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Abstract: European Building Codes have transitioned towards Net Zero Energy Building (NZEB)
requirements in new constructions, demanding high levels of insulation and airtightness derived
from research and standards developed in Northern and Central Europe. The use of these principles
in Southern Europe, where solar radiation is greater and building typologies and user behaviour are
different, may have had a negative impact in Thermal Comfort and Energy Demand and Consumption.
In this study, six dwellings located in a 2018 27-storey Passivhaus-certified building were monitored
for a period of 9-18 months in 2019 and 2020. In the spirit of a complete Post-Occupancy Evaluation,
a User Comfort Survey was carried out. The obtained data were analysed and fixed-limit and
adaptative comfort models were used to assess the compliance of several European Comfort Standards,
namely, EN ISO 7730, EN 15251, CIBSE TM:52, CIBSE TM:59 and CIBSE Guide A. Experimental
results confirmed the issues reported by occupants in the Comfort Survey, making evident a severe
overheating problem which we were able to quantify. In addition to presenting the obtained data and
its analysis, this paper discusses the plausible causes and health-related implications of excess heat in
NZEB Housing in the Northern Spanish climate.

Keywords: NZEB; thermal comfort; overheating; adaptative comfort; post occupancy evaluation
(POE); collective housing; Passivhaus; monitoring campaign; comfort survey

1. Introduction

The improvement of energy efficiency in Europe, regulated by the European Directive EU
2010/31 [1], proposes as an objective the construction of buildings with almost zero energy consumption
(NZEB), developed in EC 2016/1318 [2,3]. Some aspects outlined in the document [3] are the use
as models of the very low energy consumption buildings developed in Europe with conservative
solutions built in the cold climates of Central and Northern Europe. The benchmark are the Passivhaus
and Minergie standards, which have a long tradition in Central Europe. The simulations are carried
out with very broad reference climates. This methodology has some disadvantages, such as the
use as a model of single-family houses with a significantly different behaviour to collective housing,
predominant in Spain. The real occupation in collective housing in Spain are higher than the Central
European average and internal gains are very influential in buildings with very low energy demand.
At the same time, local climatic variations also have a decisive influence on the internal contribution of
solar radiation. Some countries and regions have incorporated objectives very similar to those set by
the Passivhaus standards into their national regulations [4]. The objective of this study is to verify the
behaviour of collective dwellings built under energy-conserving standards such as Passivhaus in the
climate of the Basque Country and the degree of interior comfort according to different regulations
focused on the detection of overheating.
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Overheating is a known problem in highly airtight and insulated buildings with numerous studies
confirming it [5-9] and analysing energy efficiency and comfort in a variety of European climates.
A common element in these studies is that occupants are often more satisfied with winter comfort
than summer comfort. As a summary, a study of the first Passivhaus houses in Denmark [10] states
that “the great interest in energy efficiency has reduced the interest in interior comfort. This has led to
problems in overheating of buildings, among others”, and concludes that there is an emerging conflict
between the implementation of energy efficiency standards and the recommendations of Article 4 of
the EU Directive 2010/31: “These requirements shall take into account the general conditions of the
indoor climate, avoiding possible negative consequences such as inadequate ventilation, as well as the
particular conditions, use and age of the building” [1]. Many of the studies add overheating mitigation
measures [11-16].

1.1. Overheating and Health

There is a well-established relationship between high temperatures and mortality risk.
The European heat waves of 2003 and 2006 caused a significant increase in excess summer mortality,
mainly among the elderly and socially isolated [17,18]. In the most recent June-July 2019 European
heat wave, an excess mortality of 2964 deaths were recorded in the Netherlands [19]. In August 2003,
more than 30,000 excess deaths were recorded throughout Western Europe during the 10 days of
the heat wave [20]. In Spain, the excess mortality recorded for that year between June and August
was 12,919 people more than the previous period, affecting especially the age group of 70 years or
older. Among the causes directly related to heat, heat stroke (169 cases compared to 9 in 2002) and
dehydration (191 compared to 71) were the most notable. However, the greatest impact occurred in
other causes of death that respond to previous chronic pathologies considered at risk in situations of
high temperatures, such as Alzheimer’s disease (which increased by 56.1%) [21]. Although the increase
in mortality recorded that year affects to a greater extent the hottest regions of Spain, there is an 11.3%
increase in mortality in regions considered to have temperate summers, such as the Basque Country.

As a result, the prevention of heat-related mortality has become a major public health concern in
Europe [21-23] and in Spain. In this country, the first National Plan of Preventive Actions against the
Effects of Excessive Temperatures on Health was published in 2004, and a new one is drawn up every
summer with the aim of reducing the potential effects associated with heat waves during the summer
period [24]. However, studies with detailed empirical data on indoor temperatures during the summer
in buildings, as well as information on the characteristics of dwellings and occupants, are still scarce.
It is important to note that the population of Spain is aging. Those over 65 years of age account for
19.4% (9 million) of the total population (47 million) in 2019, of which 2 million live alone according to
the National Institute of Statistics. This can have strong implications on excess mortality due to living
in apartments with a number of hours of excessive overheating.

1.2. Housing Typology in Spain

Housing typology impacts greatly in overheating in dwellings. Smaller units with higher
occupancy will suffer from more severe overheating, since the higher the density of inhabitants and
the smaller the useful surface area, the greater the incidence of internal gains on the global energy
balance and, therefore, the greater the impact on the internal temperature. Spain is the European
Union country with the highest percentage of population living in an apartment, 64.9% compared
to 46% of the European average or less than 20% in countries like the United Kingdom and the
Netherlands, according to the latest Eurostat report of 2018 [25]. The average size of the apartment in
Spain according to the Cadastre is 144 m2. However, this is very inflated data due to the numerous
existing rural dwellings of great size, which are often unoccupied. According to the Basque Institute
of Statistics, the average family home in the Basque Country in 2019 had a useful surface area of
87.2 m? [26]. Publicly subsidised housing has somewhat lower surface area ratios. In the case of the
development studied, it has an average closed surface area of some 80 m?, that is, about 21.66 m? per
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inhabitant, if one takes into account an average occupation calculated according to the regulations,
of 3.66 people per dwelling. The actual occupation according to the August 2019 survey shows
an average of 2.45 people/household, that is, a ratio of 32.44 m?/person. In Germany, for example,
the useful area per person is 42.9 m?/person [27].

Itis understood that the recent occupation of the building in many cases by young people generates
these low-occupancy values that will increase over time. This fits in well with the average useful area
of the dwelling for the Basque Country as a whole, which is 87.2 m?. The average occupancy rate
in Spain is 2.5 inhabitants per home (2.38 in the Basque Country) [26,28], but it must be noted that
this is a statistic that reflects the occupancy rate of consolidated homes with a variety of age profiles.
Figure 1 shows the average size of homes in the metropolitan area of Bilbao. The parts in red colours
correspond to urban areas, housing between 60 and 90 m?. The rural areas with larger single-family
homes are in green [29]. Shown in green, in the centre of the image, are the houses of the centre of
Bilbao with the bigger bourgeois apartments. The monitored houses are located in an environment of
small houses (60-75 m?).

<60 m? 60 m? - 75 m? 75 m? - 90 m? 90 m?-105m> Ml > 105 m?

BOLUETA

Galdakac

Figure 1. Average house size in the metropolitan area of Bilbao, with an indication of the case study
location. Source: Authors on the base of elDiario.es, National Institute of Statistics (Instituto Nacional
de Estadistica, INE) and the Spanish Cadastre.

1.3. The Urban Heat Island Effect

Another effect to consider on overheating is the impact of urban heat islands. In the Basque
Country, 73% of households are concentrated in cities [26], so urban heat islands can increase the
effects of overheating. This situation also implies worse conditions for the use of natural ventilation
due to environmental noise in the urban environment. The studies available in Spain focus on cities
with very hot summers such as Valencia, Barcelona or Zaragoza. A recent study on urban islands in
Bilbao [30] shows that there are clear differences not only between the city and the countryside but
also between different parts of the city, and points out the peculiarities of the UHI of Bilbao: “(... )
local climatic differences occurring inside the city and show the influence of complex topography
and sea/land breeze in the urban climate. Hourly maximum temperature anomaly occurs just after
sunrise and an urban cold island (UCI) is developed after midday. Along the year, mean UHI intensity
is highest in autumn and the UCI effect increases in spring and summer in relation with sea breeze
cooling potential. Diurnal and seasonal variation of air flow patterns appear to influence significantly
on UHI intensity” [30]. We must take into account that the climate models used for energy design and
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building evaluation use climate data from airports, located in clear areas and without the effect of the
city, as is the case of Bilbao where the reference station is located at Loiu airport.

1.4. Spanish Overheating Prevention Standards and Regulations

Despite the fact that Spain is a country with high summer temperatures, there are very few
regulations that limit overheating in homes or require preventive measures to prevent it from occurring.
This contrasts with European countries such as the United Kingdom or France, for example, which have
developed specific regulations to prevent this. The climatic zone in which the Basque Country is
located means that no autonomous regulations have been drafted with a view either to protect homes
from the foreseeable increase in temperatures due to climate change or to increase the efficiency of the
building envelope. The housing regulations in force in the Basque Autonomous Community [31] only
state that “The lighting sources [windows] in all rooms shall be equipped with blinds, shutters or some system
that allows them to be darkened”, referring more to a concept of darkening to allow sleep. The new project
for habitability regulations, which is currently being processed [32], goes deeper into this concept by
commenting that “ ... to avoid the entry of undesired solar radiation, the lighting spaces in all rooms will be
equipped with blinds, shutters, slats or some system that allows them to be darkened, whose operating mechanism
is accessible”. It also favours the types with cross ventilation, considering as such the houses that have
adjacent facades and not only opposite facades.

In the case of Spain, current regulations, the Technical Building Code [33], do not require
overheating in non-climate-controlled buildings, but only limit the consumption of primary energy
from non-renewable sources, depending on the climate zone. By limiting the demand for primary
energy, it is understood that an excessive demand for primary energy for cooling is also being limited.
For each space where the monthly cooling demand is lower than the limit, it is assumed that cooling is
not necessary in that month. When the cooling demand is higher than the limit, the energy consumption
needed for cooling is calculated with the projected system (if available) or with virtual low energy
equipment in the case of non-air-conditioned spaces. The evaluation of the necessary energy demand
is done by means of the unified tool LIDER-CALENER (HULC) [34].

Data that shows the mildness of the Basque Country summer can be found in the number of
air conditioning equipment available in homes. In 2008, only 1.7% of households in the Basque
Country had air conditioning, as opposed to 35.5% of the national total [35]. The Idealista housing
sales website [36] for 2020 indicates the percentage of homes for sale with air conditioning. In Bilbao,
2.1% of homes have air conditioning, while in San Sebastian it rises to 5.8%, and in Vitoria it is only
1%. It indicates only 1.9% for the whole of the autonomous community. However, it is paradoxical
that there is a National Plan of Preventive Actions for High Temperatures [24], which tries to inform
the population of the risk levels that occur during heat waves depending on the risk area in which
each town is located, due to the constant increase in them in recent years. Other countries, however,
have much more advanced measures to control the risk of overheating, most notably the United
Kingdom [37]. Several reports in this country have highlighted the importance of improving the
understanding of the risk of overheating of buildings and identifying the optimal solution routes
through long-term planning and improvement of building design [37-42]. In France, the latest update
of the Thermal Regulation, RT 2020 [4], summer comfort has been identified as one of the primary
objectives, together with energy efficiency and CO, emissions reduction.

1.5. Relevant Previous Case Studies

There is a varied body of research on overheating in residential buildings in Europe [5-16]. In [16],
there is a wide sample of these studies focusing on buildings with Passivhaus certificate dating 2011
to 2015. Of the 44 cases collected, only 5 (11.3%) refer to collective housing buildings, the rest being
detached or semi-detached houses. In the United Kingdom, since the heat wave of 2003, many studies
have been conducted on overheating in buildings during the summer, summarised in [43]. In [44],
30 cases of different periods and construction are also studied. The same study presents a monitoring
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campaign of 129 developments built mainly in the 20th century and, as late as 2006, 50% corresponding
to apartments in collective housing. The monitoring of 25 social apartments built under the Passivhaus
standard, and located in Sampson Close Coventry, east of Birmingham, [6] can serve as a reference for
the problems that this type of construction can have in the summer. The results indicated that the limits
of the Passivhaus standard were exceeded in 18 of the 25 monitored dwellings (72%), with a maximum
value of 37% of the hours above 25 °C. Two of the apartments reach the limit of the annual value in
45 days of monitoring in 2011. In 2013, with the longest monitoring period (1 May-31 August 2013),
all five apartments exceed the annual maximum value of the Passivhaus, with peaks of 32% of hours.

In Spain, there are 128 homes with Passivhaus certification, of which only 16 developments
correspond to the collective apartment typology, with this development being the largest in number of
apartments and size [45]. In 2018, some 100,000 m? of built area were certified under the Passivhaus
standard, with this development having 28,000 m? of conditioned useful surface area (Treated Floor
Area). This means that only this promotion represents the third part of the certified houses in Spain.
A second phase of this development was built and delivered to the homeowners in May 2020, built with
the same characteristics, but it did not undergo the Passivhaus certification process.

It is important to emphasise that there is practically no monitoring of collective housing built
under the Passivhaus standard in Spain. Only some studies have been carried out on single-family or
semi-detached houses [46—48]. This results in a very partial bibliography with little relevant data.

2. Materials and Methods

This study is based on a previous analysis of the implementation of the Passivhaus certificate in
collective housing in the Basque Country and Navarre [16]. In the previous work, the most common
typologies in social housing in the different climates of the Basque Country and Navarre were analysed
by means of dynamic simulations. This allowed mainly to detect the typologies with more possibilities
of suffering overheating and the climatic zones where the highest frequencies of the phenomenon are
produced. The Basque coast is characterised by a temperate climate, in which the effects of overheating
could be fought with a great solar protection and using intensively the night ventilation in houses
built under the Passivhaus standard. Deviations in ventilation and shading use patterns quickly led to
excessive periods of overheating. By means of this study, a correct selection of the range of dwellings
that can be more representative in the analysis of the overheating is realised. It is therefore a question
of avoiding characterising the most extreme cases.

In this paper, a monitoring campaign was carried out on a Passivhaus-certified collective social
housing project built in Bilbao by the regional government of the Basque Country. In the spirit of a
complete Post Occupancy Evaluation (POE), the study also included a comfort survey handed out to
the occupants.

2.1. Thermal Comfort Models and Standards

Regarding overheating, [44] notes that “At present there is no robust, defensible and universally
accepted definition of overheating either for use in the assessment of proposed dwellings, for example,
by modelling, or for as-built evaluation ... . Consequently, the papers reporting monitoring studies use
different criteria to evaluate whether or not overheating has occurred”. For this reason, this study uses
different models to detect overheating, summarised in Table 1. There are mainly two types of models,
those that meet acceptable temperature thresholds and those adaptive models that vary according to
the outside climate.

The choice of comfort models is a fundamental aspect in assessing the quality of the interior
climate. The two most adopted models are the Thermal Balance Model or empirical model (EN ISO
7730:2006 and EN 15251:2008) based on studies with climatic chambers, and the Adaptive Models
based on field studies, that account for subjective aspects of comfort and are in permanent revision [49].
Thermal Balance Models like EN ISO 7730 [50] best apply to indoor environments where steady-state
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thermal comfort or mild deviations from comfort occur. In Spain, the technical standard in effect
(RITE) [51] is based on EN ISO 7730.

Table 1. Summary of fixed-threshold and adaptative model thermal comfort standards.

Standard Overheating Criteria

Limits number hours T > 25 °C
Passivhaus Institut  Max. hours where T < 25 °C: 10%, recommends < 5%
Number hours T > 25 °C

> 15% Catastrophic
10-15%, Poor
5-10%, Acceptable
2-5%, Good

0-2%, Excellent

Tmax 25 °C for living rooms and 23 °C for bedrooms

CIBSE Guide A [53] Overheating when T > 28 °C 1% for living rooms and T > 26 °C 1% for bedrooms

Predominantly mechanically ventilated buildings
Rhmin = 40% and for maximum Rhmax = 60%

e  Category A: Tmin 21 °C, Tmax 25.5 °C

e  Category B: Tmin 20 °C, Tmax 26 °C

e  Category C: Tmin 19 °C, Tmax 27 °C

ISO 7730 [50]

Predominantly naturally ventilated buildings
e  Category I: Buildings with vulnerable occupants, i.e., elderly citizens

Upper temperature limit:
Teomf = 0.33 Trm + 18.8 + 2

EN 15251 [52] e  Category II: Other buildings

Upper temperature limit:

Tcomf = 0.33 Trm + 18.8 + 3

When the upper temperature limits according to the categories cannot be
guaranteed by passive means, mechanical cooling is unavoidable.

Predominantly naturally ventilated buildings
e  Criterion 1: hours of exceedance (H) !

CIBSE TM:52 [54] e  Criterion 2: daily weighted exceedance (We) 2
e  Criterion 3: upper limit temperature (Typp) 3

A room is overheated if any two of the three following criteria fail.

Predominantly naturally ventilated buildings

(a) Living rooms, kitchens and bedrooms:

The number of hours during which AT is greater than or equal to a 1 K during the
period from May to September will not be more than 3% of occupied hours. (CIBSE
Criteria TM52 1: Hours of He Exceedance).

(b) Bedrooms only:

To ensure comfort during sleeping hours the operating temperature in the bedroom
from 10 p.m. to 7 a.m. should not exceed 26 °C for more than 1% of the annual
hours (32 h).

Predominantly mechanically ventilated:

Living rooms, kitchens and bedrooms:

Annual hours AT > 1 K less than 3% of occupied hours

CIBSE TM:59 [55]

! The first criterion sets a limit for the number of hours that the operating temperature can exceed the comfort
temperature threshold (upper limit of the comfort temperature range) by 1 K or more during the occupied hours of
a normal period outside the heating season (1 May to 30 September). > The second criterion refers to the severity
of overheating on any given day, which can be as important as its frequency, the level of which is a function of
both the increase in temperature and its duration. This criterion sets a daily limit for acceptability. 3 The third
criterion establishes an absolute maximum daily temperature for a room, beyond which the level of overheating
is unacceptable.
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EN 15251 [52] suggests the use of Fanger’s model for mechanically heated and/or cooled buildings
and Humphrey’s and Nicol’s adaptative model for buildings without a mechanical cooling system [16].
Some more advanced national standards, that of CIBSE in the United Kingdom, for instance, combine
both approaches. CIBSE Guide A [53] follows an empirical model based on fixed limits for temperature,
while CIBSE TM:52 [54] follows an adaptative model. These documents also define several criteria for
overheating assessment. CIBSE TM:52 is used primarily in commercial buildings and should only be
applied when the occupants are able to act on their environment to regulate indoor climate conditions,
while TM:59 [55] was developed for housing.

CIBSE guide A (Section 1.5.3.2 and CIBSE TM52 to which it refers) is based upon an adaptive
comfort model in EN 15251. CIBSE TM52 recognises that, due to the wide range of comfort temperatures
permitted, comfort standards based upon an adaptive comfort model present a design problem. For this
reason, it also introduces an exceedance threshold. Conversely, CIBSE as well [56] recognises that
because comfort is inherently imprecise the selection of a single temperature, or hours of exceedance
metric, is also not without issues.

The comfort range in the Passivhaus standard is based on a steady-state equation that predicts
average monthly values without taking into account the effects of thermal inertia [57]. The PHI limits
the annual hours above 25 °C to 10%. For the purposes of Passivhaus Certification, the summer comfort
condition must be assessed using the Passivhaus Planning Package (PHPP) as being “Acceptable” or
better. Less than 5% over 25 °C is typically considered a suitable target and many designers aim for 0%
hours. Table 1 summarises the different criteria of the comfort standards used.

What is clear from the literature is that high temperatures in bedrooms overnight are a significant
risk and that temperatures above 24 °C may begin to impair sleep and have other associated health
impacts. With the lack of a clear definition of overheating in dwellings, studies in this area are as a
result subject to a degree of uncertainty [58].

2.2. User Comfort Surveys

Surveys are deemed the most reliable method to detect overheating in buildings already in use [54],
as they provide direct information of the occupants’ degree of comfort needless of a model.

As a subjective phenomenon, overheating can best be detected by the observations of the building’s
occupants. The results can be examined to see if complaints of overheating are common. If 20% or
more of the occupants in any area report overheating, then clearly a problem exists.

A comprehensive POE survey was designed with a holistic approach that accounted not only
for Building Performance (BPE), but was also oriented at knowing the perceived comfort, habits and
opinions of the occupants and considered non-technical factors as well, in the spirit of a Universal
Design Evaluation (UDE). The 28-item survey was made available online for all occupants of the
building in the late summer of 2019.

2.3. Description of the Case Study

The analysed building is located in Bilbao. The coastal line of the Basque Country contains the
most populated cities in the mentioned territory (more than 1.4 million inhabitants, 60 % of total
population), the metropolitan area of Bilbao being the densest (45% of total). The studied building is a
recent public development of between 9 and 27 floors that houses 171 apartments, 63 of which are
destined to subsidised rental and 108 to fixed-price protected sale.

The homes have been occupied as of March 2019. The building obtained the Passivhaus certificate
in March 2018 with a heating demand of 6 kWh/m?y, a design heating load of 7 W/m? and an airtightness
of 0.4 h-1 in the n50 test. The expected overheating periods (hours where T > 25 °C) are 7%, less than
the maximum 10% allowed in the PH standard [45]. The building is located in an urban area of the city
of Bilbao, in a noisy environment. It is protected from direct solar radiation by opaque reflective blinds
located inside the windows. It lacks balconies or any other kind of sun protection. All facades are
covered with a black finish aluminium composite facade panel (Figure 2).
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Figure 2. (Left) View of the monitored building. The 2nd tower, still in construction when the photo
was taken, can be seen in the background. (Center) Close up of the facade, where the black aluminium
fagade panels and the size of the windows can be appreciated. (Right) View of the window of a living
room, with the interior sunscreen. Source: Authors.

Six units were monitored for representativeness of the typological variety and average occupancy
of the dwellings. A house was launched on March 13, 2019 while three were monitored since August
30, 2019. Two more apartments were monitored since 16 January 2020 with a typical occupation of
a couple with two children. The selected dwellings are also in different floors and have different
orientations, and users report different degrees of operation on blinds and windows (Table 2).

Table 2. Summarised characteristics of the monitored dwellings.

Dwelling 1 2 3 4 5 6
Monitoring start March 2019 August 2019  August 2019  August 2019 January 2020  January 2020
Occupancy 1p 2p 3p 2p 4p 4p
Orientation S-W S-E N-S S S S-W
No. of orientations 2 2 2 1 1 2
Cross ventilation Medium Medium High No No Medium
Floor 27th 5th 8th 4th 8th 10th
SA, Suseful (m?) 82.42 68.66 81.82 54.51 78,37 82.42
No. of Bedrooms 3 2 3 2 3 3
No. of Bathrooms 2 1 2 1 2 2
Blind usage freq.! High Low Medium High Medium Low
Window opening freq.! High Low High High High Low

! Blind usage and window opening frequencies obtained through the POE Survey.

The orientations in which windows are available determine the possibility of cross ventilation.
Only dwelling 3 has two facades facing each other. This orientation is repeated in 32% of the homes in
the development, always with N-S orientations. Houses 4 and 5 have only one orientation to the south,
with no possibility of cross ventilation. Twenty-six percent of the apartments in the development have
these characteristics, facing south only. Apartments 1, 2 and 6 have two lateral facades. This orientation
represents 42% of the homes in the development, with the orientations N-W (16%), N-E (5%), S-E (5%)
and 5-O (16%). (Figure 3) shows the typical floor plan with the different layouts. The floor plan varies
slightly in some floors to accommodate housing for people with reduced mobility. As can be seen,
the monitored dwellings are a good representation of the typological variety of the development and
even of the usual type of social housing in the Basque Country. A deeper analysis can be found in [16].
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27" floor @ 8" floor @ 4" floor @ 8" floor @ 5" floor

10" floor

Figure 3. Typical floorplan of the Bolueta Tower. The monitored apartments are highlighted in red,
with indication of the storey. The western third (left in the image) rises to 27 floors, while the remaining
two thirds have 9 floors. Source: Authors.

2.4. Data Collection

Because the building was occupied recently, the procedure suggested by CIBSE TM:52 using
building occupant surveys may be distorted, as it depends on the occupants’ familiarity with the
building. The recommended supplementary procedure is to monitor the operative temperature
regularly in various representative spaces in the building. The operative temperature can be measured
using a black or dark grey balloon of ~ 40 mm diameter as recommended in an appendix to Chapter 1
of CIBSE Guide A [53].

T&D RTR-576 equipment with three channels, CO, Concentration, Temperature and Humidity,
have been used for monitoring. The measuring range of COj is 0 to 9999 ppm, Temperature: 0 to 55 °C
(accuracy + 0.5 °C) and Humidity: 10% to 95% RH (accuracy 5% RH at 25 °C, 50% RH). The reading is
transmitted remotely by a T&D RTR-500 unit and allows remote reading through the manufacturer’s
own T&D Web Storage service (Figure 4).

"ereless Data Logging System —y Shaige Heglsimtions
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1 RTR-500NW . —
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Seeeemeeceececeececmecnaa- -’ FEJ FTP

IE==N

T&D Wel;storage Service

Figure 4. General scheme of remote monitoring and data collection with T&D Devices. Source: T&D
RTR-500 Series User Manual.

Apartments 5 and 6 are monitored with T&D TR-7wb equipment. These equipment have a more
basic configuration, but on the other hand they allow the monitoring of the temperature and relative
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humidity data of the houses in a simpler way. They are connected directly to the user’s Wi-Fi network
and allow the downloading of temperature and relative humidity data from a single room (Figure 5).

_I l_ Connection Status Indicators

== Internet ——

== L~ JLESS DATA

= Wireless LAN w‘.:n S
Access Point -—) ww

u b R Y |
. L I I
Router / HUB
(a) (b)

Figure 5. (a) T&D TR-72wb. (b) Remote data collection scheme for T&D TR-7wb Series equipment.
Source: T&D TR-7wb Series User Manual.

It is worth noting that both the deterministic and adaptive criteria discussed in Section 2.1 refer to
operative temperatures. A limitation of this study, shared with the majority of indoor overheating
monitoring studies in the literature, is that dry bulb temperature rather than operative temperature
was measured due to the increased complexity and cost associated with mean radiant temperature
monitoring. It is often assumed that the difference between dry bulb and mean radiant temperature,
and hence the difference between dry bulb and operative temperature, is marginal in well-insulated
rooms and locations away from direct solar radiation or other indoor sources of radiation [43,53].

2.5. Outdoor Climatic Data Collection and Analysis

Outdoor weather data was obtained from the nearby weather station of Abusu-La Pefia, which is
less than 500 meters away from the building. It belongs to the Basque Meteorological Agency, Euskalmet.
The analysis of the weather data shows that the monitoring period is within the historical average,
both 2019 and 2020 summers not being a particularly hot. Figure 6 shows the superimposition of the
data provided by the Abusu weather station on the EN 7730 comfort model.
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Figure 6. Outside thermal comfort in the 2019 summer according to EN ISO 7730.

In the summer of 2019, the following characteristics can be observed in the local climate of the area:
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e  General cool environment (69% of the hours below 20 °C), with few hours above 25 °C (7.2%) and
less hours above 28 °C (2.6%)

e The maximum temperature, 37.5 °C, was recorded in June

e  The hottest month, on average, was August

e High environmental humidity. The maximum relative humidity of all months was 98%. Relative
humidity remained above 70% for 72.7% of the summer hours.

Table 3 summarises the data recorded at the Abusu-La Pefia weather station in the summer
(May-September) of 2019 (3672 h).

Table 3. Summer 2019 (May-September). Summarised data recorded at Abusu weather station.

Summer May June July August September

Hours <20°C 2525 (68.8%) 697 (93.6%) 562 (78.1%) 357 (48.0%) 388 (52.1%) 521 (72.4%)
Hours >25°C 265(7.2%) 12 (1.6%)  48(6.7%)  82(11%)  91(122%) 32 (4.4%)

Hours >28 °C 96 (2.6%) 5 (0.7%) 30 (4.2%)  32(4.3%) 24 (3.2%) 5 (0.7%)
Max. T. [°C] 37.5 29.4 37.5 36.7 33.2 29.5
Hours RH > 70% 2670 (72.7%) 522 (70.3%) 502 (69.8%) 561 (75.5%) 552 (74.3%) 533 (74.1%)
Max. RH [%] 98.0 98.0 98.0 98.0 98.0 98.0
3. Results

3.1. Post-Occupancy Evaluation Survey

The CIBSE TM 52 standard for the Prevention of Overheating in European Buildings considers
the survey of subjective perceptions of occupants to be the main and most appropriate method for
analysing overheating in occupied buildings, considering it especially suitable for buildings where
the occupants have a high degree of familiarity with the building, such as housing [54]. To this end,
during the months of September and October 2019, a survey was presented to the users of housing in
order to assess the comfort conditions, as well as other issues related to their perception of the quality
of life in their homes and their opinion on energy consumption. A channel was also set up in which
those surveyed could freely contribute with the comments they considered relevant.

The survey was open to all inhabitants of the building, who were informed through posters placed
in the elevators, a mailing campaign and an email circulated by the administrators of the Community of
Owners. The survey was conducted online through an Internet platform. This allows for instantaneous
data collection and automatic data processing.

The response to the questionnaire was high, being carried out by 84 occupants of 54 different
dwellings. The survey provides information on the real occupation of the dwellings: 14% have one
occupant, 50% have two inhabitants, 14% have two inhabitants and 32% have four inhabitants or more
(Figure 7).

The survey highlights discomfort during the summer. One hundred percent of men and 78.9%
of women report having sleep-related issues during the summer on a regular basis, either difficulty
falling asleep or regarding the quality of said sleep. The most common answer to the general
thermal sensation in the summer was “It’s too hot” (95%). The reported clothing index in summer is,
on average, 0.27 CLO, equivalent to wearing underwear only, confirming the perception of overheating.
Long format comments submitted by the survey-takers depict the problems that excess heat generates
in daily life, even if they claim to have permanently ventilated the rooms (20%) and to be very active
with the use of the blinds.
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Figure 7. (Left) Visualisation of the apartments who took the Comfort Survey. The dots in within each
apartment depict the number of occupants in each dwelling who took the Survey. (Right) Visualisation
of the monitored apartments.

3.2. Results of the Monitoring Campaign

In a first stage, the comfort analysis of a single house is carried out. The way to evaluate the
comfort with the different regulations is shown with different graphics. This sample exemplifies the
work done in the rest of the monitored homes. Later, the main values obtained from the analysis of
each house are summarised by means of comparative tables.

3.2.1. Apartment 1. Comfort Analysis. Period 1 (1 April 2019-31 March 2020)

The results of a full year of apartment 1 are presented. A full year is analysed, from 1 April
2019, to 31 March 2020. This allows the evaluation of comfort in the apartment during the whole year,
summer and winter. The graph shows the clear grouping of temperature/humidity pairs in the comfort
zones in summer and winter periods. Temperatures below 20 °C are rare, despite the fact that the
heating has only been switched on during this period as a test, as stated by the user. However, a clear
temperature difference is detected in the upper comfort ranges. This occurs systematically during the
summer, but is even observed over long periods in October and November (Figure 8).

According to the comfort chart of the EN ISO 7730 standard, the temperature and relative humidity
pairs are analysed in the period from 1 May to 30 September 2019 (Figure 9) for the summer.

The analysis of the winter period (Figure 10), October 2019-March 2020, shows that the month of
October and part of November have problems of overheating. This aspect had already been predicted
in the simulation phase, and is mainly due to the fact that Bilbao’s climate is highly influenced by the
proximity of the sea, which is still at a very high temperature at this time of year.



Sustainability 2020, 12, 9630 13 of 30

1oo~‘ )l: 1( 7'<
i } ) |
i ) ) |
» <200°C | 1>25.0°C 1>28.0°C
g! ¢ 2 ' g !
2| &.8 | & & }
70 1 3 (VS o | o
S 0.0

|
|
|
FP - - -
‘ :
g |
Ss0- ! !
s ' !
§ ‘ | 2. ]
\
g | \ |
\
| 1 \ 1
30 } L x |
1 1 & 1
8
” ) } |
) | }
) | }
9 ) ) L}
} | }
0 * ! | * X
18 19 20 21 22 23 24 25 26 27 28 29
OPERATIVE TEMPERATURE 2C
< JAN FEB MAR APR MAY JUN “JuL AUG © SEP ocr NOV * DEC

Figure 8. Apartment 1. Comfort according to EN ISO 7730 (full year, period 1: 1 April 2019-31

March 2020).
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Figure 9. Apartment 1. Summer comfort according to EN ISO 7730. In addition to the May-Sept months
in the standard, data from October was added to the summer due to the high recorded temperatures.
(01 May 2019-31 October 2019).
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Figure 10. Apartment 1. Winter comfort according to EN ISO 7730. October was deduced from the
winter period as explained above. (1 November 2019-30 April 2020).

Of the 3672 hours of the period, 1790 were >25 °C (48.7%). The hottest and most humid month is
July (83.6% h > 25 °C) followed by August and September with similar values (70-74%). RHs fall in
the range 40%-75%.

Analysis according to the adaptive model EN 15251 shows that the limit marked for Category I in
said standard is exceeded often while the limit for Category II is never exceeded (Figure 11).
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Figure 11. Apartment 1. Adaptative comfort according to EN ISO 15251 (1 May 2019-31 October 2019).

The following graph of the evolution of temperatures in summer (Figure 12), shows the previously
mentioned problem, plotted against the adaptative limits marked by CIBSE TM:52.
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Figure 12. Apartment 1. Evolution of internal temperature plotted against the adaptative limits of
CIBSE TM: 52 (1 May 2019-30 September 2019).

In the analysis according to CIBSE TM:59, two variants are studied: dwellings with possible
natural ventilation and dwellings with predominant mechanical ventilation. The degree to which
these dwellings are naturally ventilated depends on proximity to traffic, proximity to the train tracks
and insect nuisance due to the proximity of the river. In addition, the shading system on the inside
prevents the opening of the windows when the interior sun protection is lowered. In the first case
(natural ventilation), criterion 2 is not met, night hours (22-07 h) where T > 26 °C were 263, when the
maximum allowed is 32 h. If it is assumed, as it can be, that mechanical ventilation predominates,
total annual hours exceeding 26 °C are limited to 3% (263 h), while the monitoring campaign recorded
1125 h above that limit. Table 4 summarises the compliance of the CIBSE TM: 59 standard.

Table 4. Apartment 1. Compliance with CIBSE TM:59. Summer 2019 (1 May 2019-31 September 2019).

Predominantly Naturally Ventilated !

. Hours of Exceedance, He Night hours T > 26 °C
Dwelling Category Overheating 3
Hours % Limit Hours % Limit
1 I 2 0.0% 3% 274 8.4% 1% Yes
I 0 0.0% 3% 274 8.4% 1% Yes
Predominantly Mechanically Ventilated 2
Hours T > 26 °C
Dwelling Overheating
Hours % Limit
1 1125 12.84% 3% Yes

! Predominantly naturally ventilated: those with heat recovery mechanical ventilation are included in this category
if natural ventilation is possible during the summer.? Predominantly mechanically ventilated: those where there
is no possibility of natural ventilation or a limited possibility (e.g., due to poor outdoor air quality or high noise
levels).3 Overheating exists if either criterion is failed.

The analysis of night-time comfort made with the hourly chart (Figure 13) shows the periods with
excess of night temperature in summer (May—October). The month of October is added because it has
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been observed that statistically it is a month with possibilities of overheating in the analysed climate.
Night-time hours in summer where T > 24 °C are 61.1%; while night-time hours in summer T > 26 °C
are 16.1%. The maximum temperature recorded at night was 27.8 °C.
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Figure 13. Apartment 1. Night-time comfort for summer 2019, incl. October (1 May 2019-31
October 2019).

The CIBSE TM:52 standard was originally designed for working environments in offices and
spaces in general and is previous to the CIBSE TM:59 standard, intended for homes. This regulation
has an adaptive approach. The inclusion of a fixed temperature limit in a percentage of hours of CIBSE
TM:59, allows detecting the risk of overheating in dwellings in a more reliable way. CIBSE TM:59,
with its three adaptive criteria, allows us to better visualise the resilience of a building to overheating.

If we consider the building as Category I (with occupation of elderly or other vulnerable occupants),
we would obtain these results:

e  The first criterion, Hours of Exceedance (H) limited to 3% of occupied hours, is met.

e  The second criterion, Daily Weighted Exceedance (We), is met.

e The third criterion, Upper Limit Temperature (Typp), which that the maximum adaptative
temperature limit should never be exceeded by more than 4 degrees Celsius, is met.

In the same manner, it would meet the criteria set for Category II, as it has wider margins.
More valuable conclusions will be obtained about the use of this adaptive model in the later analysis of
all the apartments.

3.2.2. Comparative Comfort Analysis for the 6 Monitored Apartments. Period 2 (1 October 2019-
30 October 2020)

To carry out a comparative analysis, similar monitoring periods are taken from five more
apartments in the building. The monitored data range from 1 October 2019, to 30 September 2020.
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This allows us to make a comparison in the same situations of the summer 2020. Houses 5 and
6 have a shorter monitoring period, not including the complete winter period (16 January 2020-
30 September 2020)

In Table 5, it can be seen how the average temperature of the homes is very high throughout
the monitoring periods. Housing 1, monitored in two periods, shows a similar range of average
temperatures of 23.3-23.2 °C. The rest of the homes range from 23.2-24.7 °C. The minimum temperatures
are around 19 °C. In some circumstances there are significant drops in temperature to 16 °C,
corresponding to summer days when the windows have been completely opened or specific days
when some windows have been left open.

Table 5. Summary of the recorded temperature and relative humidity, all apartments.

Monitoring Period (1 April 2019-31 March2020)

Temperature (°C) Relative Humidity (%) Absolute Humidity (g/kg)
Dwelling
Tmed Tmin Tmax RHmed RHmin RHmax Wned Whin Wnax
1 23.3 19.5 28.8 49 35 76 9.05 5.62 16.04
Monitoring Period (1 October 2019-30 September 2020)
Temperature (°C) Relative Humidity (%) Absolute Humidity (g/kg)
Dwelling
Tmed Tmin Tmax RHpmed RHmin RHmax Wned Whin Wnax
1 23.2 16.4 29.1 51 36 77 9.34 5.63 15.59
2 24.6 194 29.3 47 29 72 9.24 4.47 15.90
3 23.4 18.2 28.3 50 26 77 9.19 4.30 16.69
4 23.9 15.8 28.8 49 23 76 9.02 4.44 14.87
Monitoring Period (16 January 2020-30 September 2020)!
Temperature (°C) Relative Humidity (%) Absolute Humidity (g/kg)
Dwelling
Tmed Tmin Tmax RHped RHmin RHmax Wined Whin Wnax
51 24.7 18.5 32.0 50 26 69 9.97 4.63 15.18
6! 23.8 15.8 404 52 24 94 9.67 3.59 17.25

! The monitoring period is shorter than one complete year.

As far as humidity is concerned, the values are around 50%, with no high levels of humidity,
below 77% at all times, except for the monitoring device located in the kitchen of dwelling 6, where values
of 94% are reached. There are no problems of excess humidity or excessively dry atmosphere.

The following table (Table 6) compiles the percentage of hours above 25 °C broken down by
month. All the houses exceed the values set by the PHI and consequently the certified value of 7%.

There is no doubt, in view of the personal interviews and the comfort charts, that each user
behaves very differently when it comes to the use of sun protection and ventilation, especially with
regard to night-time ventilation.

Apartment 3, due to having facing facades and the best cross ventilation, reaches the most
reasonable values of hours above 25 °C, not reaching 15% of the hours in a year (value that still exceeds
the limit of the standard).

In personal interviews, the occupants of apartment 4 state that they suffer from heat very intensely,
so they keep the windows completely open at night and the blinds down during the day. They even
indicate that they prefer to cook at night to avoid introducing more heat into the house. This can be
seen perfectly in Figure 14, where the effectiveness of the ventilation pattern of apartment 4 can be
compared to that of apartment 2. This indicates that the opening of the windows is more intense in
apartment 4, managing to reduce the night temperatures.
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Table 6. Compliance with the Passivhaus overheating and excessive humidity limits.

Monitoring Period (1 April 2019-31 March 2020)

Dwelling Hours ! % Overheat. Performance Hours 2 % Humid.

1 2170 24.0 Yes Catastrophic 1000 11.4% No
Monitoring Period (1 October 2019-30 September 2020)

Dwelling Hours ! % Overheat. Performance Hours 2 % Humid.
1 2202 25.1 Yes Catastrophic 1041 11.9% No
2 3858 44.0 Yes Catastrophic 849 9.7% No
3 1143 13.0 Yes Poor 858 9.9% No
4 1790 20.4 Yes Catastrophic 627 7.2% No

Monitoring Period (16 January 2020-30 September 2020) 3

Dwelling Hours ! % Overheat. Performance Hours 2 % Humid.
5% 2467 28.1% Yes Catastrophic 1159 13.2% No
6° 1547 18.8% Yes Catastrophic 910 10.4% No

! Number of hours in which internal air temperature is higher than 25 °C. It must not exceed 10% in a year. > Number
of hours in which absolute humidity of internal air W (g/kg) is higher than 12 g/kg. It must not exceed 20% in a year.
3 The monitored period is shorter than one complete year.

Table 7 summarises the number of hours in which the temperature limit set by the Passivhaus
Institut is exceeded, on a monthly basis.

Table 7. Percentage in which T > 25 °C in the monitored apartments.

Monitoring Period

(1 April 2019-31 March 2020) (1 October 2019-30 September 2020) (16 January 2020-30 September 2020)
Dwe. Dwelling Dwelling

Year Month ————— Year Month Month

1 1 2 3 4 5 6
2020 January 0.0 2020 January 0.0 0.0 0.0 52 January 1.5 0
2020 February 0.0 2020 February 0.0 0.0 1.1 31.0 February 12.3 0.5
2020 March 0.0 2020 March 0.0 0.0 0.0 4.2 March 7.9 1.3
2019 April 0.0 2020 April 0.0 22 9.3 9.7 April 26.8 47
2019 May 0.0 2020 May 186 652 156 18.4 May 38.6 25.0
2019 June 15.7 2020 June 186 958 120 10.8 June 23.1 312
2019 July 83.6 2020 July 68.2 1000 286 371 July 57.3 48.4
2019 August 70.3 2020 August 721 993 420 59.3 August 92.7 58.7
2019 September 74.3 2020 September 70.1 944 395 43.5 September 76.7 54.4
2019 October 50.1 2019 October 501 621 161 194 October X X
2019 November 11 2019 November 11 2.7 0.1 0.4 November X X
2019 December 0.0 2019 December 0.0 0.0 0.1 6.7 December X X
2019 Year 24.8 2019 Year 251 44.0 13.0 20.4 Year 28.2 18.8

It is remarkable how most of the apartments can exceed the 7% stated on the Certificate or even
the yearly limit of 10% set by the PHI with data from September and October only.

CIBSE Guide A establishes recommended criteria (Table 8), which are very difficult to meet,
and mandatory criteria (Table 9). The most restrictive mandatory criterion limits night hours with
T > 26 °C to less than 1%. This is a criterion that none of the homes approves of except for number 3,
in which users declare that they sleep with the windows open from 6am, and it is also the only one
that has the possibility of night-time ventilation as it has both north and south facades. The group of
monitored homes records a range that goes from 0.6% of the hours to a maximum of 34.0% hours with
temperature > 26 °C during the night in the case of apartment 2.
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Table 8. Compliance with the recommended criteria of CIBSE Guide A. All monitored apartments.

Monitoring Period (1 April 2019-31 March 2020)

Daytime Hours T > 25 °C Daytime Hours T > 23 °C Night Hours T > 24 °C
(Living Rooms) (Bedrooms) (Bedrooms)
Dwelling Hours ! % Hours 2 Y% Hours 3 %
1 1454 26.9 1346 41.3 1030 31.6
Monitoring Period (1 October 2019-30 September 2020)
Daytime hours T > 25 °C Daytime hours T > 23 °C Night hours T > 24 °C
Dwelling (living rooms) (bedrooms) (bedrooms)
Hours ! % Hours 2 % Hours 3 %
1 1427 26.3 1672 51.2 1183 36.2
2 2431 51.2 1932 67.9 1691 59.5
3 982 17.9 1494 45.5 671 20.4
4 1368 25.0 2437 74.2 1283 39.1
Monitoring Period (16 January 2020-30 September 2020) 4
Daytime hours T > 25 °C Daytime hours T > 23 °C Night hours T > 24 °C
Dwelling (living rooms) (bedrooms) (bedrooms)
Hours ! % Hours > % Hours 3 %
54 1765 45.7 2122 91.7 1405 60.7
64 1146 29.7 1410 60.9 939 40.6

! Nlumber of daytime hours in which internal air temperature is higher than 25 °C (living rooms). > Number of
daytime hours in which internal air temperature is higher than 23 °C (bedrooms). 3 Number of daytime hours
in which internal air temperature is higher than 24 °C (bedrooms). * The monitored period is shorter than one
complete year.

Table 9. Compliance of the mandatory criteria of CIBSE Guide A. All monitored apartments.

Monitoring Period (1 April 2019-31 March 2020)

Daytime Hours ! T > 28 °C Night Hours 2 T > 26 °C
Dwelling (living rooms) (bedrooms) Overheating 3
Hours ! % Limit Hours 2 % Limit
1 22 0.4 1% 274 8.4 1% Yes
Monitoring Period (1 October 2019-30 September 2020)
Daytime hours ! T > 28 °C Night hours > T > 26 °C
Dwelling (living rooms) (bedrooms) Overheating 3
Hours ! % Limit Hours 2 % Limit
1 52 0.9 330 10.1 Yes
2 418 8.8 19 967 34.0 19 Yes
3 0 0.0 ’ 20 0.6 ’ No
4 6 0.1 123 3.7 Yes
Monitoring Period (16 January 2020-30 September 2020) 4
Daytime hours ! T > 28 °C Night hours 2 T > 26 °C
Dwelling (living rooms) (bedrooms) Overheating 3
Hours ! % Limit Hours 2 % Limit
5 224 5.8 19 396 17.1 19 Yes
6 187 48 ’ 166 7.2 ’ Yes

! Number of annual day-time hours (08:00-21:00 h) in which T > 28 °C must not exceed 1%. 2 Number of annual
night-time hours (22:00-07:00 h) in which T > 26 °C must not exceed 1% 3 Overheating exists if either criterion is
failed.  The monitored period is shorter than one complete year.
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Likewise, in Table 9 we observe that dwellings 2, 5 and 6 do not comply with the criterion of
hours above 28 °C during the day either, with values that reach 8.8% (apartment 2) of hours above this
temperature. Apartment 3 complies with this last criterion, and maintains the lowest number of hours
in which T>25 °C. Apartment 3 is also the only one that complies with the criterion of the Guide A of
the CIBSE, in spite of declaring in the survey that they sleep with all the windows open during the
whole night.

A detailed analysis of apartment 2, one of the worst in terms of data, allows us to observe the
evolution of temperatures throughout the day, as shown in Figure 15. The low use of nocturnal
ventilation means that temperatures above 26 °C stand at 977 h, 53.1% of total night-time hours,
reaching maximum values of 29.1 °C, not far from the maximum daytime temperature of 29.3 °C.
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Figure 15. Apartment 2. Night-time comfort for summer 2020 (1/05/2020-30/09/2020), incl. October 2020.

CIBSE TM:59 separates dwellings into those that are naturally ventilated (Table 10) and those
that are mechanically ventilated (Table 11). In principle, it can be assumed that all users have free
access to natural ventilation. It is true, however, that if we look at the surveys, 13% declare that they
suffer from noise from the outside frequently, and 55% punctually. In addition, two other aspects
would result in windows being closed at night: the proximity of a river generates complaints about
the large number of mosquitoes in the area, and the large presence of families with young children.
This leads to consideration of the two options identified by CIBSE for the detection of overheating.
In any case, of the monitored houses, all of them declare to make an intensive use of the ventilation
except for apartments 2 and 6. In the case of apartment no. 6 this is due to the presence of young
children, whose parents responsibly choose to not let windows open without parental supervision in
order to prevent accidental falls, a common cause of significative injury in children in urban areas [59].
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Table 10. Compliance of the criteria of CIBSE TM:59 for predominantly naturally ventilated dwellings.
All monitored apartments.

Monitoring Period (1 April 2019-31 March 2020)
Night Hours 2 T > 26 °C

1
He (Bedrooms)
Dwelling Category Hours ! % Limit Hours 2 % Limit Overheating 3
1 I 2 0.0 o 274 8.4 o Yes
I 0 0.0 3% 274 8.4 1% Yes

Monitoring Period (1 October 2019-30 September 2020)
Night hours 2 T > 26 °C

1
He (bedrooms)
Dwelling Category. Hours ! % Limit Hours 2 % Limit Overheating 3
1 I 121 14 330 10.1 Yes
I 17 0.2 330 10.1 Yes
2 I 763 8.7 967 34.0 Yes
I 75 0.9 39, 967 34.0 1% Yes
3 I 42 0.5 20 0.6 No
I 0 0.0 20 0.6 No
4 I 66 0.8 123 37 Yes
I 5 0.1 123 37 Yes

Monitoring Period (16 January 2020-30 September 2020) 4
Night hours 2 T > 26 °C

1
He (bedrooms)
Dwelling Hours ! % Limit Hours 2 % Limit Overheating 3
54 I 178 2.0 396 17.1 Yes
I 44 0.5 39, 396 17.1 19 Yes
6! I 216 25 ° 166 7.2 ° Yes
I 126 1.4 166 7.2 Yes

1 Hours of exceedance (May-September) must not exceed 3%. 2 Number of annual night-time hours (22:00-07:00 h)
in which T > 26 °C must not exceed 1% * Overheating exists if either criterion is failed. 4 The monitored period is
shorter than one complete year.

Table 11. Compliance of the criteria of CIBSE TM:59 for predominantly mechanically ventilated
dwellings. All monitored apartments.

Monitoring Period (1 April 2019-31 March 2020)
Hours 2 T > 26 °C

Dwelling Overheating 3
Hours 2 % Limit
1 1125 12.8 3% Yes
Monitoring Period (1 October 2019-30 September 2020)
) Hours 2 T > 26 °C
Dwelling — Overheating 3
Hours 2 % Limit
1 1070 12.2 Yes
2 2710 30.9 30, Yes
3 350 40 ° Yes
4 677 7.7 Yes
Monitoring Period (16 January 2020-30 September 2020) 4
. Hours 2 T > 26 °C
Dwelling Overheating 3
Hours 2 % Limit
54 1370 15.6 39, Yes
6! 800 9.1 ° Yes

2 Number of annual hours in which T >26 °C must not exceed 3%. 3 Overheating exists if either criterion is failed.
* The monitored period is shorter than one complete year.
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If we consider that the dwellings are naturally ventilated, that is to say, according to CIBSE TM:59,
with ample opportunities to open windows in all the rooms, only apartment 3 would fulfil the two
criteria necessary to indicate that they do not suffer from overheating as seen in Table 10.

This is due principally to the night-time hours where temperature is higher than 26 °C criterion,
limited to 1% of annual night-time hours, which is only met by apartment 3. However, the adaptative
criterion He, hours of exceedance, is failed to be met only in dwelling 2 for category I.

If, in turn, we consider that the apartments are predominantly naturally ventilated, none would
comply with the criteria set in the standard.

To visualise in a graphic way the criterion Hours of Exceedance (He), the graph of the apartment 2
is shown in Figure 16. It can be clearly seen how the months of May, June, August and September have
an appreciable number of hours that exceed the limits of Category I (763 h) less in Category II (75 h).
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Figure 16. Apartment 2. Adaptative comfort according to standards EN 15251 and CIBSE TM:59.

Figure 17 shows the analysis for apartment 2 the evolution of indoor temperatures, outdoor
temperatures and the limits marked by the CIBSE and EN 15251 standards during the month of
August 2020.

If we consider that the apartments are predominantly mechanically ventilated, none of them
would meet the criterion of a maximum of 3% of total occupied hours during the year with T > 26 °C
(Table 11).

The CIBSE TM:52 standard, as we have mentioned, with its three adaptive criteria, allows us
to better visualise a building’s resilience to overheating. Table 12 shows that for buildings classified
in Category 11, all would comply, except for apartment 6, which failed two criteria simultaneously.
If we consider the building as Category I (with occupation of elderly or fragile people, for example),
apartments 2, 5 and 6 would present problems of overheating.

The first criterion, Hours of Exceedance (He) limited to 3% of occupied hours, is only infringed
in dwelling 2 for Category 1. The second criterion, which sets the Daily Weighted Exceedance (We),
occurs more frequently, especially if we consider the building within Category I. The third criterion,
Upper Limit Temperature (Typp), no hour above 4 K above the maximum adaptive temperature,
seems to be the criterion that is least often violated, except in apartment 6. This indicates that extreme
daily temperatures are not frequent, either.
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Figure 17. Apartment 2. Adaptative comfort according to standards EN 15251 and CIBSE TM:59 in
August 2020.

Table 12. Compliance of the criteria of CIBSE TM:52 for predominantly mechanically ventilated
dwellings. All monitored apartments.

Monitoring Period (1 April 2019-31 March 2020)

1 2 3
He We Tupp Overheating °
Dwelling Cat.  Hours! % Limit Hours? Limit Hours? Limit
1 I 2 0.0 o 0 0 No
I 0 00 3% 0 6 0 0 No
Monitoring Period (1 October 2019-30 September 2020)
H 1 W 2 T 3
Dwelling Cat. ° : s Overheating °
Hours ! % Limit Hours? Limit Hours? Limit
1 I 121 14 8 0 No
I 17 0.2 1 0 No
2 I 763 8.7 46 0 Yes
I 75 0.9 o 6 0 No
3 I 42 0.5 3% 1 6 0 0 No
II 0 0.0 0 0 No
4 I 66 0.8 4 0 No
II 5 0.1 0 0 No
Monitoring Period (16 January 2020-30 September 2020) 5
H,! We 2 Tupp °
Dwelling Cat. ¢ — ¢ — PP ——— Overheating °
Hours ! % Limit Hours? Limit Hours? Limit
5 I 178 2.0 13 3 Yes
1 44 05 . 3 0 No
6 I 216 2.5 3% 27 6 45 0 Yes
1I 126 14 14 26 Yes

I Hours of exceedance (May-Sept) must not exceed 3%. 2 Daily Weighted Exceedance (W) should not exceed 6 for
any given day. 3 Tupp should never exceed Top, for any given hour. > Overheating exists if any two of the three
criteria is failed.
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4. Discussion and Conclusions

The scientific literature has predicted in numerous occasions the issues of overheating in Passivhaus
certified housing, this study further develops these predictions and presents recorded data from
monitoring of a built project that shows real world results can be worse than predictions, due to
wrong design decisions taken in this project, namely the interior solar protection and the lack of true
cross ventilation. The analysis of overheating periods has been carried out both in quantitative terms,
hours T > 25 °C and night hours >26 °C, and by means of adaptive models. Confrontation against
less demanding adaptive models has shown a higher degree of compliance; however, the occupants’
responses to the POE surveys they may indicate that they are inadequate. As the British standards
show, the combination of both models sets the regulatory trend.

The results show us that, in this case, the data provided by the surveys of the inhabitants are
perfectly in line with the quantitative measurement criteria with fixed temperature limits.

During 2019, 95% of the inhabitants declare a thermal sensation of heat during the summer and
94% declare problems to fall asleep, with recurrent complaints in this respect. This clearly indicates a
problem of overheating, since more than 20% of the inhabitants declare overheating as indicated in the
CIBSE guidelines [54]. Monitoring is precise in this regard, and the limits are widely exceeded both
in terms of the general calculation of hours and in terms of night-time hours, so that there can be no
question that this is a widely demonstrated fact and that it coincides with the examples mentioned of
similar characteristics [6].

Many answers to the User Comfort Survey deepen this problem, especially because of the poor
quality of sleep. This can also be seen in the calculation of hours with excessive night-time temperature.
The quantitative analysis, the limit set by the Passivhaus Institut and the criteria of CIBSE, allow us
to observe that the maximum limits of hours over a set temperature are exceeded. The Passivhaus
standard does not differentiate between night and day hours, while the British regulations do. This is a
relevant aspect, since the night-time discomfort has much more serious consequences than the day-time
one. In some cases, users declare in the surveys serious consequences on work performance due to
reduced quality of their sleep.

The adaptive model sets much wider margins for comfort. CIBSE TM:52, which only uses purely
adaptive criteria, sets margins that are too wide when considering Category II, and somewhat tighter
in Category I. It would indicate that three of the six homes would be within the comfort threshold in
Category I, and five for Category II. From the user surveys we see that this is not the perception the
inhabitants have.

The combination of criteria provided by CIBSE TM:59, specific to housing, seems to have a more
realistic approach to detecting overheating, by combining adaptive aspects with temperature limit
thresholds. In this case, all the apartments have failed the limit values for night-time comfort except
apartment 3, which has full cross ventilation. However, all of them exceed the adaptive condition for
Category II

CIBSE TM:52 allows us to better visualise and assess overheating, whether it is an occasional issue
or a recurrent problem throughout the summer hours. However, it is very tolerant of the number of
hours exceeding a threshold, especially at night.

Assessing night temperatures and limiting excess heat at these times seems to be a more appropriate
way and one that can better approximate the perception of the phenomenon. While limiting the
number of hours with temperatures above 26 °C may be a way to control excess heat, it is still too hot to
sleep. CIBSE Guide A [53] recommends a temperature of no more than 23 °C for sleeping, noting that
problems with sleep begin to occur at 24 °C. However, these temperatures could hardly be achieved
without mechanical cooling in the monitored apartments.

The compactness of the houses and the impossibility of avoiding direct radiation and ventilating
at the same time, are the aspects that generate greater difficulties. The discomfort that occurs during
the hours of sleep is remarkable, so it is necessary to pay attention to the problems of overheating
during these hours of the day. In light of the European regulatory trend in the search for energy
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savings, this discomfort will not only occur in Passivhaus certified homes but will be a widespread
problem in buildings built in this climate in the coming years without adequate mitigation measures,
better solar protection and adequate natural ventilation.

Due to numerous complaints from residents of the case study, investigations into possible
mitigating factors in overheating are still ongoing. In a first stage, several improvements in the
detection of overheating are proposed.

Possible improvements in the User Comfort Survey would include discriminating not only
between sexes but also by age. The effect on older people would allow us to better define the precise
limits to be considered in this type of building. In this respect, the regulations would have to be on the
safety side, since the statistical possibility of a house being occupied by an older person is increasingly
high and the health effects of excess heat on this range of the population are contrasted. The use
of limits with Comfort Categories that include older people in all cases would allow a longer-term
view of comfort in housing. It is clear that adults can cope better with overheating than older people,
babies or sick people. However, this cannot be the case, as has been the case with homes without
lifts, where over the years it has been found that the lack of foresight in developments has led to high
cost works to integrate lifts to improve the mobility of older people. In the future, we should not
have to intervene in the homes we are building to improve thermal comfort in summer because of the
decisions we are now taking focused solely on energy saving for heating.

Also, an evaluation of the use of night ventilation in a precise way is necessary. Although the
evaluation of monitoring allows observation of the use of natural ventilation, by contrasting the drops
in indoor temperature with the opening of windows, a precise quantification of its use would improve
the understanding of the phenomenon.

Other aspects such as the improvement of adequate solar protection must be studied, although
the building presents constructive and typological challenges in order to implement solar protection
systems on the outside, which are usually considered most effective for solar control.

These two aspects lead us to the complex evaluation of human behaviour in this type of housing.
The so-called passive houses perhaps require extremely active users with the regulation of solar
protection and the night ventilation. This behaviour can be thought of as easy in a house with regular
occupation. However, in today’s modern life, in which dwellings remain unoccupied for long periods
of the dayj, it is surely more realistic to resort to passive solutions which do not require human action
and which allow the building to behave correctly in terms of temperature. It would help, for example,
to improve fixed solar protection, thermal inertia, the use of free energy such as earth-air exchangers,
favouring natural ventilation at night with passive systems, etc.

The difficult coordination between the needs in ventilation operations to achieve comfort, and the
reality of users in very low energy consumption housing is shown in a very significant way in the study
carried out in 10 single-family houses in Denmark (Skibet) [10,57] in which users are pointed out as the
origin of the problems of overheating, such as not opening the windows for safety reasons or when
outside the house, pointing out the answer of the user surveyed that “that is what the idiot architect
wanted us to do” for thermal reasons. A better understanding of the physical reality of the user of the
home can lead to better design. As pointed out in the aforementioned homes in Skibet, some users
point out that they avoid opening windows for safety reasons, and at times they take refuge from the
heat in the garage located in the north wing. In collective housing, this type of escape is almost always
impossible, even less so if the development has even included a terrace to escape the heat inside.

One of the reasons for the lack of overheating prediction is that, in the previous design phase,
the aspects dependent on human behaviour (mainly solar control and natural ventilation) are modelled
in a dynamic simulation programme with fixed usage patterns, often seeking the best possible behaviour
of the building. Some relevant authors from the Passivhaus Institut [58] point out that little is known
about the acceptance of such practices among housing users, so it is difficult to determine, for example,
operations with the most realistic blinds. There are, however, studies in office buildings. The study
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concludes that users seldom manipulate sunscreens more than once a day, and that there is considerable
variation in possible manipulations between different users.

At this point, it is worth noting that the Passivhaus Standards summer comfort assessment is
based on total-hours-per-annum because a simple steady state model using monthly data, such as
PHPP, cannot calculate hour-by-hour performance.

Some authors, such as [60-62] with experimental results, point out that these operations with
blinds are more determined by levels of luminance and visual comfort than by temperature. In a
post-occupation study in passive houses in the United Kingdom, they support the idea that the use of
exterior solar protection is more a matter of visual and psychological comfort than of temperature
regulation [63].

Finally, in view of the evident reiteration of the phenomenon of overheating of buildings, both as a
consequence of the improvement in the thermal envelope, the use of lightweight construction systems
and the construction of increasingly smaller houses, together with the effects of climate change, it is
necessary to draw up criteria that allow overheating to be detected in the preliminary stages of project
design by means of regulations adapted to the temperate and warm climates of southern Europe.
This first requires a clear definition, through state regulations, of whether a building is overheated or
not and to adapt it to the very different climatic characteristics of Spain. This means exploring in the
design phase all the possibilities of passive architecture (solar protection, ventilation, etc.) that will
allow avoiding having to resort to implementing active cooling systems in the future, with almost no
implementation in the climate in which these dwellings are located.
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