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Abstract: In the last decade, several European directives have been established to contribute to
the 2020, 2030 and 2050 energy saving targets and impose energy efficiency requirements for new
construction, existing buildings and building renovation operations. One of the ways to achieve
said objectives is to rely on the most demanding energy efficiency labels existing in Europe, such
as Passivhaus, and to implement similar concepts into the national energy regulations of European
countries based on a high-performance thermal envelope (high insulation and high-performance
windows), high airtightness and high-performance heat-recovery ventilation systems, and solar heat
harvesting. This energy conservation concept has shown to be effective for houses with low-density
occupation in cold climates, but may cause severe overheating problems in denser collective housing
in temperate and hot climates with higher solar radiation. To assess this impact, five flats in three
developments from different periods that range from no insulation at all to a nZEB, Passivhaus-
certified high-rise are compared in this paper, using data from a monitoring campaign during the
summer of 2020. The results show and quantify the strong impact the evolution of the energy saving
regulatory trend has had on summer indoor comfort, which may in some cases lead to previously
unnecessary air conditioning for cooling and, ultimately, be counterproductive towards the end goals
of reducing energy consumption and greenhouse-effect gas emissions and mitigating climate change.

Keywords: thermal comfort; overheating; nZEB; Passivhaus; collective housing; monitoring cam-
paign; post-occupancy evaluation

1. Introduction
1.1. Background and Aims

The economic, social and sustainability risks posed by climate change, evidenced first
with the consequences of the energy crisis of the 1970s that put energy dependence in the
spotlight [1], have led to the development of international agreements that seek to limit the
use of fossil fuels and reduce the environmental impact of all human activities, including
the construction and operation of buildings.

The long-term strategy for 2050 of the European Union establishes a roadmap towards
a low-carbon economy by reducing greenhouse gases (GHG), setting an emission reduction
target of 90% for the building sector for the year 2050 with respect to the emissions of
1990 [2]. Led by the Council of Europe and the European Parliament’s regulatory [3,4]
and strategic [5,6] work, the objective of reducing CO? emissions and promoting the use
of renewable energies has driven a rapid evolution of national energy saving regulations,
focusing on the improvement of the thermal envelope of buildings and the reduction of
both total primary and non-renewable energy consumption [7].

In parallel, the social interest in green buildings has led to the implementation of
different voluntary green certification seals and schemes that oblige the buildings to be
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endowed with different design methodologies and energy and ecological efficiency analyses
such as BREEAM [8], LEED [9], Passivhaus [10], Minergie [11], CASBEE [12] and others.

Numerous studies warn of the problems arising from the increase in the performance
of the envelope without taking into account the climatic and social conditions of each
location, or expose the problems of a poor implementation of said standards [13-21].

However, the body of research based on the monitoring of real homes is still insufficient
and mainly focused on single-family or semi-detached houses [13,16,20-22]. Following on
from two previous studies [23,24] resulting from a monitoring campaign in the world’s
tallest Passivhaus building [25], this article analyzes the impact of the above-mentioned
regulatory trend on the comfort of occupants of collective housing in the temperate climate
of the Basque Country, Spain, and performs a comparative analysis with two older non-
nZEB dwellings.

To this end, this article first presents the evolution of the national energy efficiency
regulations in Spain, as well as the implementation of private green building certification
schemes in this region. Then, this paper briefly analyzes the relevant literature and the
most important challenges that have arose (namely, the winter-centered design mindset
and an unexpected increase in summer overheating) and the cultural and social differences
between the birthplace of the passive design concept and southern Europe. In Section 2,
the case studies are introduced comprehensively, including their construction, occupants,
surroundings and micro-climate analysis, and the methodology and data collection are
explained. In the following sections, the comparative analysis is performed and results are
discussed in Section 4 before drawing the conclusions.

1.2. Evolution of the National Energy Efficiency Regulations for Buildings in Spain

National energy efficiency regulations have been converging in recent years to require-
ments close to those that were already common in voluntary green building certification
standards. In the case of Spain, the national regulation in force, CTE DB-HE, the latest
version of which dates from December 2019, applies a large part of the solutions first made
popular by private certification schemes, such as superinsulation, reduction of thermal
bridges or strongly favoring the installation of heat-recovery ventilation systems (MVHR)
in some climate zones, even if there is still only indirect control of building envelope
airtightness [26,27], and it is considered by many to be on par performance-wise with
Passivhaus certification. A recent study in Seville [28] stated that, “After comparing the
specifications of the CTE and PH [Passivhaus], it is observed that the health and energy-saving
requirements of the mandatory Spanish regulations (CTE) are equal to, or even more restrictive than
the PH standard.” Furthermore, it also stated that, “ ... the application of the PH [Passivhaus]
standard does not result in a competitive advantage in terms of improvement in energy behavior
and building sustainability in a warm climate when compared to the application of passive design
criteria based on compliance with current Spanish requlations”.

This has not always been the case, though. The first regulations mandating the
insulation of buildings appeared in cold, northern regions, where extreme temperatures
could severely affect public health [29]. The first requirements appeared during the First
and Second World War, and involved the introduction of simple insulation in the form of
double-layer walls with an air cavity or double-layer floors of timber joists. Most European
countries developed energy efficiency regulations or building codes after the 1973 oil crisis,
although at the time it was associated with “security of oil supply” [30]. This is the case for
the United Kingdom in 1972 [31], France in 1974 [32], Italy in 1976 [33] and Germany in
1979 [34].

The first decree regulating the maximum allowable U-values of the building envelope
and other energy-saving measures in Spain dates back to 1975 [35], when the country was
still under the Franco regime [36]. The much better known NBE CT-79 [37] standard of
1979 remained in force until 29 September 2006, for more than 27 years, and it only covered
the building envelope. A much needed, ambitious new building code, the Codigo Técnico
de la Edificacion (CTE) was approved in 2006 [38] and its Basic Document DB-HE set the
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new minimum requirements for the building envelope and an upper limit for the energy
demand of buildings, in addition to minimum efficiency requirements for thermal building
services and lighting installations. It also required some amount of renewable-sourced
energy for domestic hot water (DHW) production in the case of housing, which made the
code known internationally for strongly encouraging, if not mandating, the use of solar
panels [39]. In addition to CTE, since 2007 [40] Spain has had the Reglamento de Instalaciones
Térmicas en los Edificios [41] (Regulation of Thermal Installations in Buildings, RITE) which
is how Spain partially transposed the European Energy Efficiency Directive of 2002 [42].
The objective of RITE is to stablish the energy efficiency requirements for active heating
and cooling systems in buildings.

CTE DB-HE was revised in 2013 [43] to include a new section, HE 0, that limits the non-
renewable primary energy consumption of buildings. RITE was also revised in 2013 [44]
to comply with the new European Energy Efficiency Directive of 2010 [45]. CTE DB-HE
was updated again in 2019 and maintained the previous structure, but its calculation
methodology was adjusted to European standards and the existing set of indicators was
completed with the addition of a total primary energy consumption limit, a new factor
for solar gain control (qselju1), and an indirect control of airtightness, with optional blower
door tests. The last update of the Basic Document on Energy Saving (DB-HE 2019) of
the CTE advanced the definition of nearly zero energy consumption buildings (nZEBs)
as buildings with a very low energy consumption that is covered, to a large extent, with
energy from renewable sources. As of today, the current legal definition of a nZEB in Spain
is that, new or existing, it complies with the regulatory requirements set out in the Basic
Document DB-HE of 2019. This definition is applicable to new buildings and also existing
ones when sufficient renovation interventions are carried out. Thus, on average, residential
buildings may not consume more than 60 kWh/m? of total primary energy and 30 kWh/m?
of non-renewable primary energy per year [7], although the requirements differ depending
on the climate zones [7].

The evolution of energy efficiency regulations in Spain described in this section is
summarized in Figure 1. It is important to mention that the progressive tightening of
regulatory requirements since the introduction of CTE in 2006 has been guided by cost-
optimal calculations [46] for both residential and non-residential buildings in all climatic
zones, as foreseen in the Energy Performance of Buildings Directive [45].

(2006)
ZARAUTZ
Cep= 59.6 kWh/m* (2018)
10 kgCOAm* BOLUETA
'T) (2009) Cep= 6.7 kWhim?
First PH certified 1.5 kgCO,/m?

(1905) house in Spain

(1996)

PRIM 5 Creation of European Directive - Commission
Cep= 150 kWh/m' PH Institut EU2010/31  Recommendation
30 kgCO,/m EU 2016/1318
\L 1975 1979 2013 2019
| I X~
D1490/1975 NBE CT-79
' 1y y
! 1975-vi-12| | 1979-Vi-6| |1979-1X-6 2006-11129] | 2006-1-29 2013-1X-12 2014-111-13 2019-X11-28 2020-IX-24
FIRST INSULATION | FIRST WIDESPREAD NEWCTE
REQUISITES APPLICATION BUILDING CODE
¢ Thermal envelope regulations o Thermal envelope e Thermal envelope
regulations regulations
e Renewable energy (for DHW e  Limit of non-renewable
production) primary energy consumption
e  Limits to heating and
cooling energy demands
+ Renewable energy (for
DHW production)
— NOINSULATION ) LIMITED INSULATION 2 INCREASED INSULATION N
NO AIRTIGHTNESS NO AIRTIGHTNESS INDIRECT CONTROL OF AIRTIGHTNESS

Figure 1. Evolution of the national energy efficiency regulations in Spain. The striped areas show the
period of optional/voluntary application of the standards. The figure also shows some milestones of
the implementation of the Passivhaus standard in Spain and places in time the case studies that are
described in Section 2, summarizing their nominal primary energy consumption and CO, emissions.
Source: authors.
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1.3. Implementation of Private Green Building Certificates in Spain and Associated Challenges

Simultaneously with the national standard evolution, civil society’s commitment to
sustainability has led to a greater demand of nZEBs and, ultimately, to the adoption of
several voluntary certification seals such as the ones mentioned in the introduction. In
Spain, the most successful private label has been Passivhaus with 255 certified projects
published in the PH Database [47], 35 (13.7%) of which are collective housing, and many
more are in the process of design and construction. Furthermore, the Passivhaus platform
in Spain declares 875 certifying partners [48], which gives an idea of the success of the PH
standard in this country.

Even if the Passivhaus Institut was founded in 1996 [49], the standard did not arrive
in Spain until 2009, when the first certified building, a single-family house, was constructed
in Moraleda de Zafayona, Granada [50]. Over the next 12 years, at least 255 buildings
were certified in Spain under the PH standard, including refurbishments, 26 of which were
located in the Basque Country and 21 in the neighboring Navarra. Another 43 were located
in Catalufia, 41 in Castilla y Leén, 38 in Madrid and 20 in Asturias, just to cite the regions
where the label has been more popular. In the temperate to hot Mediterranean regions
of Valencia, the Balearic Islands and Murcia, there are nine, four and two buildings built
under the standard to date, respectively.

At the beginning, Passivhaus was thought of as a design strategy for heating-dominated
central Europe, primarily for single-family dwellings. Some of the typical certification
criteria for these cases are summarized in Table 1. The ultimate aim of the standard was
to reduce energy demand and loads associated with heating. In Spain, passive houses are
known by the public and are usually perceived in the market as high-efficiency, sustainable
homes with a 4-5% cost premium [28]. In Germany, this premium was estimated to be
between 3% and 8% in 2013 and 15-20% in the UK in 2014 [51].

Table 1. Summary of the main Passivhaus certification criteria for cool-moderate climates (e.g.,
London, Paris, Vienna, Rome, Budapest, Istanbul, Beijing, Seoul, Tokyo, Tehran). Adapted from [52].

Certification Criteria (Residential) Cool-Moderate Climate
Specific Heating Demand <15 kWh/(m? a)
(or) Specific Heating Load <10 W/m?
Specific Total Primary Energy Demand <120 kWh/(m? a)
v n50 Airtightness at 50 Pa <0.6h7!
Eoalfempert Wi tepe s Overheating Frequency <10% Operative Temperature > 25 °C

Passivhaus is frequently advertised as a marketing device in high-end housing devel-
opments, and recently, some regional governments have adopted the standard for public
sponsored housing. This is the case of Nasuvinsa, a state-owned enterprise for the develop-
ment of social housing in Navarra that has joined the local Passivhaus consortium [53], and
its program, Navarra Social Housing: a commitment of the government of Navarra for social rental
and sustainable energy building, that will result in the development of 524 social rental units,
all of which will be certified under the Passivhaus standard [54], 138 of which have already
been finalized in Entremutilvas, Erripagaina and Ardoi [55]. Visesa, the public company
dedicated to social housing in the regional government of the Basque Autonomous Com-
munity, developed a 27-storey social housing Passivhaus-certified tower with 171 units [25].
A second phase of the same project added another very similar 190 fixed-price dwellings
that were, finally, not certified [56].

The Passivhaus design method is founded upon the principles of superinsulation,
thermal bridge-free detailing, high airtightness and heat-recovery ventilation systems
(MVHR), along with the use of energy-efficient appliances and lighting [57].

One of the biggest concerns about the Passivhaus is a greater perceived risk of over-
heating compared to less insulated homes. Several studies have investigated the issues
related to the betterment of the performance of the building envelope without taking into
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account the local climatic, typological and social differences between regions [13-21,58,59].
To further advance knowledge in this area in Spain, two studies were carried out in the
first Bolueta Tower [23,24]. Additionally, numerous studies deal with mitigation measures
in this type of building, but without necessarily clarifying what the alternative roadmap
for nZEBs in Spain should be [60-63].

1.4. Literature Review

Chvatal and Corvacho [59] pointed out that better insulation can increase or decrease
overheating and that this is more dependent on solar gains and also stress, since overheating
has consequences in terms of increased energy consumption. Mavrogianni et al. [64] pointed
out that in some cases, increased insulation can lead to overheating. Porrit et al. [65] drew
similar conclusions, namely, that increasing insulation thickness can lead to both an increase
in overheating and a decrease. Beizaee et al. [66] were more specific, stating that houses
built after 1990 overheat more than those from earlier periods. Lomas and Kane [67]
pointed out that buildings with load-bearing walls, regardless of their year of construction,
are cooler than those built from the 1980s onwards with the introduction of building
insulation. McLeod et al. [16] clearly related the increase in insulation to overheating and
signified the importance this will have with the predicted climate change. Another article by
Mavrogianni et al. [68] studied the performance patterns of users, especially in the case of
energy efficient retrofits. Taylor et al. [69] related outdoor climate to overheating in retrofit
cases. Van Hoof et al. [70] directly related decreasing U-values to increasing overheating.
Gupta and Kapsali [71] pointed out the increase in overheating in energy efficient buildings
with installations. Makantasi and Mavrogianni [72] related the effects of insulation with
other design aspects to describe the increase in overheating. Sameni et al. [14] reviewed
overheating in dwellings through extensive monitoring, but did not advance the causes.
Mulville and Stravoravdis [73] pointed out that increasing the efficiency of the envelope,
through both insulation and airtightness, increases the problems of overheating.

However, this is a complex issue and it is not yet well-defined which parameters most
affect this situation. The most recent studies suggest that good design, good protection
against solar radiation at times when it is necessary and good heat dissipation with passive
ventilation techniques can make buildings comfortable and in line with the reduction of
energy consumption demanded by society and institutions [74].

Most of these studies originated from the UK, a country with a high level of concern
about the problem and with a wide range of regulations focused on reducing the impact of
overheating in buildings, both in dwellings and tertiary buildings. However, most studies
focused on low-density typologies, including single-family and terraced houses. In Spain,
most of the population live in collective housing buildings [24]. This has a strong impact on
the increase in overheating as we find that, with difficulty in managing ideal orientations,
there is greater complexity in achieving correct cross-ventilation and a strong impact of
centralized energy installations in compact dwellings. All these factors, if poorly managed,
can lead to catastrophic overheating effects.

In general, we understand that these studies show that a bad translation of the Pas-
sivhaus/nZEB concept to a different climate and society from the original of central and
northern Europe can generate problems in indoor comfort. It is also shown that the best
way to detect the problem is to carry out surveys among users, an issue that is often omitted
in the Spanish building industry due to the lack of habit of monitoring finished buildings.
This can lead to problems that affect the satisfaction of the inhabitants and is reported in
the media as a lack of understanding of the problem of overheating [75].

This lack of understanding of the phenomenon of overheating used to be totally
foreign and unheard of in the climate of coastal northern Spain (except under uninsulated
roofs, at specific times in the summer). In this sense, this study seeks to demonstrate,
through a comparative analysis with dwellings built under less strict energy regulations,
that overheating is a problem that grows with the current nZEB and Passivhaus trends
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and will continue if other measures are not taken that clearly facilitate its mitigation; for
example, adequate shading and real cross-ventilation.

2. Materials and Methods

This section describes the methodological approach of the study, and describes the an-
alyzed case studies, compares climatic data, presents the materials used for data collection
in the monitoring campaign and describes the utilized comfort criteria.

2.1. Description of Case Studies

Three case studies were selected from the coast of the Basque Country that correspond
to different periods, representing an evolution in terms of the thermal characteristics of the
building envelope. The locations of the case studies and the weather stations utilized in
Section 2.3 are shown in Figure 2.

BASQUE AUTONOMOUS COMMUNITY DONOSTIA / SAN SEBASTIAN

DONOSTIA
SAN SEBASTIAN

STA. CLARA e
=

; : . '”‘*\;.Eg;"-
pe)
Wor? &

e

PRIM (DONOSTIA / SAN SEBASTIAN) ZARAUTZ (DONOSTIA / SAN SEBASTIAN) BOLUETA (BILBAO) ij 100 m
PRIM O Case study X: 582697.060 / Y: 4796340.970 MIRAMON /A Weather station X:583464.601/Y:4793190.988
ZARAUTZ (O Case study X: 580893.443 / Y: 4794886.897 STA CLARA /\ Weather station X:681221.979/Y: 4797046.411
BOLUETA (O Case study X:507369.291 /Y: 4788173.779 ABUSU /A Weather station X:507010.104 / Y: 4788080.318
wote: all coordinates in UTM 30N ETRS89 reference system %es?(a di DEUSTO /\ Weather station X:502779.259 / Y: 4792235.398
Authors: |.R.V. and J.O. Data source: geoEuskadi BILBAO HARBOUR A Weather station ~ X: 495751.328 / Y: 4799515.140

Figure 2. Location of the case studies and meteorological stations used in this study, in Donostia-San
Sebastian and Bilbao. Source: authors. Original images were obtained from geoEuskadi, public SIG
service of the Basque Country.
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Built ca. 1905
Main fagade:

Courtyard fagade:

Windows:

Airtightness:

The first building was built prior to any thermal regulation, the second building was
designed in 2005 under the pre-CTE guidelines of energy consumption reduction and the
third building was built under the nZEB criteria using the Passivhaus standard.

The first building is a historic private development, whereas the last two were devel-
oped by the Public Housing Company of the Basque Country (Visesa), and therefore, are
under the Public Housing Design Ordinances. The case studies are referred to in this paper
as Prim, dating from the beginning of the 20th century (ca. 1905) and located in San Sebas-
tian, Zarautz, from 2006 and located also in San Sebastian and Bolueta, located in Bilbao
and built in the year 2018. In the latter, 3 dwellings with different degrees of overheating
were selected according to the results of [24] and were used here for comparison with the
other two flats of Prim and Zarautz.

2.1.1. Flat 1: Prim

The Prim flat is located in the 19th century Ensanche (extension) [76] of the coastal city
of San Sebastian. It is a house built before any thermal regulation existed, circa 1905. The
house is located on the first floor, with the orientations specified in Figures 2 and 3.

) O 3m

o LIVING
| ROOM

o]
Solid sadstone/limestone wall, ‘\/ >
55¢m, U= 1.7-2.0 W/m?K EXTERIQ

Hollow brick wall, rendered, 40
cm, U= 1.3-1.9 Wim?K

Wooden frame and double
glazing (15 y.o0.) U-value N.A.

9-18.3 h™' [Martin-Garin et al.]

Figure 3. (a) Aerial perspective of the Prim building. Source: Google Maps. (b) Floorplan of the
monitored flat, with indication of the dataloggers” locations. Source: authors.

This building presents the typical construction methods of the mentioned Ensanche,
with a combination of limestone and sandstone solid walls for the main, street-facing facade
and hollow brickwork walls to the courtyard. The floors are built with timber beams and
joists, and finished with pine wood flooring and plaster ceilings. During the last renovation
15 years ago, no insulation was added but the original windows were replaced with modern
wood frames and double-glazing. The monitored flat still has the original, exterior window
shutters which allow for simultaneous shading and ventilation. Balconies with a depth
of 60 cm provide additional solar protection. The main bedroom has a mostly glazed bay
window that acts similarly to a Trombe wall during winter, but can be fully ventilated in
the summer to prevent excessive heat from entering the interior.

The building was not yet tested for airtightness. According to the EN 13465 standard,
for buildings constructed before 1940, a level of air tightness of n50 = 9 h~! should be
considered. A study on buildings from the same period in San Sebastian [77] studied 4
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ZARAUTZ (DONOSTIA / SAN SEBASTIAN)

Built 2006
Main fagade:

Courtyard fagade:
Windows:

Airtightness:

properties and 9 dwellings in total with similar characteristics to the Prim one, and showed
n50 results between 5.69 h~! in the best case and 18.26 h~! in the worst scenario.

2.1.2. Flat 2: Zarautz

Apartment 2 is located in a block of flats built prior to the appearance of the first ther-
mal regulation in the Technical Building Code. However, the characteristics of its envelope
can be considered superior to the minimum ones in this standard. All buildings promoted
by the Basque Public Administration at that time were subject to more demanding design
requirements for the thermal envelope than those mandated by the national standard, NBE
CT-79, and were tested and certified by the Basque Energy Agency (EVE). This building was
awarded a class A energy rating. The building is located in a peripheral city environment,
with formal characteristics typical of public housing, such as openings limited to 10% of
the surface area of the rooms, an absence of balconies (except for the first floor) and solar
protection by means of exterior blinds, as shown in Figure 4. It is made up of 152 dwellings,
104 public housing units and 48 social housing units of similar characteristics, generally
with cross-ventilation between the exterior facades and a large internal courtyard.

L1 |13m

(@)

Prefab. concrete panel w/
insul., 25cm, U= 0.52 W/m?K

Perforated brick wall, insulated,
25¢m, U= 0.57 W/im?K

Aluminum frame, double
glazing, U=3.9; U;=3 W/m2K

6h'

Figure 4. (a) Aerial perspective of the Zarautz building. Source: Google Maps. (b) Floorplan of the
monitored flat on the first floor, with indication of the dataloggers’ locations. Source: authors.

The construction characteristics are summarized in Table 3. It is also a typical con-
struction with a reinforced concrete structure, prefabricated concrete fagade panels and
lightweight plasterboard partition walls. This construction system is widely used in the
Basque Country in public housing due to its low cost and speed of execution.

As far as the airtightness of the building is concerned, it must be taken into account
that this building was designed without a mechanical ventilation system. The building
is ventilated through the infiltration of the building envelope and ventilation ducts in
kitchens and bathrooms, fitted with a fan at the end of the shafts in the roof of the building.

However, the building was tested by means of a blower door test, first with said
ventilation ducts blocked and then with the ducts open according to ISO/DIS 99721. The
average infiltration rate of a typical dwelling, and thus the number of air changes per
hour under normal winter conditions, was estimated using the LBL calculation method
(from the Lawrence Berkeley National Laboratory, University of California), developed
by Max H. Sherman in 1984. From this test, an average air exchange rate of 0.28 per hour
was determined, which corresponds to an approximate n50 test of 6 h~! at 50 Pa. This
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BOLUETA

Built 2006

(BILBAO)

value was considered to be the optimum in these developments as at least some level of
infiltration was necessary to facilitate ventilation by means of forced draught at the top of
the ducts on the roof. This system was an evolution of the typical shunt [78] construction
used previously, before the CTE of 2006, and can be considered a form of hybrid ventilation.

2.1.3. Flats 3, 4 and 5: Bolueta Low, Medium and High

The other three studied dwellings are located in Bilbao. They belong to a public
development that is between 9 and 27 floors in height and houses 171 flats in total, 63 of
which are destined to be subsidized social rental units and another 108 to be VPO fixed-
price sale units. The homes were finished in 2018 and occupants could move in after March
2019. The building obtained the Passivhaus certificate in March of 2018. The studied flats
are shown in Figure 5. A complete, typical floorplan of the project is available in [24].

DL_1 1 3m

Main fagade:

Composite cladding over brick
w/ interior (50mm) and exterior
(100mm) mineral wool
insulation, U= 0.22 W/m?K

Windows:

Schueco Living, triple glazing,
U= 1.1; Ug= 0.55 Wim’K

Airtightness:

Figure 5. (a) Aerial perspective of Bolueta Tower 1. Source: Google Maps. (b) Floorplan of the
monitored flat Bolueta Low. Drawing (c) corresponds to Bolueta Medium and (d) to Bolueta High.
Note the indicators of datalogger positioning. Source: authors based on as-built documentation.
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The tower was constructed with a concrete structure of columns and flat slabs. Fagade
walls were made of brick with two layers of insulation, one to the inside (50 mm) and
another one to the outside (100 mm). The facades were then covered with a black-finish
aluminum composite facade panel with varying inclination. Interior partitions were made
mostly of lightweight gypsum board partitions. Windows were triple-glazed and protected
from direct solar radiation by opaque reflective blinds located in the inside only. The
building lacks balconies or any other kind of exterior shading.

The Bolueta Tower was monitored since March 2019 [24]. For this comparative study,
3 dwellings were selected to show the range of overheating of the dwellings, from the
least overheated, which we called Bolueta Low, to a dwelling that suffers average overheat-
ing, which we called Bolueta Medium, and to a dwelling that shows very high levels of
overheating: Bolueta High.

In order to provide a quick reference, some of the main characteristics of the studied
buildings are summarized in Table 2.

Table 2. Summary of characteristics of the studied dwellings.

Flat YoC1 12:’:; Occupation Orientation 2 G[lazgd ssl;i‘z;? Cross-Vent. 3
Prim 1905 106 m? 4 adults/26.5 m?/ PP Two E-W 10.7 m? Shutters Opposing fac.
Zarautz 2006 74.9 m? 2 adults/37.45 m? /pp Two E-SW 9.9 m? Ext. Blinds Opposing
Low 81.8 m? 3 adults/27.27 m? /pp Two  NW-SE 10.8 m? Interior Opposing
Bolueta Med. 2018 54.5 m? 2 adults/27.25 m?/ p%) Mono S 4.6 m? Roller No
High 68.6m2  1adult+1child/343m?/pp  Two E-SE 7.7 m2 Screens Corner

1 Year of construction. 2 Orientation according to CTE DB-HE [7]. 3 Cross-ventilation: opposing facades, no
cross-ventilation due to being mono-oriented or “corner” when fagades are at an angle.

Figure 6 compares the fagade solutions in the Zarautz and Bolueta developments. The
evolution of insulation habits and detailing in the 2006-2018 period can be appreciated.
Typically, Spanish exterior roller blinds can be seen in Zarautz, whereas they have been
substituted for interior screens in Bolueta, probably to reduce thermal bridging.
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Figure 6. Vertical section detail comparison between the Zarautz and Bolueta case studies. (a) shows
the slab-facing detail in the fenestration bands of the main fagade in Zarautz, whereas (b) corresponds
to the opaque section of the same fagade and (c) shows the courtyard facade solution. Adapted by
the authors from the Executive Project by SATIE Arquitectos. (d) and (e) show the equivalent details
in Bolueta Tower 1. Adapted by the authors from the Executive Project by VArquitectos.
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An overview of the most relevant constructive element properties of the developments
are compiled in Table 3.

Table 3. Summary of constructive elements’ properties of the analyzed buildings.

Walls 2 Windows .
Flat YoC1 Airtightness n50 Partitions
Ufagade Ucourtyard Utrame Uglass g
Prim 1905 1.7-2.03 1.3-1.93 N.A. N.A. N.A. 9-18.3h~1 [77] Clay Brick
Zarautz 2006 0.52 0.57 3.90 3.00 N.A. 6h! Lightweight
Bolueta ? 2018 0.22 Does Not Apply 1.1 0.55 0.57 03h71 Lightweight

1 Year of construction. 2 All U-values in W/m?2 K. 3 These values were calculated by the authors. 4 Source of data:
Cadem (Grupo EVE), who performed the original energy certification of the as-built project. 5 Data gathered
from [47].

2.2. User Comfort Surveys

The Prim dwelling was occupied by a family consisting of a couple and their two
children, aged 20 to 30. In the surveys carried out, they did not report day- or night-time
discomfort during the summer, except for occasional events during exceptionally hot days
in summer. Evidently, this home has a high heating demand in winter, but this is addressed
with a natural gas boiler and water-based radiators to avoid discomfort at the expense of
energy efficiency in winter.

The Zarautz flat was occupied by a married couple. In the surveys carried out, they
did not report any type of discomfort, except for occasional moments during the hottest
days of summer, and only during the daytime. In winter, they stated that they only turn
on the heating at specific times, and then the house stays above 19-21 °C with no major
problems of discomfort.

The Bolueta dwellings were studied by means of surveys (Figure 7) extended to a high
proportion of users, which showed a clear problem of summer discomfort both during the
day and at night-time [23,24].

Coneisersaus paga musno i a saetcion

e .l

Figure 7. Snapshots of the Bolueta Tower 1 post-occupancy evaluation survey for thermal comfort.
Source: authors.

It is common for users to sleep with the windows open to mitigate the heat at night,
although depending on the location of the dwelling this generates problems with outside
noise and insects in the area due to the presence of a river nearby. In relation to noise
pollution, both Prim and Zarautz dwellings are located in a noisy environment during
the daytime, due mostly to traffic. This information was first collected via user surveys
and then compared to the Donostia-San Sebastidn [79] and Bilbao [80] municipal noise
maps, both for Lden and Ln metrics (Figure 8). As declared by the Bolueta residents in
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PRIM (DONOSTIA / SAN SEBASTIAN)

the surveys, a noisy environment interferes with natural ventilation, especially during the
night when it can be an impediment for proper sleep.

ZARAUTZ (DONOSTIA / SAN SEBASTIAN) BOLUETA (8ILBAO) L 1100m

Noise Level 50 mwm 55 60 65 1 70 w75 . dB(A)

Figure 8. Complete daytime Lden (top) and night-time Ln (bottom) noise levels in the surroundings
of the studied buildings, according to the Donostia-San Sebastian and Bilbao local noise maps. Source:
authors, adapted from [79] and [80].

The user surveys also surfaced the problem of simultaneous natural ventilation and
bedroom darkening in the Bolueta Tower, as the interior blinds do not allow for the
windows to be open at the same time.

2.3. Data Collection

To perform the monitoring, commercial-grade datalogger equipment from T&D was
used. All equipment was factory calibrated previous to the installation. T&D RTR-576
devices with three channels (temperature, relative humidity and CO, concentration) were
used for monitoring in some cases (see Figure 9), preferably in bedrooms. For RTR-576, the
measuring range of CO; was 0 to 9999 ppm, temperature was 0 to 55 °C (accuracy +0.5 °C)
and humidity was 10% to 95% RH (accuracy 5% RH at 25 °C, 50% RH). To collect the data,
the readings were transmitted via FTP using T&D RTR-500 base units. In the rest of the
cases, T&D TR-72wb dataloggers were used, which take temperature and RH readings only.
The accuracy declared by the manufacturer was the same as the RTR-576. A more detailed
description of the equipment used is available in [24]. All sensors were installed at the
approximate height of one meter, avoiding direct sunlight or other heat sources (radiators,
appliances, etc.). An approximate location of where each monitoring device was placed
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can be seen in Figures 3-5, whereas the monitored dwellings and periods, as well as some
complementary data, are shown in Figure 9.
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Figure 9. Summer 2020 monitoring campaign overview. Source: authors.

The start and end dates of the monitoring period reported in this paper were motivated
by the availability of equipment and the length of the summer. In addition, an extra month
was added at the beginning and two at the end of the time usually considered summer,
including data from April to October.

In the case of Prim, the monitoring started on 16 July. In the Bolueta Low case study, an
RTR-576 datalogger was placed in the living room at the beginning of the study, but it was
later substituted with a TR-72wb device, and the RTR-576 was relocated to the bedroom,
where its ability to record CO, concentration was deemed more useful. In Bolueta High, a
device failure on 21 October made the datalogger stop recording.

The dataloggers, whose positions are shown in Figures 3-5, are listed in Table 4
together with their operating period.

Table 4. Summary of monitoring periods in each of the 5 apartments.

Case Study Room Reported Monitoring Period
Living Room
Pri Bedroom 1 16 July-31 October
nm Bedroom 2 y

Exterior

Zarautz Living Room 1 April-31 October
Exterior

L Living Room 1 April-31 October

ow Bedroom 16 July-31 October

Bolueta Medium Living Room 1 April-31 October

High Living Room 1 April-31 October
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2.4. Thermal Comfort Models

To evaluate summer comfort, a similar approach to [24] was used. In the case of
overheating, [81] pointed out 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 ... . papers reporting monitoring studies use different
criteria to evaluate whether or not overheating has occurred”. In consequence, this paper used
various comfort models, both fixed-threshold and adaptative, as summarized in Table 5.

Table 5. Summary of fixed-threshold and adaptative model thermal comfort standards. Retrieved
from [24].

Standard Overheating Criteria

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

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

0-2%, Excellent.

Passivhaus Institut [82]

Tmax is 25 °C for living rooms and 23 °C for bedrooms.
CIBSE Guide A [83] Overheating when T > 28 °C during 1% of year for living rooms and
T > 26 °C during 1% of the year for bedrooms.

Predominantly mechanically ventilated buildings
RHmin = 40% and maximum RHmax = 60%:

1SO 7730 [84] ° Category A: Tmin 21 °C, Tmax 25.5 °C;
° Category B: Tmin 20 °C, Tmax 26 °C;
e  Category C: Tmin 19 °C, Tmax 27 °C.

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

EN 16798-1 [85] Upper temperature limit, Ty = 0.33 Trm + 18.8 + 2.

e  Category II: other buildings:

Upper temperature limit, Toop¢ = 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 (He);
CIBSE TM:52 [86] ) Criterion 2: daily weighted exceedance (We);
e  Criterion 3: upper limit temperature (Typp).

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 toa 1
K during the period from May to September will not be more than 3%
of occupied hours (CIBSE Criteria TM:52 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 [83]
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The most widely accepted methodologies are the thermal balance or empirical model
used in EN ISO 7730:2005 [84] and EN 16798-1:2019 [85], and the adaptative models
that account for subjective thermal adaptations of subjects to outside weather such as
CIBSE TM:52 [86] and CIBSE TM:59 [83]. In Spain, the technical standard in force to this
effect (RITE) [41] is based on EN ISO 7730. As for EN 16798-1:2019, it can be considered
to be integrated within the CIBSE technical memorandums TM:52 and TM:59, as they
work with the same design targets and adaptative limits, adding three failure criteria for
predominantly naturally ventilated buildings:

o  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).

e  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.

e  The third criterion establishes an absolute maximum daily temperature for a room,
beyond which the level of overheating is unacceptable.

2.5. Exterior Climate Data Sourcing and Analysis

The local and urban climate is a key parameter in the design of nZEB houses. Solar
radiation, outdoor temperature, sky coverage and other climatic parameters are decisive
factors in the calculation of the energy balance, thus it is necessary to have verified data. The
local climate influences the required transmittance values for facades and window frames
and glass, as well as the size and orientation of rooms and the proportion of openings to
be provided. This, finally, determines whether the winter or summer period is the most
critical when it comes to responding with an appropriate building design. For this study,
we analyzed the different statistical climate data and the data collected both by the weather
stations and by the outdoor sensors located in the monitored dwellings. Figure 2 shows the
location and coordinates of buildings and weather stations in San Sebastian and Bilbao.

2.5.1. Data Sources

With the aim of limiting the energy demand of buildings, the different European
directives specify the importance of considering the climatic peculiarities of each territory,
and it is the responsibility of each country to establish the procedures and the specific
requirements that their buildings must comply with.

In the case of Spain, the determination of climatic zones in the CTE Building Code is
based on the calculation of winter and summer climatic severities for locations that have
contrasting climatic records. Once the two climatic severities are obtained, the climatic
zone of a certain location is determined by composing the winter and summer severities,
in accordance with the CTE DB-HE of 2019. The climatic data is available for download
from [87].

For the city of San Sebastian, the climatic zone is D1 and for the city of Bilbao, C1.
As the two cities have the same summer climatic severity, 1, the climate data used by
the standard has the same temperature distribution during the summer. In October, we
observed that the climate diverges in the two different climate zones. Figure 10 shows
dry-bulb temperature, relative humidity and global horizontal solar radiation for climate
zones C1 and D1 in the Spanish Technical Building Code (CTE).
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Figure 10. CTE Design Year weather data for climate zones C1 (Bilbao) and D1 (San Sebastian), April
to October. Source: authors.

However, the climatic data in the CTE Building Code was prepared for design regula-
tory purposes in the whole of Spain and, therefore, implies a certain degree of simplification;
namely, it does not necessarily perfectly fit the actual climate of a specific location (not
all cities and towns under zones C1 or D1 have the same climate, although they might be
similar).

It is therefore recommendable to analyze statistical weather data specific to the location
of the case studies. TMYx (Typical Meteorological Year) files [88] are typical weather
files constructed with hourly data during the 2004-2018 period following the ISO 15927-
4:2005 [89] methodology. Analyzing the Typical Meteorological Years, it is possible to see
that the San Sebastidn and Bilbao climates have some differences that are not reflected in the
weather files used by the Spanish regulation (Figure 11). However, the San Sebastian and
Bilbao climates are considered similar enough to perform comparative analysis between
case studies.

TMYx 2004-2018 Weather Data: Dajly Values APR.-OCT

Dry Bulb Temperature | Bl

Figure 11. TMYXx statistical weather data (2004-2018) for Bilbao (red) and San Sebastian (blue), April
to October. Source: authors.
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2.5.2. Microclimate Analysis

Climate zone characterizations apply to large territories; however, within these areas
and, due to local factors specific to the terrain, particular climatic variations or microcli-
mates will appear with very marked characteristics capable of significantly modifying the
boundary climatic conditions [90]. These factors can be summarized for the case of the
Basque coast as follows:

e Distance from the sea: it has a regulating effect on the thermal gradient, reducing
maximum temperatures and increasing minimum temperatures.

e  Altitude: In humid climates, the temperature drops by 0.3 to 0.8 °C. In addition, there
is higher solar radiation and higher nocturnal radiation, which increases the thermal
gradient.

e  Presence of vegetation: it has a similar effect as the sea, preventing overheating of the
soil and avoiding nocturnal radiation, and reducing the day—night temperature jump,
resulting in a typically cool climate during the day and temperate at night.

e Location: the intricate and mountainous orography of the area in question and its
location in relation to the Iberian Peninsula, which is itself a mountainous area with a
high average altitude, makes the Basque Country and Navarre a hinge area between
the Iberian Peninsula and the Aquitaine Depression, which is therefore influenced
by these geographical areas and, although neither of them is the source of air masses,
they are of great importance in terms of baric and hydric changes.

At the individual level, the thermal sensation is essential, and at the building level,
the design and construction of an efficient project makes the study of the climate and the
microclimate fundamental. The components described here speak of the importance of the
site. All the components vary the climate.; hence, the difficulty of efficient architectural
design. In terms of architecture, the components listed here make the energy performance of
a building vary considerably. In the case of the Basque Country, a number of microclimatic
effects are well characterized in Figure 12.

@ " ® @ ®

COASTAL ZONE SOUTHERN HILLSIDE DEPRESSION NORTHERN HILLSIDE SUMMIT

- Less solar radiation - Higher solar radiation - Less solar radiation - Less solar radiation (shade) - Higher solar radiation
- Higher humidity - Lower humidity - Higher humidity - Higher humidity - Lower humidity

- More precipitation - Protected from northern wind - More precipitation - Northern wind exposition - More precipitation

- High wind exposition - Higher temperatures - Lower temperatures - Lower temperatures - Lower temperatures
- Lower temperatures - Morning fog

Figure 12. Typical bioclimatic implications of building location in the coastal Basque Country. Source:
authors, adapted from [90].

In the specific cases of the cities of San Sebastian and Bilbao, the microclimatic par-
ticularities of the cases studied can be observed thanks to the meteorological stations of
the Basque Meteorology Agency during the summer of 2020, of which the data obtained



Buildings 2022, 12, 1047 18 of 34

from them are shown the following figures. In San Sebastian (data in blue), data from the
stations at Santa Clara, which is by the sea, and Miramoén, which is on a hill in the interior
of the city with greater altitude and solar radiation, were analyzed. In the city of Bilbao
(data in red), data from the Bilbao harbor, which is next to the sea, Deusto, which is in the
city center, and Abusu, which is near to Bolueta, were analyzed.

On a hot summer day (Figure 13), we observed that daytime temperatures were higher
inland in both cities (dashed and solid lines) than on the coast (dotted lines); however, night-
time temperatures were lower inland than on the coast. Here, we have a clear temperature
regulating effect due to the sea mass. The sea temperature in August on the Basque coast is
about 22 °C on average. On 6 August 2020, there was a prevailing southerly wind, which
was generally warm due to the foehn effect. Solar radiation was similar at the Santa Clara
(San Sebastian) and Deusto (Bilbao) stations, with a peak value of 900 W/ m? of irradiance.
Miramon, Abusu and Bilbao harbor stations did not record solar radiation.

Temperature (°C) - August 6, 2020
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Figure 13. Comparison between recorded temperatures (top) and solar radiation (bottom) on a clear
day in summer (6 August 2020). Source: authors.

If we observe a day in August with cloudy skies and low radiation together with a day
that was clearer and had high radiation, such as 28-29 August (Figure 14), we see that the
temperatures were higher in the Bilbao stations (red) than in San Sebastian (blue), where
temperatures were lower and influenced by a strong northeast wind (up to 40 km/h). At
all times, the temperature of the coastal stations is higher than that of the interior due to
the attenuating effect of the sea, and we can see that the effect of radiation does not have
much influence on the exterior temperatures except to make the interior stations exceed at
times the temperature of the stations by the sea.
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Temperature (°C) - August 28-29, 2020
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Figure 14. Comparison between recorded temperatures and solar radiation on 28-29 August 2020,
on a cloudy day followed by a clear day. Source: authors.

At the end of September there is typically a significant drop in temperatures in this
climate. Solar radiation also decreases slightly. The prevailing winds are from the west and
up to 40 km/h, and also from the N-NE. The pattern, however, remained the same in 2020
(Figure 15), with higher temperatures in Bilbao, and higher temperatures by the sea than
inland.

Temperature (°C) - September 26-27, 2020
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Figure 15. Comparison between temperatures recorded and solar radiation recorded on a cloudy day
followed by a clear day in September (26-27 September 2020). Source: authors.
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The San Sebastian City Council produced a thermal map using climate data and the
UrbClim [91] urban climate model. Figure 16 shows the map for the city as a whole with
the resolution provided by the 100 by 100 m grid model.

The UrbClim study shows that, “The average maximum temperature values for the period
analyzed vary between 23.4 and 27.7 °C between some parts of the city and others. The lowest
maximum temperature values correspond to the areas close to the coastal strip and higher parts of
the city. The maximum temperature increases as the influence of the sea is lost, with the highest
temperatures in inland and lower elevation areas. It is worth mentioning that the temperature is
slightly lower following the course of the Urumea River, which also acts as a temperature regulator
along its course”. This demonstrates the great influence of microclimatic factors on the urban
climate and ratifies the data collected in the period studied for the homes located in San
Sebastian.

Max. Temperature Y

m23.4-
m247-

25.6 -
m26.3-
m26.9-

24.6°C
25.5°C
26.2°C
26.8°C
27.7°C

Figure 16. Map of maximum mean temperatures from the UrbClim study, measured in the period
May to September 2003 with a resolution of 100 m. Source: UrbClim Donostia-San Sebastian [91].

For this paper, exterior temperature and RH data sources were used as close as possible
to the dwellings studied, either with sensors located on the outside of the dwellings
themselves or with the nearest official weather stations available. For the adaptative
comfort assessment in this study, the following data sources were selected:

Prim: a sensor located in the facade of the flat, in the shaded courtyard.

Zarautz: a sensor located on the outside the dwelling.

Bolueta: Abusu weather station, close to the Bolueta building (see Figure 2). Data
collected from the Deusto station in summer 2019 is introduced in Figures 13-15 for
comparison, revealing that it was a summer with similar characteristics.

An analysis of the exterior temperature/relative humidity pairs over the comfort
model shows that the oldest dwelling, Prim, had typical exterior temperature values similar
to those of the Zarautz case study, with peaks of 27.5 °C. The Zarautz dwelling environment
had slightly lower values than Prim, probably because it is located in more of a peri-urban
environment with a higher presence of green spaces and vegetation in the surroundings.

3. Results

This section presents the results of the monitoring campaign (temperature, relative
humidity and CO; concentration) and displays the collected data in both graphic and table
form, as well as assessing night-time comfort and providing comments to all the presented
data.
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3.1. Overall Thermal Comfort

A look into the mean monthly temperatures of each of the case studies offers a general

idea of the differential performance between each of the dwellings (Table 6).

Table 6. Average monthly temperatures (°C), April-October 2020.

Case Study Apr. May Jun. Jul. Aug. Sep. Oct.
Prim 2471 248 23.1 21.0
Zarautz 21.0 22.4 234 247 25.6 24.5 20.58
Low 23.1 23.4 23.6 25.2 254 23.4 224
Bolueta Medium 24.3 234 23.6 24.4 25.2 243 23.7
High 234 255 26.2 27.2 27.9 26.8 2332
! Incomplete month, monitoring starts 16 July. 2 Incomplete month, monitoring ends 21 October.
The recorded relative humidity values are presented in Table 7, aggregated into the
monthly average per case study.
Table 7. Average monthly relative humidity (%), April-October 2020.
Case Study Apr. May Jun. Jul. Aug. Sep. Oct.
Prim 6 %! 66% 62% 59%
Zarautz 59% 63% 64% 66% 66% 62% 61%
Low 48% 53% 55% 57% 59% 58% 54%
Bolueta Medium 44% 54% 55% 58% 56% 53% 48%
High 47% 48% 49% 51% 52% 47% 49% 2
! Incomplete month, monitoring starts 16 July. 2 Incomplete month, monitoring ends 21 October.
A first quantitative analysis of the hours with values > 25 °C is presented in Table 8.
The analysis allows us to quantify the impact of overheating in the different dwellings
monitored. On the one hand, it can be seen that the higher the performance of the envelope,
the greater the increase in overheating periods. The Zarautz dwelling, with relatively
high insulation values, recorded overheating values higher than those required by the
Passivhaus Institut; however, this was limited to a very short period of the year, from
mid-July to mid-September. Inhabitants of this apartment reported no natural ventilation
during a period of 15 hot days in August when they were away from the dwellings.
Table 8. Number of hours where T > 25 °C, April-October 2020.
Case Study Apr. May Jun. Jul. Aug. Sep. Oct.
Prim 1051 300 77 0
Zarautz 0 1 38 261 594 256 0
Low 8 96 101 449 511 116 1
Bolueta Medium 79 127 86 259 453 309 38
High 16 507 656 744 739 680 22

! Incomplete month, monitoring starts 16 July. 2 Incomplete month, monitoring ends 21 October.

By counting hours > 28 °C, the overheating stress to which dwellings are subjected

can be better measured (Table 9).
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Table 9. Number of hours where T > 28 °C, April-October 2020.
Case Study Apr. May Jun. Jul. Aug. Sep. Oct.

Prim 0! 2 0 0
Zarautz 0 0 0 0
Low 0 0 0 5 4 0 0
Bolueta Medium 0 0 0 0
High X 0 10 97 242 69 02

! Incomplete month, monitoring starts 16 July. 2 Incomplete month, monitoring ends 21 October.

As for the maximum and minimum temperatures recorded during the monitoring
period, it is notable that, frequently, the Bolueta Low, Medium and High study cases seemed
to have a larger amplitude with higher peaks and lower valleys, as shown in Table 10 and
also in Figure 17.

Table 10. Minimum and maximum recorded temperatures (°C) for each of the case studies, April-
October 2020.
Case Study .April ) May ) June _ July .August S.eptember pctober
Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
Prim ! 231 279 206 288 199 262 184 234
Zarautz 173 235 201 254 205 257 215 266 215 275 212 269 180 2238
Low 209 262 197 266 202 267 203° 282 201 287 189 280 198 252
Bolueta Medium 205 279 175 274 179 271 200 274 189 283 175 286 171 26.7
High 2 198 254 234 278 244 284 254 291 240 293 227 290 211 25.3

! Monitoring period: 16 July-31 October. 2 Monitoring period: 1 April-21 October.

Observing the interior evolution of temperatures in the dwellings, some conclusions
can be drawn: Older dwellings have lower interior temperatures. The PH dwellings, in
order to maintain lower average temperatures, need to carry out important ventilation
actions, as observed in the amplitude between daily maximum and minimum temperatures.
The Passivhaus-certified apartments with less action on ventilation suffer from much higher
indoor temperatures.

Recorded Interior Temperature (°C), July-October 2020
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Figure 17. Recorded interior air temperature for all living rooms, 1 July to 31 October 2020. Source: authors.

By studying the temperature evolution per month, the different effects can be better
described. Figure 18 shows the evolution of indoor temperatures during the month of
July. The Bolueta High dwelling, as it does not use natural ventilation during the cool
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hours of the day, maintained very high temperatures constantly. The Prim and Zarautz
dwellings showed day and night cycles in line with the outside climate, without great
thermal stress. The Bolueta Low and Bolueta Medium dwellings carried out important
ventilation actions during the night hours, which caused high maximum and minimum
temperature differences in order to remain within the comfort zone. A similar effect was
produced during the month of August.

Recorded Interior Temperature (°C), July 2020 —Prim —Zarautz - Bolueta Low — Bolueta Medium —Bolueta High

Jul1 Jul3 Juls Jul 7 Jul9 Jul1t  Jul13 Jul1s gul17 o Jul19 Jul21 Jul23 Jul2s  Jul27  Jul29  Jul31
2020

Figure 18. Recorded interior air temperature for all living rooms, July 2020. Source: authors.

We can see what happens in a month with cooler outside temperatures. In the month
of October (Figure 19), it can be seen how the gaps between day and night temperatures
in Bolueta Low and Bolueta Medium disappeared. Natural ventilation was no longer
necessary to dissipate the heat and the cold outside generates discomfort when the windows
are open. The dwellings reduced their interior temperature, although maintained high
values, and it is the users who regulated the interior temperature more adequately. In the
Bolueta High dwelling, we observed that these ventilation actions continued to be absent
and that its temperature fluctuated between the average temperatures of the other Bolueta
dwellings. For the Prim and Zarautz dwellings, it can be said that they entered a period
of indoor comfort with a cool outdoor climate. The heating period had not started and at
some moments minimum temperatures of 18 °C were observed; however, there were no
major differences between the Prim and Zarautz dwellings, and even higher temperature
values were observed due to higher occupancy, with four adults as opposed to two.

Recorded Interior Temperature (°C), October 2020 —Prim —Zarautz — Bolueta Low — Bolueta Medium — Bolueta High

Oct 1 Oct3 Oct5 oct7 Oct9 Oct 11 Oct13 Oct 15 Oct17 Oct 19 Oct 21 Oct 23 Oct 25 Oct 27 Oct 29 Oct 31

Figure 19. Recorded interior air temperature for all living rooms, October 2020. Source: authors.

If we look at the temperature and relative humidity pairs, the effects described above
can be observed. Figure 20 shows the month of August in the five dwellings. The Prim and
Zarautz apartments maintained temperatures between 23 and 27 °C, which we could say
are in line with the outside climate. The Bolueta Low and Medium dwellings showed huge
differences between minimum and maximum temperatures. Likewise, we can see that the
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maximum amount inhabitants managed to lower indoor temperatures by means of active
ventilation was around 19 °C in Bolueta Low. In the case of Bolueta High, the little action
of natural ventilation led to good indoor temperature records, between 26 °C and 29 °C.
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Figure 20. Summer comfort diagram for August 2020. Source: authors.
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In September (Figure 21), with the drop in outdoor temperatures, it can be seen that the
least insulated dwellings, Prim and Zarautz, saw their indoor temperatures drop, placing
them within the comfort zone in accordance with the outdoor climate of the time in the city
of San Sebastian. The Bolueta dwellings followed the same pattern. In the case of Bolueta
Low and Bolueta Medium, we can say that the drop in outside temperatures helped to
better dissipate the heat inside. However, the houses quickly returned to high temperatures
as soon as the windows were closed. This is also due to the internal heat gain, which is
difficult to dissipate with the mechanical ventilation system.
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Figure 21. Summer comfort diagram for September 2020. Source: authors.
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3.2. Night-Time Comfort

Night-time comfort is one of the most difficult aspects to achieve in highly insulated
dwellings. The CIBSE Guide A recommends a maximum of 1% of annual hours > 26 °C in
bedroomes, as stated in CIBSE TM:59 with the following criteria: “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)”.

Three bedrooms were monitored in two of the sites. As it will be seen below, tem-
peratures were generally higher in the bedrooms than in the living room. In Table 11, the
number of hours with temperatures above 26 °C is shown.

Table 11. Number of night-time hours (22:0008:00) where T > 26 °C, April-October 2020.

Case Study Apr. May Jun. Jul. Aug. Sep. Oct.
Living R. 111! 21 0 0
Prim Bedroom 1 241 111 33 0
Bedroom 2 131 51 16 0
Zarautz (Living Room) 0 0 0 2 49 26 0
Low 0 0 0 106 71 5 0

Bolueta Low-Bedr. 82 73 192

Medium 0 0 0 6 64 20 0

High 0 61 120 264 279 268 183

! Incomplete month, monitoring starts 16 July. 2 Incomplete month, the monitoring period only covers 16 July to
21 September. 3 Incomplete month, monitoring ends 21 October.

It should be noted that the Prim and Zarautz dwellings did not include any complaints
about night-time comfort in the surveys, and the excess hours may be due to certain periods
in which the dwelling was not inhabited in August, for example, and in which proper
ventilation was not carried out. In the Bolueta dwellings, night-time discomfort was a
recurrent complaint, so it is common for dwellers to sleep with the windows open whenever
they are not affected by outside noise.

The following graphs show a comparison between rooms in the day and at night-time.
Both the living rooms and the master bedroom of the dwellings were monitored. Figure 22
shows a comparison for the month of August 2020 of the pairs of T and RH for the Prim and
Bolueta Low dwellings. In the Prim dwelling, it can be seen that in general, the temperature
of the bedroom was higher than that of the living room in both dwellings. This was due to
the fact that the windows of the living room were open during the day; however, during
the night they tended to remain closed. This was not the case in the Bolueta Low dwelling.
The temperature in the living room was higher than in the bedroom, mainly due to the
direct solar radiation that hits the dwellings. The inhabitants of Bolueta Low declared that
they opened their bedroom windows every night around 5 or 6 a.m. in order to dissipate
the heat and kept the door of their bedroom open all night.

Figure 23 shows the same comparison in September. Here, we can see how the
drop in outside temperature and radiation means that the bedroom again exceeded the
temperatures in the Bolueta Low dwelling. The logger stopped sending data from 16
September.
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Figure 22. Summer comfort diagram comparison for both Prim and Bolueta Low case studies. August
2020. Source: authors.
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Figure 23. Summer comfort diagram comparison for both Prim and Bolueta Low case studies.

September 2020. Source: authors.



Buildings 2022, 12, 1047

27 of 34

3.3. CO;, Concentration

For the apartments where an RTR-576 monitoring device was installed in the living
rooms, data for CO, concentration is made available in Table 12. In the case of the Prim
case study, the CO, monitoring devices were installed in bedrooms only.

Table 12. Mean CO, concentration (ppm), monthly, April-October 2020.

Case Study Apr. May Jun. Jul. Aug. Sep. Oct.
Prim—Bedroom 1! 6452 503 540 726
Prim—Bedroom 2 ! 4932 402 599 751

Zarautz 595 581 523 543 520 551 582
Low 566 552 509 552 5783
Bolueta Medium 573 559 511 470 473 481 581
High 581 596 606 574 601 598 586 4

1 Data from bedroom instead of living room. 2 Incomplete month, monitoring starts 16 July. 3 Incomplete month,
the RTR-576 device installed in the living room was moved to the bedroom on 17 August. 4 Incomplete month,
monitoring ends on 21 October.

4. Discussion

This section summarizes and discusses the results presented in the previous section
and analyzes the compliance of the case studies with the standards and criteria introduced
in Section 2.4.

In all the studied cases, average monthly temperatures were higher in the Bolueta units
when compared to Prim and Zarautz (Table 6). The highest mean monthly temperature
was recorded in the Bolueta High case study in the month of August (27.9 °C). It was also
found that average monthly temperatures fell more rapidly when summer ended in the
older, non nZEB houses (20-21 °C), whereas the Passivhaus-certified units sustained mean
temperatures of 22-24 °C.

Bolueta Low, Medium and High showed a greater temperature range (Table 10),
meaning there is a bigger amplitude in the temperature graph. The case of Bolueta Medium,
where residents stressed the amount of manual ventilation they performed, is worthy of
mention, as it is the flat that presented a bigger difference between maximum and minimum
temperatures for the months of May, June, July, September and October.

Recorded relative humidity values (Table 7) were not anomalous typically, with
monthly averages between 44 and 66%, and absolute minimums and maximums of 38%
and 75%, respectively. These values are usually lower than the outdoor RH and are to be
expected in areas near to the coast. Bolueta Low, Medium and High maintained lower
relative humidity values when compared to Zarautz and Prim.

As presented in Table 5, the Passivhaus Institut overheating criteria limits the number
of hours exceeding an operative temperature of 25 °C to 10% of the natural year; thus, 876
h. The Prim case study, due to its shorter monitoring period, is the only one that did not
exceed said limit, with the sum of hours where Top, > 25 °C being 527 (6.02% of the year).
The rest of the flats, such as Zarautz (1150 h, 13.13% of the year), surpassed the limit and
would, therefore, be considered overheated under this standard. Bolueta Low, Medium and
High, despite being certified under this standard, widely exceeded the limit and did not
meet the performance that is to be expected from them with 1282 (14.63%), 1345 (15.34%)
and 3344 (38.17%) hours above 25 °C, respectively.

In addition, Table 8 shows how the period of overheating extends further than the cal-
endar summer and also longer than the CIBSE TM:52 defined summer (May-August), with
a very considerable number of hours above 25 °C in September and May, and occasionally
also in April and October.

CIBSE TM:52, section 1.4.2.4, limits the number of hours above 26 and 28 °C for
bedrooms and living rooms, respectively, at 1% of occupied hours, which corresponds with
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an absolute limit of 32 h in bedrooms and 55 h in living rooms. CIBSE TM:59 also applies
the same night-time comfort criterion. Prim, Zarautz, Bolueta Low and Bolueta Medium
met the requirement for the daytime, but failed the criterion for night-time comfort. Bolueta
High, on the other hand, failed both.

CIBSE TM:59 also establishes an adaptative limit, where the number of hours during
which AT between interior and exterior is greater than or equal to 1 °C cannot be more
than 3% of the occupied hours (May to September).

Table 13 summarizes the compliance of each case study with the standards presented
in Table 5, found in Section 2.

Table 13. Summary of overheating criteria compliance.

Case Study Prim ! Zarautz Bolueta Low Bolueta Medium Bolueta High
Passivh Institut 6.02% 13.13% 14.63% 15.34% 38.17%
asstvhiaus Institu “Acceptable” 2 “Poor” “Poor” “Catastrophic” “Catastrophic”

CIBSE TM:52 (Cat.II) 3

Criterion 1 Pass Pass Pass Pass Pass

Criterion 2 Fail Pass Pass Fail Fail

Criterion 3 Pass Pass Pass Pass Pass
CIBSE TM:59 (Cat.IT) 3 Predominantly Naturally Ventilated

Criterion 1 Pass Pass Pass Pass Pass

Criterion 2 Fail Fail Fail Fail Fail
CIBSE TM:59 (Cat.IT) 3 Predominantly Mechanically Ventilated

Criterion 1 Does Not Apply Does Not Apply Fail Fail Fail

1 The monitored period is 16 June 2020 to 31 October 2020. 2 Less than 10% is deemed acceptable, although less
than 5% is recommended by the PHI. 3 Category II corresponds to a normal level of expectation; Category I is
reserved for buildings with a high probability of being occupied by vulnerable and fragile persons.

In the table we can see how the compliance ratios were more difficult to achieve in
the more insulated dwellings. Note how the Passivhaus Institut criterion for summer is
presumably only met by the oldest uninsulated dwelling.

All the case studies had good or acceptable CO, concentrations during the April
to October period, showing in some cases mean monthly values similar to the baseline
CO; concentration found in urban environments. The lowest average concentrations were
found in the summer period, as dwellers acted on their apartments’ ventilation to mitigate
excess heat, obtaining better indoor air quality as a result. The expected difference between
bedrooms and living rooms was confirmed in the monitoring campaign results.

There is, however, an interesting tendency that arose around the month of October,
when inhabitants of houses ventilated only through natural means stopped opening the
windows so often. Data for Prim Bedroom and Bedroom 2 showed a quick rise of CO, con-
centration up to 756 ppm in October, and it is reasonable to expect that it only rises during
the colder months, probably exceeding the 900 ppm limit set in the national regulation CTE
DB-HS 3.

5. Conclusions

First, this paper provided an up-to-date perspective on the evolution of energy ef-
ficiency regulations and current trends in the residential building sector in Spain, and
investigated the benefits they have brought and the new challenges that arise as a result.

Then, this article showed that it is reasonable to compare the performance and re-
siliency against overheating of housing in different cities inside the coastal area of the
Basque Country, provided local climate particularities are taken into account.

As a result, this comparative study made it possible to confirm that nZEB dwellings
are more prone to suffering overheating than conventional or older housing and for longer
periods of time, and has provided data to quantify and characterize the phenomenon,
especially in the following aspects:
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e  The amplitude of the temperature readings is greater the higher the performance of
the building envelope is, in terms of insulation and airtightness.

e  The former could be both caused by the reduced thermal inertia of the building and by
the actions dwellers take to try to mitigate overheating, such as constant ventilation.
For this reason, buildings equipped with MHRV systems can be analyzed under
criteria for naturally ventilated ones, for instance, by using CIBSE TM:59 criteria (a)
and (b).

e  Buildings that are less efficient in winter can also be better at dissipating heat in an
overheating event, and thus, more resilient in this aspect.

e nZEBs are fine-tuned machines that are more sensible to microclimate variations,
internal heat gains, occupation density and solar radiation, especially if they are
not fitted with adequate sun protection and do not have the potential for intensive
ventilation (e.g., no cross-ventilation is possible due to the layout).

e  The advances and developments in the regulations that limit winter energy demands
and consumption should be accompanied with greater study on the implications they
have in summer energy demands and thermal comfort.

e  Bedrooms tend to experiment higher temperatures than other rooms used during the
daytime, and should be the subject of future studies considering the impact this has
in sleep quality and overall health, especially for aging people, small children and
vulnerable people.

Lastly, this paper also showed modern nZEBs and buildings as old as 120 years are
likely to maintain similar indoor CO, concentrations during the summer, as both are
primarily naturally ventilated during the hot period. However, nZEB apartments equipped
with mechanical heat-exchange ventilation perform much better in this regard during the
winter (October and onwards, in this climate). In other words, the air quality benefits
of having an MVHR ventilation system may only be appreciated in the winter, as this
equipment becomes redundant during the summer months.

6. Physical Quantities and Units

(COy) ppm CO; Concentration

Cep kWh/m? y Primary Energy Consumption

g dimensionless Solar Factor

Lden dB Complete Day Noise Level

La dB Night-time Noise Level

n50 h! Hourly Air Changes at a Differential Pressure of 50 Pa
RH % Relative Humidity

T °C Temperature

U W/m? K Thermal Transmittance
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Abbreviations

BREEAM Building Research Establishment Environmental Assessment Method

CASBEE Comprehensive Assessment System for Built Environment Efficiency
CIBSE Chartered Institution of Building Services Engineers

CO, Carbon Dioxide

CTE Cédigo Técnico de la Edificacion (English: Technical Building Code)

CTE DB-HE  Coddigo Técnico de la Edificacion: Documento Bidsico Ahorro de Energia (English:
Technical Building Code—Energy Savings section)

CTEDB-HS  Coddigo Técnico de la Edificacion: Documento Bdsico Salubridad (English:
Technical Building Code—Sanitary Conditions section)

DHW Domestic Hot Water

EU European Union

EVE Ente Vasco de la Energia (English: Basque Energy Agency)
FTP File Transfer Protocol

GHG Greenhouse Gases

h Hour

LBL Lawrence Berkeley National Laboratory

LEED Leadership in Energy and Environmental Design
MVHR Mechanical Ventilation Heat Recovery

NBE CT-79  Norma Bdsica de la Edificacion: Condiciones Térmicas en los Edificios (English:
Basic Standards for Buildings: Thermal Conditions)

nZEB Net Zero Energy Building

PH Passivhaus

PHI Passivhaus Institut

POE Post-Occupancy Evaluation

RH Relative Humidity

RITE Reglamento de Instalaciones Térmicas en los Edificios (English: Regulation of
Thermal Installations in Buildings)

T&D T&D Corporation

™ Technical Memorandum

TMYx Typical Meteorological Year

UTM Universal Transverse Mercator Coordinate System

VPO Vivienda de Proteccion Oficial (English: Public Protected Housing)

YoC Year of Construction
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