the new requirements of thermal comfort (TC) and indoor air quality (IAQ).

1.2 Problem statement

Research on IEQ related specifically to new or refurbished school construction was relatively scarce until the
end of last century. Today worldwide studies are being performed on this field. In [14], the authors presented a
literature survey on the influence of different factors on human comfort in indoor environments, presenting

various case studies, data analysis strategies, different building types — including secondary schools, and results.
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They also mention studies that related outdoor climate and season with IEQ satisfaction. Wargocki and Wyon’s
extensive work on students’ schoolwork performance has been continuously published [3] [15] [16], and the
study of Shendell et al. (2004) [17] relating CO, concentrations to student attendance also included a relevant
literature review on the topic.

CO; control in classrooms and different ventilation strategies [18] [19] [20] — as the one suggested by the
most recent UK legislation (BB101) [21] — have been well thought-out, and the most recent studies on its
consequences are being closely followed [22] [23] [24]. It is noteworthy that changes to the legislation in the UK
were preceded by the intensive studies on adaptive comfort by Humphreys and Nicol [25][26][27]. Currently this
legislation is again under public consultation [28].

The study performed by [29], in a Mediterranean climate, demonstrated that considering outdoor
conditions, clothing levels and indoor air temperatures in buildings is crucial to correctly analyse occupants
behaviours and preferences. In fact, it showed that people who moved from HVAC equipped spaces to others,
non-equipped, had their temperature range preference enlarged beyond those defined in ISO 7730 [30]. In
winter, the verified acceptable indoor temperatures were slightly lower and during summer, for high outdoor
temperatures, the indoor ones were higher than those suggested in the standards, resulting in operating range
temperatures between 22-27°C and 19°-25°C, in summer and winter, respectively, for category C (representative
of the highest acceptable range around the optimum temperature — 15% dissatisfied people).

As such, it became relevant to reflect on the IAQ parameters of the current Portuguese legislation (2013)
that rules HVAC requirements for schools (as those expressed in SCE [31,32] facing the previous one, RSECE
[11], 2006). Some studies, based on field measurements (e.g. Santamouris et al., 2008 [33]) or simulation
(Gameiro da Silva, 2009 in [2]), suggested that the 2006 requirements of outdoor air flow (30 m%h) proposed by
the Portuguese legislation, could be oversized (significantly higher than those from ASHRAE 62/1:2010 [34]),
therefore over consuming and potentially over charging the contracted power (a lower fresh air flow rate means
necessarily a lower energy consumption of the adopted mechanical system). The simulation tool developed by
the author demonstrated that a relaxation of the “optimum” daily average concentration of CO, from 1,8g/m*

(1000 ppm) to 2,7g/m* (1500 ppm) significantly minimizes fresh air flow rates — practically by half.

1.3 Aim and scope of the paper
For the reasons previously presented, it was questionable if the energy bill associated with ventilation on
Portuguese schools modernised by PE was being overcharged, and if this corresponded to an effective

satisfaction on occupants comfort.
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This concern with energy expenses has been clearly stated by Santamouris et al. (2007) in [35]: the
“increased use of air conditioning creates a serious peak electricity load problem to utilities and increases the
cost of electricity”. This condition was familiar to the Portuguese educational sector. Previously to PE’s
intervention, most schools were naturally ventilated and therefore, had smaller energy bills. Due to the
mechanization of the heating and ventilation system (cooling was not mandatory according to the 2006
legislation), monthly energy expenditures increased. Because some schools could have their HVAC systems
turned off to reduce energy bills, an IEQ audit was mandatory to evaluate the indoor climate condition of the
classrooms.

To sum up, this study aimed at assessing the energy and IEQ of recently refurbished classrooms. In
parallel to the energy data collection (both from billed energy data and field monitoring campaign), an 1EQ
analysis of indoor environmental parameters (as air temperature, relative humidity, air velocity and CO,
concentration values) was performed — measured every minute over a two-week period (on average),
complemented with a subjective survey driven to the students occupying the monitored rooms.

The development of an inquiry/survey between school populations was a fundamental procedure to assess
the school population sensitive response to the recently installed HVAC systems. This type of data collection
allowed in 2013, Montazami and Nicol [23] revealing overheating problems in the UK schools — in their case
studies, school teachers were asked to rate the level of thermal comfort (TC) and temperature inside classrooms.

Moreover, Fanger’s thermal comfort indices (PPD and PMV) [36] were estimated based on data
collection, from both monitored parameters and surveys — accounting for the metabolic rate and clothing
insulation. These indices calculation allowed establishing a comparative evaluation between subjective results
and those obtained from the measurements on the field, attending also the perception in terms of acceptability
and preference. The TC and IAQ assessment methodology has been entirely reported in 2014 [37].

All in all, the EE-TC-I1AQ dilemma was faced in a holistic approach [38,39].

Nomenclature
MMV  Secondary school in Montemor-o-Velho

AER Air exchange rates PBL Secondary school in Pombal
BJA Secondary school in Beja PD Predicted of Dissatisfied

BGC Secondary school in Braganca PE Parque Escolar E.P.E.

CCD Census County Division PMV Predicted Mean Vote

EE Energy efficiency PPD Predicted Percentage of Dissatisfied
EPBD  Energy performance of buildings directive PTG Secondary school in Portalegre
GFA Gross Floor Area RH Relative Humidity

GRD Secondary school in Guarda SBI School Building Indicator
HDD Heating Degree Days Ta Indoor Air Temperature
HVAC Heating Ventilation and Air Conditioning TA Thermal acceptability

1AQ Indoor Air Quality TC Thermal Comfort

IEQ Indoor Environmental Quality TUFA  Total useful floor area
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2. Case studies

Based on a PE’s database, changes in energy demand of the school buildings between the pre- and post-
intervention measures were characterised. From this characterization and a set of criteria, a group of eight
representative schools was selected, in which a more detailed analysis of energy consumption and operation
conditions was carried out [40]. Within the current paper, only six of these schools are presented in detail: those

were both the energy and the IEQ assessment was performed, objectively and subjectively.

2.1 The schools climate condition
The six schools buildings are located in mainland Portugal, as presented in Figure 1. A summary of the

reference climate data of each school is presented in Table 1.

Figure 1 — Map of Portugal highlighting the 8 schools' selection (CCD® location) of the 3Es project [41], whose
municipalities are signalled with the black dot. The dotted circles sign the six schools presented in this work.

Table 1 — Six schools’ selection — CCD distribution and reference climate data

CCD Acronym  Heating Degrees Days (HDD)  Distance to the CCD’s Schools’
[selection phase / new SCE]* oceanic coast (km)  Altitude (m) Altitude (m)

Montemor-o0-Velho MMV 1410 1265 175 67 28

Beja BJA 1290 1145 85 178 255

Pombal PBL 1580 1226 28 126 75

Portalegre PTG 1740 1496 165 246 475

Guarda GRD 2500 2235 126 717 1028

Braganca BGC 2580 2036 175 680 695

Note:* The HDD presented in grey, resulting from the revised regulation (2013), account the schools altitude.

From these data and in accordance with the climatological normal (1971-2000), Figure A.1 in Appendix,
it was clear that the schools with higher heating requirements were the schools located in Guarda (GRD) and
Braganca (BGC). From the annual evolution of the mean, minimum and maximum monthly temperatures of

these cities, it was verified that the school in Guarda (GRD) is located in the city presenting the lowest mean

' cCD - Census County Division.
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monthly temperature. The school in Braganca (BGC) is positioned in the city with the lowest average of
minimum temperatures. On the other hand, the school in Beja (BJA) is located in the city which has the highest
average of maximum temperatures.

The schools in Portalegre (PTG) and Beja (BJA) are situated in the cities with lower rigorous climate
during the heating season. Regarding the cooling period, the school subjected to lower maximum temperatures is
the one located in Guarda (GRD).

Given the regular school year period, September — June/July, and through the observation of the figures
below, it is expected that the schools in Guarda (GRD) and Braganca (BGC) have greater needs for heating than
for cooling, contrarily to the schools in Beja (BJA), Portalegre (PTG) and Pombal (PBL), where the greatest

cooling needs are expected.

2.2 1EQ monitored classrooms characterization

Table 2, Table A.1 and Table A.2 (in Appendix), provide a detailed characterization of the monitored
schools/classrooms: (1) school ID; (2) classroom identification; (3) classroom area and volume; (4) number of
occupants and occupancy density; (5) windows areas and window to floor ratio; (6) other comments related to
the classroom operation and design.

The classrooms scheduling occupancy varied along the schools. In some cases (e.g., MMV and BGC),
different classes and students used the monitored classrooms along the day, varying the number and age of the
students. In these cases the occupancy density was estimated on the number of students during the
monitoring/survey period. Data about windows dimensioning, in Table A.1, refer to the “key classrooms” in
each school.

Table 2 — Summary table of the 6 schools classrooms characteristics’ and windows dimension

School Room Area Ceiling (m) Volume  Number of students Occupancy density ~ Window to
(m? (m® (during class period) (pupil / m?) floor Ratio

MMV MMV1 4175 3.00 125.2 22 (survey) 0.53 (survey) 0.20
MMV2 47.06  3.00 141.2 24 (surveyed total 24) 0.57 (survey) 0.18

BJA BJAL 46.38  3.36 155.9 26 (median) 0.57 (median) 0.19
BJA2 46.21  3.36 155.3 26 (median) 0.57 (median) 0.19

PBL PBL1 49.65 2.75-3.05 1409 28 (dominant class) 0.56 (dom. class) 0.21
PBL2 50.00 2.75-3.05 1417 29 (dominant class) 0.58 (dom. class) 0.21

PTG PTG1 56.12 2.77 1555 28 (dominant class) 0.50 (dom. class) 0.30
PTG2 56.81 277 157.2 21 (dominant class) 0.37 (dom. class) 0.22

GRD GRD1  54.89 2.43 133.2 25 (dominant class) 0.46 (dom. class) 0.24
GRD2 5453 318 173.6 20 (dominant class) 0.37 (dom. class) 0.24

BGC BGC1 47.50 3.00 1425 23 (survey) 0.48 (survey) 0.18
BGC2 48.56 3.00 145.7 19 (survey) 0.39 (survey) 0.13

Notes: MMV = Montemor-o0-Velho; BJA = Beja; PBL = Pombal; PTG = Portalegre; GRD = Guarda; BGC = Braganga.
The number of students and occupancy density presented for PBL are due during the second monitoring period, 2014
(section 3.1).
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3. Research methodology

These integrated approach aimed at increasing the schools’ energy efficiency while providing good indoor
environmental conditions to the occupants has been formally presented in September 2014 [42], being
recognized as a finalist project in the Green Brain of the Year Contest 2014 (Middle East Technical University,
Northern Cyprus Campus).

The entire methodology relating the IEQ assessment of the case studies has been previously published
in [37], using the school in Beja (BJA) as case study, and some early results were also disclosed in [43] also
exploring the school in Portalegre (PTG). A summary of the monitoring equipment and corresponding

parameters is presented in Table A.3 (in Appendix).

3.1 Monitoring campaign scheduling

The monitoring period varied between two and three weeks, for both the energy and IEQ campaign. Although
provided with HVAC systems, namely air handling units (AHU) and variable refrigerant flow (VRF) units,
during the monitoring period some schools classrooms’ were in “free running” conditions.

The assessment of indoor environmental conditions was performed in two classrooms per school; data
collection was observed and examined both in teaching and non-teaching periods. Within each school building,
classrooms with different solar orientation (e.g. one room facing north and another facing south) were preferably
chosen. When such was not possible, classrooms with different volume or occupancy/activity (e.g. “typical”
teaching classroom vs. workshop) were selected. These criteria ensured diversity within the classrooms, allowing
a more robust assessment. The monitoring campaigns’ scheduling is summarized in Table 3. IAQ subjective
surveys to the students were generally implemented on the last day of the monitoring period.

Table 3 — Summary of the scheduling of monitoring campaigns

School 1% monitoring campaign 2" monitoring campaign 1AQ survey
Montemor-o-Velho (MMV) 16/05/2013 — 06/06/2013* - 06/06/2013

Beja (BJA) 29/04/2013 — 13/05/2013 - 13/05/2013

Pombal (PBL) 03/04/2013 — 16/04/2013 21/05/2014 — 03/06/2014 03/06/2014
Portalegre (PTG) 02/05/2013 — 14/05/2013 - 10/05 & 13/05/2013
Guarda (GRD) 27/09/2013 — 17/10/2013 - 17/10/2013
Braganca (BGC) 24/09/2013 — 18/10/2013 - 18/10/2013

Note:* In this school, due to problems with the monitoring equipment, the campaign was extended up to 11/06/2013

3.2 Energy consumption
For each of the studied schools, the energy audit started with preliminary data collection of the facility; later, the

inspection of the building and the installation of monitoring equipment took place. The preliminary data
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collection analysis consisted in a review of the energy bills® and typical occupancy values, aiming at analysing
energy use quantities and patterns. The architectural and engineering plans of the building and its systems were
assessed in detail, in conjunction with data inventory of the different energy related systems (HVAC, pumps,
lighting, domestic hot water, etc.).

After the preliminary analysis, a tour over the schools complex was performed, consisting of an on-site
visit to visually inspect each of the energy systems and trying to get answer for the questions raised during the
preliminary review. The audit team also met with the operation and maintenance staff to establish a common
understanding of the audit process.

The on-site energy consumption measurements were performed on specific equipment and systems, to
evaluate their load profiles and identify potential energy efficiency measures, at the time the IEQ monitoring was
performed. This stage allowed the quantification of energy flows and the assessment of the energy performance
of the facility.

The information gathered during the facility inspection and the monitored measurements were reviewed
and organized, allowing the interpretation of energy use per school per year and per student. Likewise,
understanding the utility bill permitted other conclusions on energy tariffs and building management

system (BMS)’s programing — these two steps are out of the scope of the study here presented.

3.3 TCandIAQ

The field campaigns were performed in the six schools during the spring — autumn period (excluding summer
vacation) during 2013. The school in PBL was monitored a second time, in May 2014, once when it was first
monitored, it was not possible to conduct the subjective assessment. In order to address the linkage between
students’ thermal comfort trends and indoor environmental conditions, both subjective and objective data
analyses were carried out outside the heating season. Most of the schools in this period were in free-running
mode (to reduce energy consumption due to cost constraints).

“The 1AQ and TC factors were analysed by means of field measurements of the following parameters:
air temperature (T,), air relative humidity (RH) and concentration of carbon dioxide (CO,). Data were
registered every 60 sec for the total monitoring periods ”. As stated in [37] and [43], due to regular class action,
and considering students behaviour, the measurements were not registered totally in accordance with 1ISO 7726

[44] — “the equipment were integrated in the room furniture, at a height of circa 0.6 m above the floor” or over

2 As recommended in Thumann, A., & Younger, W.J., 2003 [70], the goal was to collect two school years data. However, due
to the recent refurbishment, it was only possible to collect one year data pre-intervention and one year after the intervention.



©CO~NOOOIA~AWNPE

the suspended ceiling [37]. A summary of the occupants” characterization and classrooms” conditions during the

questionnaires is presented in Table A.4 and Table A.5 (in Appendix).

3.4 Classrooms’ AER

Quantifying infiltration rates in buildings is important for two main reasons: air infiltration strongly affect a
building’s energy balance, and it provides insight on the minimum building ventilation levels — “the lack of
which has been associated with health problems and lower productivity” [45].

In this research, this issue was deepened by approaching CO, metabolic decay values as a method to
determine air exchange rates (AER) or fresh air flow rates (Q) during late evening/ night periods (occupancy
vacancy). This prompt method — using CO, as tracer gas — has been widely reported in the literature [46], [47],
[48], and it is quite discreet (not intrusive) since it is introduced in the rooms in a natural way, through the air
exhaled by occupants. As explained in [49], after the occupants have left the room, the CO, concentration decays
exponentially (in naturally ventilated spaces or when HVAC systems are spent), approaching an equilibrium
asymptotic value, as time passes.

AER is estimated by regressing the logarithm of concentration above outdoors against time (as also
reported by [50]), calculated as

loge [Cine (1) — Coxe] = loge [Cine (to) — Coxe] — A(t — t), (1)
where Ci(t) is the observed CO, concentration at time t ; Ci(to) is the estimated initial concentration; A is the
estimated AER; and C, is the outdoor concentration, i.e. the equilibrium concentration after the decay —
assuming that the volumetric flow rate is constant and that it is achieved the equilibrium “between the rate of

generation and the net outflow of CO,” [51].
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Figure 2 — Five-day CO, concentration in GRD1 (30 Sep — 04 Oct 2013), a); Linear regression during the same
CO, monitoring period (4 concentration-decay validated), b); Shadowed areas identify non occupancy periods

Figure 2 synthetizes the proposed method — herein, part of the GRD1 classroom CO, monitoring is
presented as an example. A five-day concentration period (corresponding to one of the weeks monitored in this
school) is presented in a). For the same period each of the five non-occupancy periods were evaluated, resulting
in four concentration-decay chosen periods, b). The obtained values for AER and fresh air rates (Q) for all the

monitored schools are presented in Table 6 (section 4.2.1.3).

4. Results

4.1 Energy consumption data
As expected from the schools’ installed systems, schools in the 3Es project consume both electrical energy (EE)
and natural gas (NG) in which NG represents on average 24% of the schools’ energy consumption [52].

A yearly and seasonal energy consumption synthesis of the six schools, expressed both in EE and NG, is

presented in

Figure 3. The seasonal billed energy data was organized according to the climatic condition of the
schools: summer period considered billed data from July until September; winter period from January to March
(BJA, 3 months energy data) and December to April (GRD and BGC, 5 months energy data) — for the remaining

schools winter energy data was based on 4 months billed data.
In

Figure 3 the total energy consumption is presented in bold, above each bar in the graph, while EE values
are centred in the corresponding part of the bar. The NG value can be inveigled from the difference between

these two values.
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Figure 3 —Syntax table of the 6 schools’ energy consumption (data relating one scholar year data e.g. September/2012 —
August /2013) [MWHh]

In terms of absolute values of the total energy consumption, GRD was the school presenting the highest
energy consumption/costs, followed by BGC; MMV presented the bottom annual, summer and winter season
lowest energy consumption. GRD and BGC also presented the highest energy cost during winter.

Building up on the importance of school building indicators (SBI), three different SBI are presented in
Figure 4, along with the median and 25% percentile value of the sample (typical value and good practice value).

Since it was not possible to disaggregate the amount of energy consumption by end-use in all the schools,
it was decided to “simply” explore schools’ energy consumption in terms of floor area and the number of
students. The schools’ area is explored both in gross floor area (GFA) and total useful floor area (TUFA).

Figure 4 is quite pertinent: by putting together three different SBI it was found that there are only two
permanent positions — the school best performing across the rankings, PBL and PTG, the school worse

performing in terms of both the GFA and TUFA.
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Figure 4 — SBI for the 6 schools selection: energy consumption related to GFA and TUFA expressed in kWh/m?; energy
consumption related to No. of students expressed in kWh/student

When addressing the SBI expressed in kWh/student, the school worse performing is MMV, followed by
BGC and PTG. This means that although MMV does not seem to be very energy consuming (when observing its
area it practically fits the 25" percentile, i.e. it fits the good practice value) it is not so efficient when the school
population is taken into account.

Aiming at tuning climate differences, the relation between the Heating Degree Days (HDD) and the
energy consumption of each school was investigated through the development of a combined unit —
kWh/m?year/HDD, as shown in Figure 5. Alike the initial surface normalization, when integrating HDD,
differences between GFA and TUFA were also found, but not so significant. In both cases the school with better
performance is GRD; followed by PBL and BGC that change positions 2" to 3" and vice versa, when the SBI
goes from GFA to TUFA. According to this indicator the school with the worst performance is BJA — which is

just the 3" worst performing within the “simple” SBI [kWh/m?].
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Figure 5 — Weather data SBI normalization for the 6 schools selection.

The relation between the HDD, i.e. climate austerity and the energy consumption of each school was

further investigated. The results are presented in Figure 6. The image unveils that there is not a strong relation

between the two variables — energy consumption and HDD. This means that, in this particular set of data,

evaluating the schools’ energy performance by their climate condition is not a correct judgement.
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Figure 6 — Energy consumption (k\WWh/m?) versus heating degree-days (HDD)

IEQ assessment

Results from objective assessment

4.2.1.1. Classroom indoor air temperature and relative humidity

The indoor air temperatures (Ta) distribution in both monitored classrooms in each school is presented in Figure

7. Only in a very few occasions Ta was below the lowest references values (< 20°C), e.g. BJA’s. Ta above 30°C



OCoO~NOUITAWNE

was only registered in one school, GRD. Indoor air temperatures in the interval 28-30°C were also only detected
in this school. In MMV, PTG, GRD and BCG it was verified a frequency increase in the interval 26-28°C,
corresponding to classrooms facing south. It is noticeable that only one school did not follow the trend, PBL,

revealing lower temperatures in the classroom facing south, PBL2.
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Figure 7 — Air temperature distribution intervals in the monitored rooms. (a) MMV; (b) BJA; (c) PBL (2014 monitoring); (d)
PTG; (e) GRD and (f) BGC

One of the issues that might contribute to the results obtained in PBL classrooms is their occupancy
characteristics (e.g. age or density). The results herein presented, relating PBL, correspond to the 2" monitoring
campaign, in 2013/14 scholar year. PBL1 was occupied by a 28-student 10" grade class, while PBL2 was mostly
occupied by a 29-student 8" grade level class. Moreover, occupancy schedule in the PBL2 was “favoured”, i.e.,
between morning and afternoon classes, longer lunch break periods were foreseen in PBL2.

Indoor Ta values higher than 26°C were registered in MMV, PBL and PTG in less than 15% of the

occupied periods. The most extreme values were found in GRD and BGC classrooms, both facing south (Table
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4). In fact, Ta distribution frequency in GRD and BGC varied significantly between classrooms. It is noteworthy
that these two schools were monitored practically at the same time, in the beginning of autumn 2013. In rooms
facing NE (GRD1 and BGC1), the correspondent percentages to 20-24°C interval were 66% and 76%,
respectively. In classrooms facing South (GRD2) and SE (BGC2), the range 24-28°C corresponded to 66% and
88% percentages. The asymmetric temperature difference between BGC1 and BGC2 is in accordance with the
scholar population, which complained in BGC2 for being school hottest classroom.

Temperatures lower than 18°C were only verified in three schools: BJA, PTG and BGC and only during
short periods, 20%, 1% and 2% of the overall monitoring period, respectively. Furthermore, it was observed that
in MMV, Ta varied between 22 and 26°C, more than 90% of the occupancy periods, and surpassed 80%, either
in PBL or PTG; in BJA, Ta varied between 20-24°C more than 60% of the occupancy periods.

It is worth reminding that Ta analysis should be done considering external conditions, but it was not
possible to run the monitoring campaigns all at the same time in all the schools. Furthermore, in many cases,
school buildings were in free-running mode, at least during a significant part of the monitoring periods — HVAC
systems were often activated during part of the morning time only, e.g. 7:00-10:00, to compensate night cooling,
or were simply turned off due to energy costs constraints.

Nevertheless, building on Table 4, it can be stated that mean temperature values, registered during the

occupancy periods, were quite satisfying (i.e., respecting the reference norms), excluding GRD2 and BGC2.

Table 4 — Summarizing table of the Ta (°C) statistic data during the occupancy periods in the monitored classrooms (as
defined in Appendix C, C1 — C8 in [53])

Statistic MMV1 MMV2 BJA1 BJA2 PBL1 PBL2 PTGl PTG2 GRD1 GRD2 BGCl1 BGC2
data

Highest 26.9 26.2 23.0 25.9 274 255 26.3 27.3 26.2 30.7 255 275
lowest 20.7 22.7 16.1 17.4 21.2 20.8 174 19.6 204 24.8 16.4 21.3
average 23.8 24.8 20.3 21.6 24.4 23.3 241 24.3 23.4 27.5 21.6 25.6
Stdev 1.2 1.0 1.8 2.1 1.3 0.9 1.7 15 1.2 1.6 1.7 1.4

Note: PBL = 2" monitoring campaign, 2014

Relative humidity (RH) in the classrooms was almost always within the reference values (30%-70%).
In fact, this was the monitored parameter with best results within the analysed classrooms. Since the percentages

of compliance values were quite satisfying, no further attention is addressed on this subject.
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4.2.1.2. Classroom IAQ and CO2 concentration values

Like indoor particulate matter [54], [55], CO, concentration values are related to occupancy. The threshold limits
specified by the current Portuguese legislation for CO, in the indoor air are 2250 mg/m? (1250 ppm), average
concentration value during the various occupancy periods.

The results of the percentage of compliance with CO, parameters were not fully satisfying, because they
were analysed using 1250 ppm as the upper limit (and not as an average threshold as suggested in the current
legislation, 2013 [56]). This was intentionally done towards contrasting the precedent legislation, 2006 [11] -
1000 ppm upper concentration limit. When investigated in light of the 2013 legislation [56], the results obtained
in some of the schools, even under the absence of mechanical ventilation systems in action, were not so bad:
along the various occupancy periods the values varied between 387-3526 ppm in the six monitored schools

(Table 5).

Table 5 — Summary table of the average and maximum CO, (ppm) concentration average values during the occupancy
periods (as defined in Appendix C, C1 — C8in [53])

Room Average Max  PD (%)
min and max values  Stdev. % compliance (average PD # stdev)
(average <1250 ppm)
MMV1 718 — 3303 742 53.3 7142 27.8+11.3
MMV2* 1380 0 0 2623 26.7
BJAL 387 — 2235 686 50.0 6223 236145
BJA2 458 - 3103 830 40.0 7645 26.3+15.2
PBL1 1389 - 3255 658 0.0 8076 36.5+8.1
PBL2 1081 - 3029 546 10.0 747 36.6+7.6
PBL1 (2nd Period) 743 - 1876 379 66.7 4598 23574
PBL2 (2nd Period) 736 - 1311 175 77.8 2765 204+40
PTG1 976 - 2112 426 375 3775 285+7.1
PTG2 856 - 1757 312 50.0 4615 24.1+6.0
GRD1 561 - 3526 729 13.3 6804 33.0+£11.0
GRD2 975 - 2195 305 46.7 3336 249 +5.2
BGC1 531 - 2684 543 47.4 3871 26.7+8.9
BGC2 552 - 1938 619 50.0 2922 21.7+13.1

Note: * Due to the monitoring unpredicted interruption, only one monitoring period was obtained, therefore there is not an
average interval, but only one single value.

As shown in Table 5, in terms of the current national regulation [56], the CO, reference value was
fulfilled only 50% of the time (average < 1250 ppm), what still expresses a general unsatisfying result in terms
of IAQ. Most significantly is the case of the schools in which none of the monitored rooms presents a satisfying
concentration value (e.g. Guarda, average CO, percentage of compliance lower than 50%).

Moreover, the maximum recorded CO, values were always above 1800 ppm (at times reaching values

above 5 000 ppm, 33% of the maximum CO,). As suggested in [37], “by plotting the average indoor CO,
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concentration values in the expression PD (%) = 395*EXP (-15.15*Ccp,"-0.25) [57], where the PD is
expressed in terms of CO, concentration values in excess to outside air (ppm)”, the PD values, presented in
Table 5, were obtained. Since outdoor CO, concentration values were not measured, a value of 380 ppm was
estimated.

The school with the best results was PBL. In contrast, GRD1 is one of the rooms with worst performance
in terms of IAQ, which might be justified by the very low ceiling (< 2.50 m) and volume (<133 m®) of the room,
consequently, being more difficult to dilute CO, due to human occupancy.

The values presented for MMV2 (Table 5) are less significant because they correspond to a single
sample. The results obtained for PBL1 and PBL2 were also considered less significant in the analysis, because
the 2" monitoring campaign in this school did not confirm the bad performance of the first monitoring period. It
is noteworthy that during the 2" campaign (the consecutive scholar year), an increase of the room occupancy
was verified and the results were still better. One of the reasons might be due to the period of the campaign,
May/June 2014, in which higher temperatures outside could motivate opening the windows more often.

Deepening this analysis, based upon the EN15251 [58], the CO, evaluation was expressed in
concentration above the outdoor CO, concentration. It was verified that in all the classrooms, during a significant
percentage of the occupied time, the values fall into the optimum category that is normally used for
“recommended for spaces occupied by very sensitive and fragile persons with special requirements”. In theory,
the six schools under study should fit between categories Il and 11l (new buildings and major renovations;
existing buildings). These results, summarized in Figure 8, revealed that there was significant improvement

potential of IAQ, since schools unveil great 1AQ levels in the worst performing category.
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Figure 8 — Concentration evaluation expressed in percentage of time during occupancy periods in IAQ categories, according
to the values of Table B4 in EN15251, expressed in concentration above outdoor concentration (considered 380 ppm)

4.2.1.3. Classrooms’ AER

In Table 6 the obtained values for AER and fresh air rates (Q) are presented. Only robust AER estimations were

considered (regressions achieving high R?), like the example illustrated in Figure 2.

Table 6 — Summary table of the AER and Fresh air rate (Q)

Air Exchange rate (A, h™)

Fresh air flow rate (Q=V x })

Classroom N Min Max Average ST Dev Coe_fflgent of m/h
variation (%)

MMV1 7 0.10 0.14 0.11 0.02 15 14.3
MMV2 1 - - 0.20 - - 28.1
BJA1 7 0.14 0.18 0.16 0.01 8 25.6
BJA2 5 0.12 0.19 0.14 0.03 20 22.4
PBL1 6 0.08 0.13 0.11 0.02 23 15.1
PBL?2 4 0.09 0.15 0.12 0.02 20 17.2
PTG1 4 0.10 0.28 0.18 0.09 49 28.4
PTG2 2 0.12 0.22 0.17 0.08 46 26.1
GRD1 8 0.03 0.29 0.15 0.09 62 19.6
GRD2 7 0.03 0.14 0.07 0.04 55 12.8
BGC1 6 0.16 0.31 0.21 0.05 26 27.2
BGC2 - - - - - - -

Note: N = sample size; Q = fresh air flow rate; V = classroom volume (m®); A = air exchange rate (h™%).

Some observations regarding these results are noteworthy. A single value is presented for MMV2 and no

values are presented for BGC2, due to the fact that the monitoring equipment was early turned off. Also, the high

coefficient of variation of some classrooms shows the misleading character of the average as a statistical
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indicator (e.g., GRD1 and GRD2). In fact, either in GRD and PTG, the high degree of relative dispersion of the
sample exposes the difficulty/ambiguity of presenting a solid value that represents each of the schools. Looking
at GRD, the standard deviation (ST Dev) obtained in GRDL1 is higher than the average value obtained for GRD2.
In this particular case, such different results might be related with the classrooms location within the and with the
impact of the wind flows in such a complex building. Building on these observations, a mean AER value is not
presented for all the schools.

The results herein presented are significantly lower than those reported in previous studies, e.g., in
Michigan schools [50] 0.6 = 0.3 per hour. This shows the current airtightness condition of the refurbished

schools.

4.2.2  Results from subjective assessment

4.2.2.1 Answers from the questionnaires

Figure 9 and Figure A.2 (in Appendix) present the answers to: Thermal Acceptability (TA) - Do you consider
the thermal environment condition acceptable?; thermal comfort (TC) questions, such as How do you feel at this

moment?; or How would you like to feel?; and IAQ votes to Air stiffness, Air smells and General air quality.
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Figure 9 — Summary table of the 12 classrooms’ conditions (average) during the questionnaire

4.2.2.2 Estimation on comfort indices based on schools’ data collection

The complete procedure of estimation of comfort indices Fanger’s thermal comfort indices based on schools’
data collection has been previously exposed in [59]. Likewise, “aiming at comparing PMV and PPD indices,
with the results obtained from the questionnaires“, three results for each classroom were obtained. All the
simulations and values can be found in [53] (Appendix F).

Figure 10 presents a synthesis of the simulated results in the six schools. The survey in PBL was driven
during the second monitoring period. Regularly, PMV index is expressed between -3 and +3. Herein, the interval

was reduced since all the simulated values fit -2 and +2, emphasizing the small deviation estimated.
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Figure 10 — PMV calculated votes (mean and standard deviation) based on simulation

4.2.2.3 Indoor air quality analysis based on CO, concentration values

Following the reasoning previously presented in section 4.2.1.2 (IAQ and classrooms’ CO, concentration
values), i.e. “by plotting the metered average indoor CO, concentration values in the expression
PD (%) = 395*EXP (-15.15*CCO2"-0.25) ", the percentage of dissatisfied (PD) was determined.

As in [59], in Figure 11, PD with IAQ in classrooms during the questionnaires (CR 1752-1998 [60]) is
plotted together with PD derived from the questionnaires. Considering this pollutant concentration levels, it
would be expected a higher value of PD (with the exception of room MMV2 for which monitored values were
not available). “This study confirms other studies where the subjective assessment is made by “outsiders” and

not by the actual occupants, whose vote was more “sensitive”, i.e. not accommodated [61]” in [59].
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Figure 11 — Percentage of dissatisfied estimated on CO, concentration excess in relation to outside air (CR 1752-1998)
plotted together with PD values from the questionnaire

5. Discussion

Within this paper, six out of the eight secondary schools integrating the 3Es Project, were studied in terms of
their energy consumption and IEQ performance.

When first tackling their energy performance, different approaches of data normalization were explored.
Aiming at creating a feasible and precise School Building Indicator (SBI), through the exploitation of different
variables (area/ no. students/ HDD), different results were obtained.

This study reinforces the complexity of benchmarking as presented in previous studies [52] [62]. In fact,
the approach suggested in [62], of one climatic indicator integrating a potential weather adjustment —
kWh/m*HDD, proved to be clearly misleading.

Based on the indicator kWh/m? expressed in GFA or TUFA, the median and 25" percentile results of the
six-school sample allowed establishing a typical (typ) and a good practice (gp) value. Based on [62], in Figure
12, TUFA values (the less favourable values) are compared with the ones presented in the literature relating to

consumed energy values in secondary schools.
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Figure 12 — Secondary schools’ annual global energy consumption values per country (kWh/m?)
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The following notes are worth mentioning: (i) Portuguese, United Kingdom (UK) and Northern Ireland‘s
values correspond to the median (typ - typical) and 25% percentile (gp — good practice) values; (ii) Cyprus (CY)
and Hong Kong (HK) values are not referred (average values?); (iii) Argentina (ARG) gp values correspond to a
mean value; United States of America (USA)’s values were determined by the authors of [62], based on data
available in [63], for the 8 climatic zones (typ and gp also correspond to the median and 25% percentile values of
all the climate zones) — the four climate zones here presented are the ones closer to the Portuguese condition.

The Portuguese SBI indicator of 53 kWh/m? (typ) is definitely much lower than all the other observed
data. One of the reasons explaining these results might be due to the non-continuous operation of the HVAC
systems in schools (mostly due to energy and operation costs). The implications of this general low HVAC
systems operation were shown in the previous sections.

As seen in Figure 10, not all the obtained values respect the conditions recommended by the standards —
EN 15251:2007, Category Il: PPD <10 and PMV = 0.5 (table A.1, Annex A). Namely MMV2, BJAL and GRD2
with calculated PPD of 34.0, 20.6 and 16.5% respectively. All the others are slightly above 5.0% but lower than
10%.

In Figure 13, the subjective evaluation of the thermal environment is plotted along with the PMV values
calculated for each of the classroom (as previously presented in Figure 10). A summary of the thermal
conditions (indoor Ta, °C) of the classrooms during the questionnaires’ period, plotted with PMV simulations (in
grey) and thermal sensation votes (TSV, in black), mean and standard deviation votes is presented. Generally,
TSV in classrooms “accompanies” indoor Ta (°C), e.g., in BJA2 (Ta=25.2 °C), and TSV = 0.47 while in GRD2
(Ta=26.8°C) and TSV=0.75.

Although TSV overestimates PMV in all cases except for MMV1, in 75% of the cases thermal
acceptability (TA), reported in Figure 9, was higher than 80%, even when T, was higher than 25.0 °C, as in
BJA2 and GRD2. In GRD2, Ta was higher than 26.5 °C, but only 15% voted A bit cooler and TA = 84%. In
contrast, in PBL when Ta was slightly above 24 °C, TA was quite reduced, 54%. Curiously, in cases of lower TA
as in MMV, either in classroom 1 or 2 (TA= 73% and 18%), TSV were still satisfactory: in MMV1, 95% voted
No change, besides Ta was higher than 25°C. And in PBL2, were only 54% stated accepting the thermal

environment, only 12% voted A bit cooler or Much cooler.
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Figure 13 — Air temperature values plotted against TSV and PMV (mean and standard deviation)

Generally, TSV are spreader than PMV. Attempting separately the mean values for each of the
classrooms, it can be seen that in classrooms BJAL, students perceived the thermal environment more
comfortable than it would be expected from the calculated PMV - they did not perceive the environment so cool
(Tagja1 = 22.1 °C). The same reasoning can be drawn in classroom MMV1, but from the opposite perspective —
in this case, students (TSV mean vote) did not perceive the environment so Warm (Taywmvi = 25.7 °C).

In 67% of the schools, it was verified that the distribution of the votes tended to narrow with a decrease in
the temperature (when comparing both monitored classrooms in each school), excepting PBL and BGC. This
finding is divergent from to the one of H. Yun et al. (2014), [64] — which may be explained by the smaller Ta
difference in our case studies (< 3°C) in comparison to a higher Operative Temperature difference in [64] (~ 8°C)
or by the differences of the sample size. In PBL the Ta difference is very small (< 1°C) to allow any conclusive
remarks. The only exception is in fact BGC, where TSVpggc = 0.64 + 0.95 and TSVpgc, = 0.42 + 0.69 (Tagge™
Tagge)-

IAQ subjective assessment did not differ much across the schools: Air stiffness votes were rather
distributed in both monitored classrooms in each school. In a more detailed analysis, BGC was the school better
performing in this evaluation with more than 68% of the votes between Good and Exceptional, followed by
PTG, GRD and BJA. The school worse performing in terms of Stiffness perception was definitely MMV,

particularly classroom MMV2. Although Ta was an estimation (since we were not able to register it), this was
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the classroom with higher Ta during the survey, Ta > 28.3 °C. Air stiffness votes might have been influenced by
this factor. This condition might also have influenced Air smells votes, where again, MMV is the school with
worst results. BGC is once more the school with more satisfying votes, followed by GRD and PTG. Classrooms
in MMV and PBL reveal high contrast between them — MMV 1 votes are far more satisfying than MMV2 and in
PBL, PBL2 votes are far much better than PBL1.

General air quality votes were explored in section 4.2.2.3 and Figure A.2. It is significant that in some
schools, a substantial number of respondents were unable to define their votes (voting Undefined), e.g. PBL and
GRD, circa 50%. Once again, MMV2 was the classroom with worst votes — this was already quite visible in
Figure 11; however, it was not possible to compare these votes with predictable PD due to absence of monitored
CO, data. BGC global assessment confirms the previous IAQ votes, with circa 70% of the students in both
classrooms voting between Good and Exceptional, and registering the lowest Undefined votes from all the

sample, <20% in both classrooms and only 5% negative votes in BGC2.

5.1 Conclusions

The work presented aimed at evaluating both the energy and IEQ performance TC and of recently refurbished
Portuguese secondary schools running in free running conditions / natural ventilation mode or mechanically
ventilated, mostly during mid-season. The energy consumption data unveiled quite low values when compared
with other buildings of the same typology. The costs of this condition are expressed in the IEQ evaluation of the
classrooms in these schools.

Herein, the indoor climate quality was tackled by the comparison between the subjective votes (TSV) and
predicted votes, deriving from the objective monitoring of some environmental parameters, allowing the test in
field, both in the “traditional” approach and in the adaptive one. This study strengthened findings of former
studies conducted in classrooms — “students in secondary schools in Mediterranean climate under free running
conditions in mid-season ”[37]:

= stated accepting indoor T, up to 25.2 °C, in BJA (TA = 95%) or even above 26.5°C, in GRD (TA =

84%);

= expressed TSV for no change;

= confirmed that thermal neutrality is not the preferred state.

On the basis of these results, a trend was found for the thermal preference from Slightly warm

environments in the mid-season: higher temperature ranges than those presented in the norms are accepted.
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Concerning IAQ, focusing on CO, concentration levels, the perceived votes reveal students’ adaptation to
the environment exposure. Moreover, it was found that IAQ regulations are not being fulfilled. The
concentration of this pollutant frequently exceeded the national and international reference limits.

In Portugal ventilation rates are dependent on indoor pollution sources and occupancy (like in North
America, where these are regulated by ASHRAE 62.1-2010 [34]). In the UK, the recent version “Facilities
Output Specification for School Buildings” [65] and BB101 [21] “provide guidelines on maximum CO, levels”
(<5000 ppm and < 2000 ppm for more than 20 minutes at a time) and minimum ventilation rates to ensure
adequate TAQ in classrooms”, namely, that average ventilation rates shall be above 5 L/s-p (18 m¥h) and
ventilation rates above 8 L/s-p (28.8 m*/h) shall be easily achieved by the occupants.

The AER values obtained in the schools under-study reveal their airtightness condition. AER need to be
adjusted to remove indoor pollutants during non-occupancy periods. However, during occupancy periods,
opening windows or HVAC systems are needed to maintain air quality levels. High CO, concentration values
were found indoors because, in most cases, HVAC systems were turned off due to energy costs.

Drawing on these results, indications to school directors and teachers should be given in the sense of
promoting /increasing AER when systems are not active, namely through window(s) and/or door opening, to
improve IAQ conditions. Lesson breaks are a good opportunity for air renewal. Besides improving 1AQ,
adaptive actions as windows opening/closure or shading device manipulation, may help controlling microclimate
conditions. In many situations these depend on the teacher’s behaviour, more than students’[66]. Although
adaptive opportunities in classrooms are relatively scarce, in Portuguese public schools, there is no obligatory

uniform, for which students may add or remove layers of clothing.
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Appendix

Table A.1 — Syntax table of the 6 schools classrooms and windows’ characteristics

School / Room Height (m)  Width (m)  Area (m? Total Area (m?) | (n° units ) Windows images
MMV1 Window  1.98 2.10 4.16 8.32(2)

& Window  1.98 1.05 2.08 4.16 (2)

MMV2 (opening)

MMV1 and MM2 are located in different buildings. Room MMV1 is located in A3, NW oriented and MMV2
is located in A1, SE oriented. Windows are equal in both rooms: double casement windows. Window
opening area corresponds to the area of a single casement.

BJAL Window  1.80 1.20 2.16 8.64 (4)
& Window  1.24 0.60 0.74 2.98 (4)
BJA 2 (Opening)

BJAL and BJA2 are both located in building A, facing N and S respectively. Windows are equal in both
rooms: sliding windows with a superior hopper. Only the sliding windows were considered on window
opening since it was verified that the hopper window was always obstructed by the blinding system.

PBL1 Window  0.42+1.08 3.49 5.24 10.47 (2)
& Window  0.42+1.08 111 1.67 1.67 (1)
PBL2 (opening)

PBL1 and PBL2 are both located in building A, facing NW and SE respectively. Each glazed area) is
composed of sliding windows and an upper glazed surface composed of two fixed glasses and one hopper.
Window opening area was estimated as the area of one ‘slid’ and the mid centre hopper windows area.

PTG2 Window  1.82 2.3 4.19 12.56 (3)
Window  1.20 0.77 0.92 2.73(3)
(opening)

Room PTG2 is located in building C, S oriented and PTG1 is located in building F, N oriented.
PTG1 has one more window, i.e. the total values presented for windows surfaces in PTG1 are 16.75 (4) and
3.67 (4) for window opening. Each glazed surface has a casement window = window opening area.

GRD1 Window 060+120 3.6 6.48 12.96 (2)
& Window 1.2 1.2 1.44 2.88(2)
GRD?2 (opening)

Room GRD1 is located in building E, S oriented and GRD?2 is located in building G, E oriented. Windows
are equal in both rooms. Since the opening window is a tilt and turn unit, for window opening it was
estimated the totality of the window opened as a casement window.

BGC1 Window  1.53 1.39 212 6.36 (3)
Window  — - - 1.59 (3)
(opening)

BGC1 and BGC2 are both located in building A, facing W and E respectively. Windows are equal in both
rooms: double hung (or double hopper) windows.

BGC2 has one more window, i.e. the total values presented for windows surfaces in BGC2 are 8.48 (4) and
2.12 (4) for window opening. Window opening was roughly estimated as ¥ area of the windows area.
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Table A.2 — Schools’ characterization synthesis: main construction elements of the 6 schools pre and post- intervention, as presented in [67], [68], [69] (Parque Escolar EPE publications).

School Typology Initial building construction characteristics (general notes) “New” building construction characteristics (short notes)

GRD Special Design Plan of 1958 [68] Intervention date: July 2009 — December 2011

1969 1960 | Preliminary draft Arch. Anténio Maria Veloso Gomes Walls: Thermal insulation on the outside over existing walls (60mm ETICS)
1965 | Project Arch. Anténio Maria Veloso Gomes Ceilings: OSB panels
Special characteristic: winter playground area

PTG Lyceum Pavilion  Standardized studies of 1968 [68], [69] Intervention date: September 2008 — June 2010

1976/77  Type

General author: JCETS | Project Arch. Maria do Carmo Matos

Normalized project, general construction references:

lattice structure (7.20 m x 7.20 m); exposed concrete elements (pillars & beams)
single structure dimensioning : pillars & beams (interspace between pillars)
brick masonry elements exposed or covered w/ painted plaster

3 normalized types of bricks for walls

2 types of indoor openings (general doors & toilet doors)

Walls: Thermal insulation (40+10mm) "PladurTerm-N (xpe)" or 40 mm rock wool
covered w/ painted plasterboard) applied on the inside over existing walls —
brickwork or concrete

BJA Industrial and
1960 Commercial
Technical School

Buildings for technical and vocational education — technical schools [68]

General author: JCETS
Preliminary draft — Technical school type (1950) [69]
Special characteristic: workshop area w/ significant dimension

Normalized project, general construction references:

Intervention date: October 2008 —November 2009

Windows: Aluminium frames + double glazing
Shading devices: Translucent and opaque interior blinds — classrooms; Exterior
blinds — labs

PBL ) = ) ) Intervention date: October 2008 — November 2009
1963/64 : ?Egitr']agu ’(legrrtghagssaguotr;— central corridor, both length regular classrooms and drawing classrooms, Walls: 30 -50mm insulation (XPS or polyurethane projection foam), covered by an
= classrooms resizing — 6.8 m x 7.5 m (vs. 6 x 9 m previous preliminary drafts) — more “squared” sl)\(/ti?]rgg\lxvcsl'aghdelpn%a?chth:\I’Erﬁ?r?ii?g ;?;;:;ngﬂ%llles lazina (tempered ext. alass
= drawing classrooms w/ new length — 15 m (holding bigger size drawing boards) ’ 9 g (temp - glass)
= workshops length reduction — from 10 mto 7 m
BGC = main classroo_n‘_n bund_lng - cellm_g height reduction to 3.6 m (vs. 4 m previous height) Intervention date: July 2009 — March 2012
= workshops ceiling height reduction — 4.5 m - ) )
1962 = general resizing of the buildings — classrooms 4 floors high & physical education 3 floors high Ceilings: Suspended microperforated plasterboard ( thermal & acoustic)
" ) ) . Walls: Thermal insulation on the inside over existing walls
4" Normalized project — Technical school type (1960°) [69] (60mm XPS covered w/ painted plasterboard)
= uilding blocks connected through outdoor covered galleries
= adaptability to the site slope
MMV 3x3 Pavilion Type Type projects for secondary schools [68] Intervention date: July 2009 —November 2010
1970’s General author | DGEE — Maria do Carmo Matos Ceilings: Suspended microperforated plasterboard (thermal & acoustic)

Normalized project, general construction references:

modular classroom sized 50m?, set in a regular grid 7.20 x 7.20m (structure)
squared building blocks — 21.60 x 21.60 m, one or two floors high

second module 0.60 m for furniture

pillar-beam portico structure w/ reinforced concrete slabs

no thermal insulation

double pane brickwork exterior walls

Windows: Aluminium/ galvanized steel/iron frames (no thermal cut) + double
glazing (different widths)

Walls: Plaster + brickwork / concrete + thermal insulation + ventilated cavity+
brickwork + plaster compound (indoor — outdoor)

Shading devices: Translucent interior blinds
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Table A.3 — Summary table of the energy and Indoor Air Quality monitoring equipment

Parameter Unit Equipment
Air temperature °C
. . ; e Extech SD800 Datalogger, Tinytag Talk 2
Indoor Air Qua“ty Relative Humldlty % X
CO, concentration opm Datalogger & Tinytag Ultra 2 Datalogger
Energy Electrical power kw Qualistar Chauvin Arnaux 8334

Note: Natural gas consumption was not monitored. Data analysis was performed based on energy bills and utility meters
reading.


https://www.google.pt/search?q=Double+layered+masonry+wall&espv=2&biw=1280&bih=899&tbm=isch&tbo=u&source=univ&sa=X&ei=SljHVPriNMP1UrS4gbgB&ved=0CB4QsAQ
https://www.google.pt/search?q=Double+layered+masonry+wall&espv=2&biw=1280&bih=899&tbm=isch&tbo=u&source=univ&sa=X&ei=SljHVPriNMP1UrS4gbgB&ved=0CB4QsAQ
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Table A.4 — Summary table of the 6 schools / 12 classes answering the survey

Room CG N Anthropometric and gender data Clo Insulation*
Gender (%) Age (y) Height(m) Average BMI (kg/m®) M F Average

MMV1 11" 22 45 (M)/55(F) 165 1.67 22.0 0.53+0.13 051+0.11 052+0.11
MMV2 9" 22 50 (M)/50(F) 15.2 1.67 20.9 059+0.15 057x0.15 0.58+0.15
BJAL 11" 26 54 M)/46 (F) 16.7 1.71 21.1 046+0.09 0.46x0.05 0.46+0.07
BJA2 10" 19 32 (M)/68(F) 15.6 1.64 21.7 044+0.00 0.45%+0.05 0.45+0.04
PBL1 10" 25 40 (M)/60(F) 15.6 1.67 22.0 0.43+0.03 0.53+0.10 0.49+0.10
PBL2 8" 26 50 (M)/50(F) 14.2 1.62 21.3 0.51+0.10 054+0.10 0.53+0.10
PTG1 8" 28 25 (M)/75(F) 135 1.62 22.6 055+0.17 054+0.11 0.54+0.13
PTG2 10" 16 44 (M)/56 (F) 155 1.68 20.7 055+0.14 056+0.16 0.55+0.14
GRD1 11" 17 18 (M)/82(F) 16.0 1.64 20.5 0.65+0.19 054+0.11 056+0.12
GRD2 9" 20 50 (M)/50(F) 13.9 1.67 19.7 0.61+0.10 055+0.15 0.58+0.13
BGCL 9" 22 55 (M)/45(F) 13.6 1.64 19.1 0.62+0.21 055+0.10 0.60+0.16
BGC2 9" 19 42 (M)/58(F) 14.1 1.65 22.1 0.59+0.13 0.61+0.09 0.60+0.11

Notes: CG = Class grade; N = number of students/validated questionnaires; BGC1, one questionnaire was not considered
due to doubtful answers & in one of the questionnaires, the gender was not identified; * Clo insulation was calculated
according to Table C.2 in [30]. The wooden chair insulation (0.01 clo according to Table C.3) was not considered.
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Table A.5 — Summary table of the 6 schools /12 classrooms conditions during the questionnaires

Room Date/ Time Ta RH CO, ExtTa Notes
(°C) (%) (ppm) (°C)

MMV1 06/06/2013 @ 11:15 25.7 455 1178 16.8 Survey after the beginning of the class at 11:05 (after a
small interval between classes). At that time, students had
been inside the room for less than 15min.

MMV2* 06/06/ 2013 @ 11:45 283 50 - 16.8 Survey by the end of the class initiated at 11:05. Students
had been inside the room for more than 30 min.

BJA1 13/05/2013 @ 12:00 22.1 55.2 924 25.8 Survey after the beginning of the class at 11:45 (after a
small interval between classes). At that time, students had
been inside the room for circa 15min.

BJA2  13/05/2013 @ 15:50 25.2 414 753 28.1 Survey a few minutes before the end of the class initiated at
15:15. Students had been inside the room for more than
30 min.

PBL1 03/06/2014 @ 10:30 24.7 55.2 1159 17.2 Survey after the beginning of the class at 10:30 (after the

PBL2 241 58.7 1647 morning interval between 10:10 - 10:25).

PTG1 10/05/2013 @ 10:30 23.8 50.8 1523 20.6 Survey after the beginning of the class at 10:20 (after the
morning break between classes 10:00 — 10:20). At that
time, students had been inside the room for circa 5min.

PTG 2 13/05/2013 @ 10:00 249 35.1 1188 254 Survey a few minutes before the end of the class initiated at
9:15. Students had been inside the room for more than
30 min.

GRD1 17/10/2013 @ 12:05 24.4 59.7 2152 18.3 Survey after the beginning of the class at 12:00 (after a
small interval between classes). At that time, students had
been inside the room for circa 5-10min.

GRD2 17/10/2013 @ 09:50 26.8 49.3 2205 17.7 Survey a few minutes before the end of the class initiated at
9:20. Students had been inside the room for circa 30 min.

BGC1 18/10/2013 @ 10:25 220 68.1 1786 13.2 Survey after the beginning of the class at 10:20 (after the
morning interval between classes). At that time, students
had been inside the room for circa 5-10min.

BGC2 18/10/2013@ 13:05 24.3 65.9 2027 186 Survey a few minutes before the end of the class initiated at

12:00. Students had been inside the room for more than
60 min.

Notes: MMV2. Since monitoring in MMV2 was earlier interrupted in 17/05/2013, Ta herein presented has been estimated
based on temperature differences between Ta in the room and external temperature in 07/06/2013.RH was estimated as 50%.
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Note: Climatological data presented for Montemor-o-velho are those available for the nearest most representative city,
Coimbra; the same goes for Pombal, data herein presented correspond to Santarém’s climatological data.

Figure A.1 — Mean Monthly Temperature a), Minimum Monthly Temperature b), and Maximum Monthly

temperature c) for the cities corresponding to the 6 schools” CCD selection
[Temperature values were obtained from www.ipma.pt]


http://www.ipma.pt/
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Note: T = Terrible; T/B = Terrible — Bad; B = Bad; BNA = Bad w/ negative aspects; BPA = Bad w/ positive aspects; B/SB =
Bad -slightly bad; SB = Slightly bad; SB/SG = Slightly bad — Slightly good; SG = Slightly good; SG/G = Slightly good —
Good; G= Good; G/E= Good exceptional; GNA = Good w/ negative aspects; GPA = Good with positive aspects; E =
Exceptional.

Figure A.2 —Answers from the IAQ questions. Summary table of the 12 classrooms
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