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Southern Europe has an old housing stock and has the challenge, as the rest of European Union Member States, to
transform it into a decarbonized one, by means of transforming the existing buildings into Nearly Zero Energy
Buildings (nZEB). Member States have a large margin of discretion when defining the requirements for nZEB.

In this paper, the nZEB requirements for the renovation of residential buildings in Portugal and Spain are
studied in detail (unlike the usual more general comparative studies) for a specific building typology with poor
energy performance. This is done by checking whether an existing residential building, renovated with different
combinations of improvements of the envelope and active systems in two comparable cities in each of these two
countries, fulfills the requirements or not, and by comparing the results of COz emissions reductions. One of the
improvements of the envelope considered are those necessary to fulfill the compulsory major renovation re-
quirements in both countries to check how much we are already approaching to the decarbonization of the
residential sector.

The results show that nZEB standards applied to the renovation of typical multi-family buildings of 1961-1980
in both countries will significantly contribute to the descarbonization of the building stock for this type of
building typology, with reductions of 80-96% of CO5 emissions for Portugal and 71-94% for Spain, if they are
applied. However, some aspects of the regulations could possibly be improved such as more restrictive re-
quirements for the current regulations for major renovations in Portugal or the way energy from renewable
sources is ensured in Spain, among others.

1. Introduction

Given that almost 50% of the European Union’s (EU) final energy
consumption is used for heating and cooling, out of which 80% is used in
buildings [1], the European Parliament has promoted different di-
rectives for energy efficiency in the buildings sector. The Energy Per-
formance of Buildings Directive (EPBD) 2010/31/EU [2] establishes as a
requirement that all new buildings must be nearly Zero Energy Buildings
(nZEB) [3] from the end of 2020. This was already a requirement for all
new public buildings from the end of 2018 on. A nZEB is a building that
has a very high-energy performance, in which the nearly zero or very
low amount of energy required should be covered to a very significant
extent by energy from renewable sources, including that produced
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on-site or nearby. Additionally, according to this directive, Member
States (MS) had to take the necessary measures to ensure that when
buildings undergo major renovation, the energy performance of the
building or the renovated part thereof was upgraded in order to meet
minimum energy performance requirements. The renovation of the
building stock is of great importance to achieve the European objectives
due to the long lifespans in the buildings sector [4,5]. Besides energy
savings, retrofitting of buildings can improve thermal comfort and in-
door air quality [4], and can have a positive impact in terms of people’s
health and in terms of economic savings to the country’s healthcare
system [5].

The Energy Performance of Buildings Directive (EPBD) was recently
amended by Directive 2018/844 of the European Parliament and of the
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Council in order to accelerate buildings deep renovation in the EU,
among other things [1,6]. According to it, MS should create a clear path
towards achieving a low and zero-emission building stock in the Union
by 2050, underpinned by national roadmaps with milestones and do-
mestic progress indicators, and by public and private financing and in-
vestment [1].

In a mid-term scenario, energy demand for air conditioning will in-
crease rapidly in the 21st century, and the demand for heating increases
too, but at a much slower rate [7]. Buildings should be adapted to the
climate change, and for this reason, energy retrofitting of the existing
buildings stock should become the main priority for the future [8].
However, in general, the European nZEB guidelines are more concerned
with cold climate conditions. Bioclimatic strategies should be
re-evaluated to integrate, in the design of new nZEBs and renovations
towards nZEB, guidelines for both heating and cooling seasons [9]. In
Southern Europe this is still more important. To avoid the overheating of
the building during summer the amount of solar radiation transmitted
through the transparent building surfaces must be controlled [10].

The EPBD leaves to MS a large margin of discretion when designing
their building codes and implementing technical requirements
regarding renovations, building certificates and building systems so that
they can make them fit the national climate conditions and building
stocks [11]. Thermal characteristics of building envelope are some of the
main regulatory instruments, because it is easy to change their values
and they are directly related to the building energy demand [12]. Ac-
cording to the literature, nZEB in Southern European countries lack
climate adapted metrics and concepts, and this is relevant because
Southern Europe’s buildings stock represent more than 33% of the Eu-
ropean total residential building stock [13].

Some authors study the environmental benefits of energy retrofitting
towards nZEB using different solutions. For example, Fotopoulou et al.
[14] study the energy saving potential of transforming a residential
building into a nZEB in three countries, Italy, Greece and Latvia, through
facade and volumetric additions, as reference solutions towards energy
renovation. Escandon et al. [15] study energy savings using a retrofit-
ting strategy designed for Dutch housing stock adapted to a Mediterra-
nean climate and its technical implications. These studies are of great
interest to explore the possibilities of different technical solutions but do
not make a thorough analysis of the nZEB requirements because the
focus is not on the regulation, but on the technical solutions.

Some studies aim at optimizing the renovation design process. For
example, Ituriaga et al. [16] describe a method to achieve the optimal
renovation design that limits the annual cost and energy demand. This
method is applied to a multi-family existing building located in Bilbao
(Spain). Guardigli et al. [17] propose a decision support system for the
assessment of different renovation strategies through the estimation of
their economic sustainability in relation to the achievement of energy
efficiency, adopting Italian laws and regulations. These studies provide
interesting methodologies for the implementation of nZEB standards in
the renovation of buildings, but do not carry out a critical analysis of
existing regulations.

Other authors, do explore the concept of nZEB by analyzing the
regulation. They normally make a comparative study of the re-
quirements for new nZEBs and renovations towards nZEB in different
countries. For example, Attia et al. [13] study the nZEB regulation sit-
uation in Southern Europe, for Cyprus, France, Greece, Italy, Portugal,
Romania and Spain. The authors identify that most of the Southern
European countries are poorly prepared for nZEB implementation and
especially for the challenge of transforming existing buildings into
nZEBs. D’Agostino and Mazzarella include in their study up to 31
countries [3]. Since these studies cover both, new buildings and reno-
vations, for a high number of countries, they draw general conclusions
about the regulations, and not specific ones such as those regarding the
methodology for calculation. Additionally, even if these general studies
are of great interest, the regulations have significantly evolved since
they were published and therefore their conclusions are partially
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outdated.

Lopez-Mesa et al. found that social residential buildings erected be-
tween 1945 and 1969 with higher internal thermal mass can meet the
nZEB renovation requirements more easily than those with lower ther-
mal mass [18]. Therefore, when studying the nZEB regulation in detail,
it is important to do it typology by typology. This implies not only dis-
tinguishing between new buildings and renovations, but also between
the different uses of buildings, the building typologies (e.g. multi-family,
single-family buildings, etc.), and the constructive typology normally
linked to the year of construction [19].

Since the concept of nZEB is still being revised in the different Eu-
ropean countries, and its application to renovations is quite a recent
challenge, the study of the regulations at a higher detail level for the case
of renovations is an important input for policy makers and science. In
this paper, the main novelties are that: i) we study in detail the most
recent regulations for renovation towards nZEB; ii) we do the analysis in
detail for a specific typology for two countries with comparable cli-
mates. The novelties are therefore methodological, since the approach is
more specific, and provide not only general results but also specific for
the typology of study.

The majority of buildings in Portugal (77%) and Spain (66%), are
residential [20,21]. In these countries, most of the buildings were built
before 1980, 53.5% in Portugal and 56.3% in Spain, i.e. before the first
energy saving regulations for buildings were approved [22,23]. There-
fore, these buildings do not have any thermal insulation. The decades
1961-1980 are typically considered as a period with buildings with a
poor energy performance in these two countries. For example, Gang-
olells et al. [24] studied 20% of energy certificates issued in Spain up to
2016, and found that the vast majority (94.3%) of the residential
buildings or building units erected before 1980 were rated E, F or G for
the indicator of CO5 emissions. Lopez-Gonzalez et al. [25] studied the
energy performance certificates in a region of Spain (la Rioja) showing
that 94.32% of buildings erected between 1961 and 1980 were rated E, F
or G for the indicator of nonrenewable energy consumption and 90.91%
of them obtained E, F or G for the indicator of CO, emissions.
Las-Heras-Casas [26] studied the energy performance certificates in a
region of Spain (Arago6n), and found that the buildings erected between
1961 and 1980 have a 33.19% higher primary energy consumption and
a 44.47% higher CO, emissions than those built after 2007. Sousa et al.
[27] studied the constructive solutions and energy performance of
Portuguese buildings, and argue that buildings erected during the 60’s,
70’s and 80’s are the ones with highest energy saving potential. Mag-
alhaes and Leal [28] studied the energy performance certificates of
residential buildings in Portugal, and found that buildings erected
before 1980 have higher levels of nominal heating energy needs. We
have selected the multi-family residential buildings of the period
1961-1980 as our typology of study.

The main objective of this paper is to compare in detail the energy
requirements for the envelope when transforming existing residential
buildings into nZEBs in two countries, Portugal and Spain, and to
compare their resulting CO, emissions when applied to typical multi-
family residential buildings of the period 1961-1980, with the aim to
underline advantages and disadvantages of the present regulations in
each of the countries for this building typology in order to derive future
recommendations.

2. Material and methods

The research work is addressed by means of a case study. For the sake
of comparability, the same building in terms of geometry is used as a
case study in both countries. Since the goal is not to present an opti-
mization of the envelope energy performance, but to compare the ac-
tions necessary to meet the requirements of each country, the
calculations are done with the tools provided by each country.

The methodology is composed of the following steps:
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- Study the nZEBs regulation in the case of Portugal and identify the

specific requirements for nZEB renovation, which are the same as for

new buildings and not mandatory. In the case of Spain, there are
specific requirements for nZEB renovation which are not mandatory.

Identify comparable case studies. This step implies:

a) The identification of cities with similar climate and geographical
characteristics in both countries. Two pairs of cities fulfilling this
condition were identified.

b) The identification of a typical residential building in both coun-
tries which must be refurbished in the coming years. This typical
building is selected as a case study for simulation in the two pairs
of Southern European cities.

Establish different scenarios that consider different levels of the en-

velope thermal improvement and different cooling, heating and

domestic hot water (DHW) solutions.

Study the compliance with the national nZEB renovation re-

quirements considering the different scenarios defined for the

building used as a case study in the two pairs of cities of Portugal and

Spain previously selected.

Analyse the results from the perspective of the following research

questions:

a) Are the nZEB requirements for the thermal characteristics of the
renovated envelope equivalent in Portugal and Spain for colder
and warmer cities? If not, what implications do these differences
have in terms of reduction of CO5 emissions?

b) What thermal characteristics of the envelope allow to comply
with the nZEB renovation requirements? Is it necessary to addi-
tionally improve the active systems to achieve nZEB requirements
or is the improvement of the envelope enough?

c) What are the specific conclusions of these nZEB renovation re-
quirements for this building typology?

3. Theory and calculation

3.1. Requirements for nZEB renovation: European context, Portugal and
Spain

The first European directive that regulated energy saving in build-
ings was Directive 89/106/EEC that stipulated that the construction
works and its heating, cooling and ventilation installations should be
designed and built in such a way that the amount of energy required in
use should be low, having regard to the climatic conditions of the
location and the occupants [29]. Then, Directive 93/76/EEC pointed out
that the residential and tertiary sectors accounted for nearly 40% of final
energy consumption in the Community and were expanding, a trend
which was bound to increase their energy consumption and hence also
their carbon dioxide emissions [30], requiring MS to develop, imple-
ment and report on programs in the field of energy efficiency in the
buildings sector.

The programs were unequally developed by the different MS, and the
first EPBD, Directive 2002/91/CE, was approved to address this problem
requiring that the MS strengthened their building regulations, intro-
ducing the concept of energy performance certification of buildings, and
establishing the need of the inspection of boilers, and air conditioning
systems [31].

Directive 2009/28/EC promoted the use of energy from renewable
sources, requiring that 20% of the energy consumed within the Euro-
pean Union was renewable. This policy later became part of the EU 2020
Energy Strategy dated November 10, 2010. According to the directive,
by December 31, 2014, MS had the obligation to require the use of
minimum levels of energy from renewable sources in new buildings and
in existing buildings that are subject to major renovation in their
building regulations and codes or by other means with equivalent effect
[32].

In 2010, the 2002 EPBD was revised and Directive 2010/31/EU was
approved, being the first recast of the original EPBD. According to it:
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a) For buildings offered for sale or rent, the energy performance cer-
tificates should be stated in the advertisements;

b) MS should lay down the necessary measures to establish inspection
schemes for heating and air-conditioning systems or take measures
with equivalent impact;

c) All new buildings should be nearly zero energy buildings after
December 31, 2020. The same applies to all new public buildings
after 31 % December 2018;

d) MS should set minimum energy performance requirements for new
buildings, for buildings subject to major renovation, as well as for the
replacement or retrofit of building elements; and

e) MS should draw up lists of national financial measures and in-
struments to improve the energy efficiency of buildings [33,34].

This directive was partially amended by Directive 2012/27/EU on
energy efficiency, which added that MS should establish a long-term
strategy for mobilizing investment in the renovation of the national
stock of residential and commercial buildings, both public and private,
and that the total floor area of heated and/or cooled buildings owned
and occupied by its central government should be renovated each year
at a minimum rate of 3% to meet at least a minimum energy perfor-
mance requirements.

A recent EPBD, Directive 2018/844, amends directives 2010/31/EU
and 2012/27/EU. According to it, each MS shall establish a stronger
long-term renovation strategy to support the renovation of the national
stock of residential and non-residential buildings, both public and pri-
vate, into a highly energy efficient and decarbonized building stock by
2050, facilitating the cost-effective transformation of existing buildings
into nZEBs, with indicative milestones for 2030, 2040 and 2050,
measurable progress indicators and with a solid financial component
[1]. EU countries had until March 10, 2020 to write the new and revised
provisions into national law.

Recommendations on how EU countries should implement the
revised building renovation aspects of the EPBD were published in July
2019 [6] in response to requests for clarification from MS. In this
document, it is specified that different renovation depths have been
developed in the context of the EU Building Stock Observatory on the
basis of primary energy savings:

— light (less than 30%);
— medium (between 30% and 60%); and
— deep (over 60%).

The nZEB level for renovations is not defined in terms of a specific
primary energy saving threshold, but according to official national nZEB
renovation definitions. Therefore, in this paper, the official national
definitions of nZEBs will be considered for the study of their re-
quirements models.

Currently, Portugal does not have a specific definition of nZEB for
renovation, but the same requirements must be met to achieve a nZEB
for the cases of new and existing buildings. In Spain a specific definition
of nZEB for renovation was approved in December 2019. In none of
these two countries, complying with nZEB requirements is mandatory
for the renovation of existing buildings, although it is encouraged. Fig. 1
shows a timeline of European directives and its relation with national
regulations in Portugal and Spain.

3.1.1. Portuguese regulations

In 1990, the Decree-Law 40/90 [35] was issued, establishing the first
Regulation in Portugal that dealt with the thermal behavior of buildings.
The amount of energy needed to obtain thermal comfort and buildings
thermal parameters had to comply with regulatory requirements. In
2006, the Decree-Law 80/2006 [36] was published, which transposed
Directive 2002/91/EC [31] (first version of the EPBD) into Portuguese
regulations. Later, the Decree-Law 118/2013 [37] replaced the former
one, fulfilling the requirements of the 2010 EPBD recast [2] and it is
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Fig. 1. Timeline of European directives and national regulations in Portugal and Spain.

currently in force. It introduced the nZEB concept in Portuguese regu-
lations adopting the same definition of the EPBD 2010 recast.

The base document has several complementary ones, through Ordi-
nances, Despachos and Portarias. By Portaria N° 349-B/2013 [38], the
dwellings energy requirements are defined (update in 2015 by Portaria
N° 379-A/2015). The calculation method is established in Despacho 15,
793/2013, currently in force. Portaria N° 98/2019 [39] has recently
modified the Portaria N° 349-B/2013 with respect to the requirements
for nZEBs, and is currently in force. Buildings have to comply with a
maximum allowable value of annual nominal needs of primary energy
(Nyp), which takes into consideration the maximum allowable values of
the annual nominal needs of final energy for heating (N;) and for cooling
(Ny), in addition to the final energy needed for DHW. Portuguese
regulation defines Ni and Nv according to EN ISO 13790:2011.

All new buildings built from December 31, 2020 on have to be
nZEBs. Major renovations have their own compulsory requirements
(Portaria 297/2019) [40], but if a nZEB renovation is aimed for, then the
same requirements as for new nZEBs must be met. A dwelling will be
considered a nZEB if it has an annual nominal final energy need for
heating equal to or less than 75% of its maximum allowable value (N;), a
nominal value of estimated primary energy need of 50% or less of its
maximum allowable value (Ny) and the use of renewable systems meets
at least 50% of annual primary energy needs. Table Al in Appendix A
summarizes the nZEB and major renovation main requirements.

There are several available calculation tools to obtain the calculated
and maximum values of the building’s energy needs. In this paper, the
spreadsheet provided by the Platform for Energy Efficiency in Buildings
(P3E) of the Institute for Research and Technological Development in
Construction, Energy, Environment and Sustainability (Itecons) [41] is
used. The calculation is done for each dwelling of a building.

3.1.2. Spanish regulations

In 1979 the first regulation on energy performance of new buildings
was approved, NBE CT 79 [42]. This regulation was substituted by Royal
Decree 314/2006 that approved the Buildings Technical Code (in
Spanish Codigo Técnico de la Edificaciéon, CTE). The energy performance
of buildings is regulated by the Basic Document on Energy Saving
(DB-HE) within the CTE. In 2007, the Royale Decree RD 47,/2007
approved the basic procedure for the energy certification of new
buildings and major renovations.

In 2013, the Order FOM/1635/2013, of September 10, updated the
Basic Document DB-HE of the CTE, and the Royale Decree RD 235/2013
on energy certification amended the previous procedure and extended
the application scope to existing buildings that are sold or rented.
Another important regulation was published this year, RD August 2013
to promote the refurbishment of buildings.

In 2017, the Order FOM/588,/2017 updated the Basic Document DB-

HE of the CTE, adding the definition of nZEB as the building fulfilling the
requirements for new buildings included in the 2013 regulation.

A Draft Royal Decree modifying the Basic Document DB-HE of the
CTE was made public by the Ministry of Public Works in 2018 [43], and
recently, in December 2019, was definitively published [44] . This
regulation, defines more restrictive requirements for nZEBs, which will
be compulsory for new buildings. Major renovations have other
compulsory requirements, but if a nZEB renovation is aimed for, which
is not mandatory, then the same energy consumption requirements as
for new nZEBs must be met, along with major renovations requirements.
Therefore, the requirements for nZEB renovation can be summarized as
follows (Table Al in Appendix A summarizes the nZEB and major
renovation main requirements):

a) A maximum U-value is set for each element of the envelope which is

added, replaced or modified. The U-value requirements are the same
for new buildings and major renovations.
The envelope global heat transfer coefficient K must be less than a
limit value Kjimie (W/m?K) (Table Al in Appendix A). This value
depends on the U-values of the envelope elements and thermal
bridges and it is a concept quite similar to the heat transfer coeffi-
cient Hy of ISO 14683:2017 [45], but divided by the exchange area
[46]. The maximum allowable K-value depends on the climate zone
and the compactness of the building.

b) The value of the solar control of windows will be lower than 2 kW h/
m? month for the month of July for households. The solar control is
the ratio between the solar gains in July of all windows of the en-
velope with their solar protections activated, and the useful floor
area of the building.

c) The accepted permeability of the windows of the envelope are those
corresponding to classes 2 or 3 depending on the climatic zone, as
defined in EN 12207:2017.

d) The interstitial condensations in the thermal envelope will be such
that they do not produce a significant decrease in its thermal per-
formance or pose a risk of degradation or loss of its service life.

e) Non-renewable primary energy and total primary energy consump-
tions are limited by a fixed value depending on the climatic zone
(Table Al in Appendix A).

f) Atleast 60% of the energy demand for DHW has to be obtained from
renewable sources, with local origin or close to the building
(Table Al in Appendix A).

To verify the compliance with Spanish regulation a simulation tool
called HULC (Herramienta Unificada Lider-Calener) must be used,
which is the official tool in Spain to check the compliance with the
recent regulation. A new version of this tool was published in January
2020, to check compliance with the Royale Decree publishing the basic
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document DB-HE 2018.

3.2. Climate zones

In Spain, the basic document DB-HE establishes the climate zoning so
that there is a total of 17 zones, 12 of them being peninsular and 5
corresponding to the Canary Islands. The climate zones are A3, A4, B3,
B4, C1, C2, C3, C4, D1, D2, D3, and E1 for peninsular communities, and
al, a2, a3, A2, and B2 for the Canary Islands [47]. The 12 peninsular
zones are composed by a letter to identify the winter conditions (ranging
from A to E), and a number to identify the summer conditions (from 1 to
4.

The basic document DB-HE establishes for each of the climate zones a
«reference climate», which defines the external calculation re-
quirements for a standard year through a series of parameters: dry
temperature (°C), relative humidity (%), Solar global irradiance on a
horizontal plane (W/rnz), representative of a climate zone [47].

In Portugal, winter climate zones are defined based on the number of
degree-days (DD) for a baseline temperature of 18°, corresponding to the
heating season [48]. The heating season is defined as the sum of the
periods of 10 days, for which the daily average of outdoor temperature is
less than 15 °C. These periods of 10 days must be comprised between the
1st October and the 31st May [49]. The winter climate zones are:

- Zone I1: DD < 1300;
- Zone 12: 1300 < DD < 1800;
- Zone 13: DD > 1800.

The summer climate zones are defined according to the average
external temperature @ext corresponding to the conventional cooling
station June-September:

- Zone V1: Oext < 20 °C;
- Zone V2: 20 °C < BOext < 22 °C;
- Zone V3: Gext > 22 °C.

Whereas climate zones in Spain are defined depending on tempera-
ture, humidity and solar irradiance, in Portugal they depend on
temperature-related parameters, such as degree-days and average tem-
perature [49].

To be able to compare the results using the local tools, climate zones
in Portugal and Spain as similar as possible with respect to climate
conditions and geographical situations were searched for. Two pairs of
cities were chosen (Table 1), one pair representing cold cities in

Table 1
Data about cities chosen as cases of study.

Conditions Portugal  Spain
City Guarda Teruel
Latitude 40.53 40.34
Altitude 1056 m 995 m
Distance to the sea >5 km >5 km

Degree days 18 °C (according to 2263 2470 (estimated by authors

Portugal regulation [49]) [6] according to Ref. [48] with data
from Ref. [50])
Average temperature 20°C 20.21 °C
June-September
City Faro Cadiz
Latitude 37.01 36.53
Altitude 12m 0Om
Distance to the sea <4 km <4 km
Degree days 18 °C (calculated 744 [6] 440 (estimated by authors

according to Portugal regulation according to Ref. [38] with data
[49D) from Ref. [42])

Average temperature 23.1°C 22.82°C
June-September
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Southern Europe and the other pair representing warm ones. The
degree-days for a baseline temperature of 18 °C for the two cities of
Spain were estimated and checked that they would belong to the same
winter zone as the Portuguese ones according to the Portuguese system.

3.3. Typical residential building to be renovated in Portugal and Spain

The decades with a highest percentage of buildings constructed in
Portugal were 1971-1980 (16.6%), 1981-1990 (16.4%) and 1961-1970
(11.5%) [22]. In the case of Spain they were 1971-1980 (18.1%),
1991-2000 (16.1%) and 1961-1970 (13.5%) [21,23]. In the two
countries the period 1961-1980 is included among the decades with the
highest buildings construction growth. Additionally, as already pointed
out in the introduction, the years 1961-1980 are considered as a period
where buildings had a poor energy performance in these two countries,
and both residential building stocks present significantly close charac-
teristics. For these reasons, the typical residential building to be used as
a case study is selected analyzing the characteristics of the buildings of
this period.

Most of the multi-family buildings built between 1971 and 1980 in
Portugal have 2 floors (33.7%) or 3 floors (19.4%), and the dwellings
have a useful floor area of 80-99 m? (19.9%) [22]. In Spain, most of the
buildings built between 1961 and 1980 have 3 floors and the useful floor
area of the dwellings is 76-90 m> [23]. Windows occupy 17-23% of the
facades [51]. Our case study has 3 floors and 84 m? of useful floor area
per dwelling, as shown in Table 2.

According to Ref. [22] the majority of the Portuguese multi-family
buildings built between 1971 and 1980 have reinforced concrete
structures (54.15%), rendered and painted facade (88%), and pitched
roofs with ceramic tiles (93.4%). The construction data of the Portu-
guese buildings are obtained from an official report on the thermal
performance of buildings and the application of the Portuguese building
thermal regulation [52] and contrasted with other sources [27,53,54].
For the case of Spain the data from the TABULA EPISCOPE project [55]
is used. According to this project, contrasted with other sources [15,51,
56-59], the typical facade of the building built between 1960 and 1980
in Spain is double-brick walls with air chamber, flat roof and pitched
roof, and windows with single glass and aluminum frame. The closest
construction solutions in the two countries are selected for our case
study among the most typical ones, and shown in Table 2.

According to Ref. [60] in Portugal electricity is the main energy
source for heating, followed by gas, LPG (butane) and wood biomass.
The main energy source for heating DHW is gas, followed by LPG
(butane). Space cooling is provided solely by electricity.

In Spain, heating and cooling installations are different according to
the climatic zone. According to Ref. [61,62], natural gas is the fuel used
in most dwellings. However, in the north and south, the most common
fuel to multi-familiar buildings is gas fuel for individual heating, and in
the continental zone the most common is oil fuel products in individual
heating [63].

The heating, cooling and DHW solutions used in our case study are
shown in Table 2.

3.4. Calculations

3.4.1. Models in the software tools

Fig. 2 shows the case study considered to simulate in Spain and
Portugal, and Table 2 showed its construction solutions characteristics.

The case study is a three-story building with plan dimensions of 22 x
8 m?, with two dwellings per floor and a staircase. North and South
facades have 6 m? of windows per dwelling and East and West facades
have no windows. Typically, these dwellings benefit from cross-
ventilation.

This paper studies the original state and some renovation scenarios,
which include combinations of different solutions for envelope refur-
bishment (coded with a number) and systems improvements (coded
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Table 2
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Typical solutions of buildings in Portugal and Spain, and the solutions adopted in the case of study (U-value is Thermal Transmittance; m is the total mass per m?; g is
the Solar Factor of the glass).

Case of study (original state)

Portugal Spain
Characteristics
Year of 1971-1980 (16.6%) 1971-1980 (18.1%),
construction
1981-1990 (16.4%) 1991-2000 (16.1%)
1961-1970 (11.5%) [22] 1961-1970 (13.5%) [23]
Floors 2-3 floors 3 floors [23]
[22]
Area 80-99 m? [22] 76-90 m? [23]

Construction solutions
Facade

Double-brick walls, inner air chamber.
U-value = 1.1 W/m?K [27,52-54]

Double-brick walls, inner air chamber.
U-value = 1.33-1.43 W/m’K [15,51,55-59]

3 floors
84 m? per dwelling

Double-brick walls, inner air chamber.
U-value = 1.33 W/m?K, m = 181 kg/m?

Roof Pitched roof with ceramic tiles. Flat roof and pitched roof with ceramic tiles. Pitched roof with ceramic tiles.
U-value = 2.63 W/m?K [27,52-54] U-value = 2.33 W/m?K [15,51,55-59] U-value = 2.63 W/m?K, m = 323 kg/m?
Window Metal frame and single glass, with roller blind Metal frame and single glass, with roller blind Metal frame and single glass, with roller blind
shutter. shutter. shutter.
U-value = 5.7 W/m?K g = 0.87 [27,52-54] U-value = 5.7 W/m?K g = 0.80-0.85 [15,51, U-value = 5.7 W/m’K, g = 0.85
55-59]
Systems
DHW Gas boiler or GLP butane boiler [53,54,60] Gas boiler or electricity heaters [59,61-63] Gas boiler or electricity heaters
Heating Electricity or gas boiler [53,54,60] Gas boiler or electricity heaters [59,61-63] Gas boiler or electricity heaters
Cooling None or electricity [53,54,60] None or electricity [59,61-63] None
I I I I I L I
dwelling 1 dwelling 2
84 m2 84 m2
stairs
) T T T T - T T
(M
Ngo ol
type plant

Fig. 2. Type plant of the case study.

with a letter). With the objective of comparison, different levels are
established based on the regulations of each country. The solutions for
the envelope refurbishment are (Tables 3 and 4):

- Solution 1. Original state.
- Solution 2. U-values for major renovation according to the regula-
tions of each country. In the case of Portugal, the Portaria 297/2019
is used. In the case of Spain the U-value requirements are the same
for new buildings and major renovations. In Portugal, the re-
quirements for facades are U-value < 1.70 W/m?K for Faro and U-
value < 1.40 W/m?K for Guarda. However, these U-values are higher
than those of the original state. For this reason, for the envelope
refurbishment solution 2 of Portugal the facade does not have insu-
lation, and the U-value used for the fagade is that of the original state.
Solution 3. In Portugal, the requirements for new buildings (before
nZEB requirement were compulsory) according to Portaria 379-A/
2015 are used [38]. In Spain, the requirements used are the sug-
gested U-values for new buildings in DB HE 2018 [43,44].
- Solution 4. High refurbishment. Low U-values are used, considering
insulation thicknesses between 18 and 20 cm in the envelope and

triple glazing [64-66]. Although unusual in Portugal and Spain, very
low U-values are considered to serve as a reference for high
refurbishment.

The solutions for the improvement of the systems include:

- Solution A: Old gas boiler for heating and DHW. Efficiency: heating

75% and DHW 81% [67].

- Solution B: Old electricity system for heating -electrical heater- and

DHW -water heater-. Efficiency: 99% [65].

- Solution C: new gas condensing boiler for heating and DHW, boiler

efficiency n = 100% [60,61,69], and solar panels to DHW.

- Solution D: new electricity system -heat pump-for heat and DHW

with solar panels for DHW. Coefficient of Performance (COP): 4,5
[68,69].

Simulations were undertaken in the two pairs of cities located in the

two countries. The warmer Portuguese city is Faro (I14+V3) and the
Spanish one is Cadiz (A3). The colder Portuguese city is Guarda (13+V2)
and the Spanish one is Teruel (D2). The number of people per dwelling
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Table 3
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Construction solutions performance used in Portuguese scenarios (U-value is Thermal Transmittance; m is total mass per m?; g-value is the Solar Factor of the glass; gt
is the global glazing Solar Factor with all solar protection devices, permanent or fully activated).

PORTUGAL Solution 1 Solution 2 Solution 3 Solution 4
ORIGINAL STATE Requirements to major Requirements to new buildings High Refurbishment
renovations
Facade FARO U-value = 1.33 W/m?K, m = 181 kg/m?  U-value = 1.33 W/m?K U-value = 0.50 W/m?K U-value = 0.15 W/m?K
GUARDA U-value = 1.33 W/m?K U-value = 0.35 W/m?K U-value = 0.15 W/m?K
Roof FARO U-value = 2.63 W/m’K, m = 323 kg/m?  U-value = 0.80 W/m?K U-value = 0.40 W/m?K U-value = 0.14 W/m?K
GUARDA U-value = 0.60 W/m?K U-value = 0.30 W/m?K U-value = 0.14 W/m?K
Ground floor FARO U-value = 4.11 W/m’K, U-value = 1.00 W/m?K U-value = 0.50 W/m?K U-value = 0.30 W/m?K
GUARDA M = 200 kg/m> U-value = 0.80 W/m?K U-value = 0.50 W/m?K U-value = 0.30 W/m?K
Windows FARO U-value = 5.7 W/m?K with shutter box, U-value = 4.50 W/m’K, gr- U-value = 2.80 W/m’K, g1 U-value = 1.00 W/m’K, gr-
g-value = 0.85 value = 0.3, value = 0.5, value = 0.1,
g-value = 0.7 g-value = 0.7 g-value = 0.7
GUARDA U-value = 4.00 W/m’K, gr- U-value = 2.20 W/m?K, gr- U-value = 1.00 W/m’K, gr-
value = 0.35, value = 0.56, value = 0.1,
g-value = 0.7 g-value = 0.7 g-value = 0.7
Wall stairs- FARO U-value = 2.64 W/m?Km = 101.80 kg/  U-value = 1.70 W/m?K U-value = 0.80 W/m?K U-value = 0.20 W/m?K
dwellings GUARDA m? U-value = 1.40 W/m?K U-value = 0.60 W/m?K
Table 4

Construction solutions performance used in Spanish scenarios (U-value; m is total mass; g is Solar Factor of the glass; g g1 sh,wi-value is total solar energy transmittance of

the glazing with activated mobile shading devices).

SPAIN Solution 1 Solution 2 Solution 3 Solution 4
ORIGINAL STATE Requirements for major Suggested values for new High Refurbishment
renovations buildings
Facade CADIZ U-value = 1.33 W/m?K, m = 181 kg/  U-value = 0.70 W/m’K U-value = 0.50 W/m?K U-value = 0.15 W/m?K
TERUEL  m? U-value = 0.41 W/m?K U-value = 0.27 W/m?K U-value = 0.15 W/m?K
Roof CADIZ U-value = 2.63 W/m?K, m = 323 kg/  U-value = 0.50 W/m’K U-value = 0.44 W/m?K U-value = 0.14 W/m?K
TERUEL ~ m? U-value = 0.35 W/m?K U-value = 0.22 W/m?K U-value = 0.14 W/m?K
Ground floor CADIZ U-value = 4.11 W/m?K, m = 200 kg/  U-value = 0.80 W/m’K U-value = 0.80 W/m?K U-value = 0.3 W/m?K
TERUEL  m? U-value = 0.65 W/m?K U-value = 0.48 W/m?K U-value = 0.3 W/m?K
Windows CADIZ U-value = 5.7 W/m?K with shutter U = 2.70 W/m?K, g-value = 0.7, U-value = 2.70 W/m?K, g- U-value = 1.00 W/m?K, g-value
box, g-value = 0.85 8 glshwi-value = 0.1 value = 0.7, =0.7,
g glshwi-value = 0.1 g glshwi-value = 0.1
TERUEL U-value = 1.80 W/m?K, g-value  U-value = 1.60 W/m?K, g-
=0.7, value = 0.7,
8 glsh,wi-value = 0.1 8 glshwi-value = 0.1
Wall stairs- CADIZ U-value = 2.64 W/m?K, m = 101.80 U-value = 2.64 W/m?K, m = U-value = 0.20 W/m?K, m = U-value = 0.20 W/m?K, m =
dwellings TERUEL  kg/m? 101.80 kg/m? 101.80 kg/m? 101.80 kg/m?

was assumed to be four.

3.4.2. Software calculations

In Portugal there are several available calculation tools to obtain the
calculated and maximum values of the building’s energy needs, which
apply the methodology defined by the regulation. In this paper, the
spreadsheet provided by the Platform for Energy Efficiency in Buildings
(P3E) of the Institute for Research and Technological Development in
Construction, Energy, Environment and Sustainability (Itecons) [41] is
used. This spreadsheet is officially accepted for the verification of
regulation compliance and in the scope of Building Energy Certification.
The calculation is done for each dwelling of a building.

This tool is a quasi-stationary model that consists of a spreadsheet to
validate the energy performance of buildings according to methodology
described in Ref. [37]. The data required are:

- Envelope main solutions described in Table 3, and its thermal
characteristics summarized in Table Blin Appendix B.

- Thermal bridges described in Table B3 in Appendix B.

- Systems described in Section 3.4.1. The energy used for Domestic
Hot Water production was calculated according to the reference
DHW consumption: 40 1 per person and per day, heated at 50 °C. The

contribution of the solar thermal energy was calculated using the
SCE. ER software. This software implements the official methodology
of the national thermal regulation [37] regarding renewable energy
sources. The energy necessary for lighting and appliances is not
considered in this methodology.

- The algorithms to calculate the indicators are detailed in Ref. [70].

To verify the compliance with the Spanish regulation, a simulation
tool named HULC (Herramienta Unificada Lider-Calener) was used,
which is the official tool in Spain. A new version of this tool was pub-
lished in January 2020 (version 2.0.2039.1160, June 2020 update) [71],
which allows to check the compliance of buildings with the most recent
regulation in Spain.

This is a dynamic model tool designed to evaluate the fulfillment
with Spanish regulation DB HE. First, the geometry of the building is
modeled. Then, the following constructive and technical characteristics
are added:

- Envelope main solutions described in Table 4, and its thermal
characteristics summarized in Table B2 in Appendix B.
- Thermal bridges described in Table B3 inAppendix B.
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- Systems described in Section 3.4.1. The energy used for Domestic
Hot Water production was calculated according to the reference
DHW consumption: 28 L per person and per day, heated at 60 °C
[46]. The contribution of the solar thermal energy in solution C is
60% of DHW, according to the requirements.

- The energy necessary for lighting and appliances is not considered in
this methodology.

4. Results
4.1. Portugal

Table 5 shows the results of the calculations made for the case of
Faro, a warm city in Portugal, and Table 6 shows the results of calcu-
lations done for the case of Guarda, a cold city in Portugal. In each table,
the information is shown as follows: the first column explains the sce-
nario considered, which is a combination of the envelope solutions (1-4)
in Table 3 and systems (A-D). Second and third columns show the results
regarding two of the requirements for nZEBs in Portugal and the word
“yes” or “no” indicates whether it meets the requirement or not. The
fourth column indicates if the case study is finally a nZEB or not, ac-
cording to all requirements. The last column shows the CO, emissions of
each scenario with the aim of comparing results, because Portugal does
not have specific CO, emissions requirements for nZEB. The emission
factors used by the tool are in Table C1, Appendix C.

Additionally, the regulation obliges that 50% of the primary energy
needs are covered by renewable energy sources, and the spreadsheet
provides a result of renewable energy for the sum of heating, cooling and
DHW.

As can be observed in Tables 5 and 6, N;j limit is a fixed value, while
N¢c has a variable limit depending on the systems.

For the warm city and the cold city, the nZEB renovation is achieved
for cases 3C, 3D, 4C, 4D. Therefore, in Portugal to comply with nZEB
renovation requirements it is necessary to both change the systems and
retrofit the envelope achieving U-values significantly more restrictive
than those to comply with major renovation (between 50 and 74% lower
values, as can be checked in Table 3).

In Portugal, among the renovation scenarios that meet nZEB re-
quirements, the one with the highest value of CO5 emissions is scenario
3G for the cold city, with 5.12 tons COy/year per dwelling (of 84 m?),
which implies a reduction of 86% with respect to its original state. The
scenario fulfilling the nZEB renovation requirements with the lowest
value of CO2 emissions is scenario 4D for the warm city, with 1.3 tons

Table 5
Results for the city of Faro.

Journal of Building Engineering 34 (2021) 101918

COy/year per dwelling, which implies a reduction of 89% with respect to
its original state. When looking at all the scenarios fulfilling nZEB
renovation requirements we find that the reductions of CO, emissions
achieved in the case of Portugal range between 80% and 96%, with a
mean value of 88%. These reductions are clearly in line with the ob-
jectives of the EU to cut domestic greenhouse gas emissions by at least
80% by 2050 compared to 1990.

4.2. Spain

Table 7 shows the results of the calculations made for the case of
Cadiz, a warm city in Spain, and Table 8 shows the results of calculations
done for the case of Teruel, a cold city in Spain. In each table, the in-
formation is shown as follows: the first column explains the scenario,
which is a combination of the envelope solutions (1-4) in Table 4 and
systems (A-D). The following four columns show the calculation and
requirements to get a nZEB, and the word “yes” or “no” indicates
whether it meets the requirements or not. Finally, the last column in-
dicates “yes” or “no”, depending on whether all requirements are met
simultaneously or not. The last column shows the CO, emissions of each
scenario with the aim of comparing results, because Spain does not have
specific CO; emissions requirements for nZEB. The emission factors used
by the tool are in Table C1, Appendix C.

In Spain, the limit of non-renewable energy consumption and total
primary energy consumption are a fixed value for each climate zone and
independent of the systems, whereas the K-value also depends on the
compactness of the building.

For the warm city and the cold city, the nZEB renovation is achieved
for cases 2D, 3C, 3D, 4C, 4D. Therefore, in Spain in order to fulfill the
nZEB renovation requirements it is necessary to change the systems and
to retrofit the envelope achieving U-values that are slightly more
restrictive that those required for major renovation (between 0 and 34%
lower values, as can be checked in Table 4), except for the case of
electrical systems, in which U-values can be the ones required for major
renovation.

In Spain, among the renovation scenarios that meet nZEB renovation
requirements, the one with the highest CO, emissions is scenario 2D in
the cold city, with 5.78 tons COs/year per dwelling (of 84 mz), which
implies a reduction of 91% with respect to its original state. The scenario
fulfilling the nZEB renovation requirements with the lowest value of CO,
emissions is scenario 4D for the cold city, with 2.0 tons COy/year per
dwelling, which implies a reduction of 94% with respect to its original
state. When looking at all the scenarios fulfilling nZEB renovation

Scenario Heating energy annual nominal needs, Nj. Primary energy annual nominal needs, Ny Is it a nZEB? CO,, emissions (Tons/year)

(kWh/m? year) (kWhep,/m? year)
Envelope solution  System solution  Calculation:  Limit: nZEB? Calculation:  Limit: nZEB?

Nic 75% N; Nee 50% N
1 A 50.96 13.49 NO 121.96 33.91 NO NO 11.98
1 B 50.96 13.49 NO 223.29 67.62 NO NO 16.22
1 C 50.96 13.49 NO 71.15 33.91 NO NO 6.90
1 D 50.96 13.49 NO 46.28 28.03 NO NO 3.36
2 A 20.42 12.92 NO 81.99 33.48 NO NO 8.84
2 B 20.42 12.92 NO 146.93 66.67 NO NO 10.68
2 C 20.42 12.92 NO 41.39 33.48 NO NO 3.76
2 D 20.42 12.92 NO 30.08 27.71 NO NO 2.18
3 A 5.46 12.92 YES 64.71 33.48 NO NO 6.64
3 B 5.46 12.92 YES 111.81 66.67 NO NO 8.10
3 C 5.46 12.92 YES 29.06 33.48 YES YES 2.40
3 D 5.46 12.92 YES 24.41 27.71 YES YES 1.76
4 A 1.37 12.92 YES 55.23 33.48 NO NO 5.68
4 B 1.37 12.92 YES 97.45 66.67 NO NO 7.08
4 C 1.37 12.92 YES 20.94 33.48 YES YES 1.72
4 D 1.37 12.92 YES 18.11 27.71 YES YES 1.30
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Table 6
Results for the city of Guarda.
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Scenario Heating energy annual nominal needs, Nj. Primary energy annual nominal needs Ny Is it a nZEB? CO,, emissions (Tons/year)
(kWh/mz»year) (kWhep/rnZ-year)
Envelope solution  System solution  Calculation:  Limit: nZEB? Calculation: ~ Limit: nZEB?
Nic 75% N; Nie 50% N¢
1 A 231.71 51.56 NO 350.35 57.37 NO NO 35.60
1 B 231.71 51.56 NO 627.1 125.68 NO NO 48.38
1 C 231.71 51.56 NO 234.58 57.37 NO NO 23.82
1 D 231.71 51.56 NO 134.09 44.13 NO NO 9.74
2 A 109.78 49.86 NO 189.13 56.11 NO NO 21.96
2 B 109.78 49.86 NO 360.62 123.21 NO NO 26.16
2 C 109.78 49.86 NO 118.60 56.11 NO NO 11.96
2 D 109.78 49.86 NO 67.56 43.19 NO NO 4.9
3 A 39.47 49.86 YES 99.66 56.11 NO NO 11.54
3 B 39.47 49.86 YES 187.29 123.21 NO NO 13.60
3 C 39.47 49.86 YES 52.66 56.11 YES YES 5.12
3 D 39.47 49.86 YES 32.92 43.19 YES YES 2.40
4 A 18.86 49.84 YES 71.99 56.11 NO NO 7.12
4 B 18.86 49.84 YES 135.54 123.21 NO NO 9.82
4 C 18.86 49.84 YES 31.88 56.11 YES YES 3.02
4 D 18.86 49.84 YES 21.27 43.19 YES YES 1.56

requirements we find that the reductions of CO5 emissions achieved in
the case of Spain range between 71% and 94%, with a mean value of
81%. These reductions are also in line with the objectives of the EU to
cut domestic greenhouse gas emissions by at least 80% by 2050
compared to 1990.

5. Discussion

This paper studies the nZEB renovation definition in the most recent
regulations of Portugal and Spain, analysing in detail the thermal re-
quirements for the envelope applied to a specific typology. The typology
chosen here is the typical multifamily building of Portugal and Spain
built between 1961 and 1980.

After studying the construction requirements established in Portugal
and Spain for a nZEB renovation, and checking whether an existing
building refurbished with different combinations of improvements of
the envelope and active systems in two cities of Portugal and two cities
of Spain -a cold and a warm one-, complies or not with these re-
quirements, the research questions posed previously are answered in the
light of the results.

The Portuguese regulation does not have a specific definition for
nZEB renovation. The same requirements as for new nZEBs must be met
if you wish to transform an existing building into a nZEB. In the case of
Spain there is a specific nZEB renovation definition but it is not
mandatory when a building is renovated.

5.1. Research questions

1 Are the nZEB requirements for the thermal characteristics of the
refurbished envelope equivalent in Portugal and Spain for colder and
warmer cities? If not, what implications do differences have?

The nZEB requirements for the envelope differ mainly in the way the
energy demand and use is limited. With respect to the energy demand:

- In Spain to limit the energy demand of buildings, the K-value is used,
which is a static value that depends exclusively on the U-values of the
envelope solution and the thermal bridges. Additionally, the indi-
cator total primary energy consumption is defined, that limits the
energy use to heating, cooling and DHW, using a method that con-
siders not only the U-values and thermal bridges, but also the ther-
mal inertia, the internal gains, the ventilation, etc.

- In Portugal, the annual nominal final energy need for space heating is
used as well as the nominal value of estimated primary energy needs
which takes into account the energy needs for space heating/cooling
and for DHW. Both indicators of the Portuguese regulation rely on a
method that considers not only the U-values and thermal bridges, but
also the thermal inertia, the internal gains, the ventilation, etc.

Furthermore, Portuguese and Spanish regulations define also other
specific requirements (maximum values) for certain parameters like U-
values and Solar Factors.

On the other hand, in both Portugal and Spain it is essential to shade
the windows in summer, for all orientations and climate zones, even in
the north fagade although to a lower extent. This is a positive measure in
both countries.

Regarding the method of estimation of energy use, in Spain, a dy-
namic model is used, whereas in Portugal the quasi-stationary model
previously described is used. The results in Spain can be considered
more precise, depending however on the precision of data, but both of
them have scientific validity.

Regarding the limitation of the energy use, in Spain, a fixed limit is
established for all types of active systems, whereas in Portugal the limit
is a percentage of the value of the reference building. So, in Portugal, the
limit of the primary energy needs for a building to be a nZEB depends on
the chosen type of system, specifically on a reference value of its effi-
ciency and on the conversion factors for its source of energy. It should be
explored if a limit for the primary energy needs should be independent
of the systems, with a fixed value as in the Spanish regulation.

With respect to the limitation of the energy use, it must be added that
whereas in Portugal at least 50% of the primary energy must come from
renewable sources, in Spain a maximum value of non-renewable pri-
mary energy use is set. This way of regulating the use of renewable
energy in Spain can cause that the percentage of energy from renewable
sources may be below 50% when the total primary energy consumption
is below the established limit (Table A1, Appendix A).

Even if the limits for all these parameters are different in Portugal
and Spain (Table Al, Appendix A), when applying them to the renova-
tion of a typical multi-family building of the period 1961-1980, in
comparable warm and cold cities of both countries, we find that there
are slight differences in terms of CO5 emissions reductions between the
two countries. In the case of Portugal the nZEB renovations show re-
ductions with respect to the original building with a mean value seven
units above the mean reduction achieved with the Spanish regulation
(reduction of 88% of CO5 emissions in Portugal vs. 81% in Spain). In any
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case, both of them can be useful to achieve the objectives of the EU to cut
domestic greenhouse gas emissions by at least 80% by 2050 compared to
1990. However, these standards are not compulsory at this moment in
none of the two countries as previously mentioned.

2 What thermal characteristics of the envelope allow to comply with
the nZEB renovation requirements? Is it necessary to additionally
improve the active systems to achieve nZEB requirements or is the
improvement of the envelope enough?

Both in Portugal and Spain, it is possible to fulfill nZEB renovation
requirements using low U-values (solution 4 of Tables 3 and 4), and
higher U-values suggested or required in the regulations for new
buildings (solution 3 in Tables 3 and 4) if the systems are changed.
Additionally, in Spain, it is possible to achieve the nZEB renovation
standard for this building typology using the maximum U-values
required for major renovations (solution 2 in Table 4) when the systems
are changed to electrical systems. This is considered a positive measure
towards the decarbonization of the building stock in Spain because the
major renovations that are performed using this regulation, which is
compulsory when more of the 25% of the envelope is refurbished, in this
type of building will allow to achieve the nZEB standard or be close to it.

U-value requirements to major renovations in Portugal are less
demanding than Spanish ones for the cities with similar characteristics
(Table 3), and in Portugal the requirements to major renovations are
insufficient to achieve nZEBs (scenarios 2A, 2B, 2C, 2D).

3 What are the specific conclusions of these nZEB renovation re-
quirements for this building typology?

The simulations show that in the renovation of this building typol-
ogy, characterized by shaded windows, high internal thermal inertia and
cross-ventilation, the lower the U-values of the envelope, the best the
energy performance of the refurbished buildings. Even if low U-values
imply an overheating in summer, the positive influence of shading, high
internal thermal intertie, and cross-ventilation makes the emissions
associated to overheating be much lower than the saved emissions
associated to heating thanks to low U-values of the envelope. This has
also been observed in other studies of renovation of residential buildings
in Spain within the same period [18].

6. Conclusions

In this work, the Portuguese and Spanish nZEB renovation regula-
tions for the thermal properties of the envelope is analysed in detail for
the multi-family building of 1961-1980 tipology. Using the national
tools of these countries, different combinations of envelope and systems
retrofitting were simulated, in two cities of each country: a warm city
and a cold city. In total 224 calculations were performed: 32 for Spain
and 192 for Portugal. The difference in the number of simulations is due
to the fact that in Spain the calculation is per building, and in Portugal
per dwelling. Next, we draw the main conclusions for policy makers and
researchers dealing with the definition of the nZEB renovation concept.

The nZEB renovation requirements models in both countries differ
mainly in the way the energy demand and the energy use are limited.
Anyhow, the CO, emissions reduction results show that the nZEB stan-
dards applied to the renovation of typical multi-family buildings of
1961-1980 in both countries will significantly contribute to the decar-
bonization of the building stock in this type of building typology, with
reductions of 80-96% of CO; emissions for Portugal and 71-94% for
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Spain, if they are applied.

To limit the energy use in Spain, a fixed limit is established for all
types of active systems, whereas in Portugal the limit is a percentage of
the value of the reference building depends on the chosen type of sys-
tem. It should be explored if in Portugal a limit for the primary energy
needs should be independent of the systems, with a fixed value as in the
Spanish regulation.

The results show that in both countries it is necessary to change the
active systems to achieve nZEB requirements and retrofit the envelope
achieving U-values more restrictive that the required for major reno-
vations. However, in Spain it is possible to achieve a nZEB renovation
when maximum U-values for major renovations are used and the sys-
tems are changed to electrical ones. These restrictive U-values in Spain
for major renovation are seen here as a good practice towards the
decarbonization of the residential sector because they ensure that we
already approach to the decarbonization of the residential sector.
Portugal should encourage the adoption of more restrictive measures for
major renovations.

In Portugal at least 50% of the primary energy must come from
renewable sources, but in Spain a maximum value of non-renewable
primary energy use is set. This way of regulating the use of renewable
energy in Spain can cause that the percentage of energy from renewable
sources may be below 50% when the total primary energy consumption
is below the established limit. Spain should guarantee a 50% of energy
from local/in situ renewable sources and also encourage nZEB
renovations.

In these two countries the nZEB regulation requires to shade the
windows to limit the energy performance for the warm season. How-
ever, no indicator is used to specifically limit the cooling energy per-
formance. It is implicit in the total primary energy use indicator, but
together with other energy consumptions from heating and DHW. It
should be explored if this is the best in the event that climate change
makes cooling demands more restricting.
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Appendix A

Table Al

Comparison of main requirements for major renovation and nZEB renovation in Portugal and Spain

Journal of Building Engineering 34 (2021) 101918

Currently requirements for residential Portugal Spain
buildings X X X N " . X
Major renovation nZEB renovation (requirements not specifically Major nZEB renovation
defined for renovation and not mandatory) renovation (requirements not
mandatory)
Compulsory? Yes No Yes No
Specific definition? Yes No Yes Yes
Non-renewable primary energy use - <50% total primary energy use Maximum values (kW-h/m?year)
limit 40 (zone ) 20 (zone a)
50 (zone A) 25 (zone A)
55 (zone B) 28 (zone B)
65 (zone C) 32 (zone C)
70 (zone D) 38 (zone D)
80 (zone E) 43 (zone E)

Total primary energy use limits

Total final energy use for heating limit
(kW-h/m? year)
Cooling requirements

U-values of the Facades
envelope (kW-h/
m? -year)
Roofs
Ground
floor
Windows

Ni/N¢ < 1.5 or 2.0, depending on
the extension of the renovation

<50% of N (which varies for each building)

- <75% N; (which varies for each building)

Shading the windows

Maximum allowable values (W/m?K)
1.70 (11)

1.50 (12)

1.40 (I3)

Shading the windows

Not defined for a nZEB renovation

Maximum allowable values (W/m?K)
0.8 (11)
0.7 (12)
0.6 (I3)

Not defined for a nZEB renovation

Maximum values (W/m?K)
4.5 (11)
4.0 (12)
4.9 (13)

Not defined for a nZEB renovation
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<40% of the energy demand for DHW
Maximum values (kW-h/m? year)

55 (zone a) 40 (zone «)
75 (zone A) 50 (zone A)
80 (zone B) 56 (zone B)
90 (zone C) 64 (zone C)
105 (zone D) 76 (zone D)
115 (zone E) 86 (zone E)

Shading the windows
Maximum values (W/mzK)

0.80 (zone o) 0.80 (zone a)
0.70 (zone A) 0.70 (zone A)
0.56 (zone B) 0.56 (zone B)
0.49 (zone C) 0.49 (zone C)
0.41 (zone D) 0.41 (zone D)
0.37 (zone E) 0.37 (zone E)
Suggested values (W/m?K)

0.56 (zone o) 0.56 (zone o)
0.50 (zone A) 0.50 (zone A)
0.38 (zone B) 0.38 (zone B)
0.29 (zone C) 0.29 (zone C)
0.27 (zone D) 0.27 (zone D)
0.23 (zone E) 0.23 (zone E)
Maximum values (W/m?K)

0.55 (zone ) 0.55 (zone a)
0.50 (zone A) 0.50 (zone A)
0.44 (zone B) 0.44 (zone B)
0.40 (zone C) 0.40 (zone C)
0.35 (zone D) 0.35 (zone D)
0.33 (zone E) 0.33 (zone E)
Suggested values (W/m?K)

0.50 (zone o) 0.50 (zone «)
0.44 (zone A) 0.44 (zone A)
0.33 (zone B) 0.33 (zone B)
0.23 (zone C) 0.23 (zone C)
0.22 (zone D) 0.22 (zone D)
0.19 (zone E) 0.19 (zone E)
Maximum values (W/mzK)

0.90 (zone ) 0.90 (zone o)
0.80 (zone A) 0.80 (zone A)
0.75 (zone B) 0.75 (zone B)
0.70 (zone C) 0.70 (zone C)
0.65 (zone D) 0.65 (zone D)
0.59 (zone E) 0.59 (zone E)
Suggested values (W/mzK)

0.80 (zone ) 0.80 (zone o)
0.80 (zone A) 0.80 (zone A)
0.69 (zone B) 0.69 (zone B)
0.48 (zone C) 0.48 (zone C)
0.48 (zone D) 0.48 (zone D)
0.48 (zone E) 0.48 (zone E)
Maximum values (W/mZK)

3.2 (zone o) 3.2 (zone )
2.7 (zone A) 2.7 (zone A)
2.3 (zone B) 2.3 (zone B)
2.1 (zone C) 2.1 (zone C)

(continued on next page)
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Table A1 (continued)
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Currently requirements for residential Portugal Spain
buildings , , , , - , ,
Major renovation nZEB renovation (requirements not specifically Major nZEB renovation
defined for renovation and not mandatory) renovation (requirements not
mandatory)
1.8 (zone D) 1.8 (zone D)
1.8 (zone E) 1.8 (zone E)
Suggested values (W/mzK)
2.7 (zone o) 2.7 (zone «)
2.7 (zone A) 2.7 (zone A)
2.0 (zone B) 2.0 (zone B)
2.0 (zone C) 2.0 (zone C)
1.6 (zone D) 1.6 (zone D)
1.5 (zone E) 1.5 (zone E)
Thermal - - Maximum K- Maximum K-value*
bridges value*
1.0 (zone o) 0.67 (zone a)

0.87 (zone A)
0.83 (zone B)
0.73 (zone C)
0.63 (zone D)
0.54 (zone E)

0.60 (zone A)
0.58 (zone B)
0.53 (zone C)
0.48 (zone D)
0.43 (zone E)

*For a building with a compacity of 1. Nj.: annual nominal final energy need for heating; N;: maximum value of annual nominal final energy need for heating; Ni:
nominal energy needs of primary energy; Ni: maximum value of nominal energy needs of primary energy. In both countries, the nZEB renovation must comply with
major renovation requirements. I1, 12, I13: Portuguese winter climate zones. Zone a, A, B, C, D, E: Spanish winter climate zones.

Appendix B. Considered input data in calculations

Table B1

Data used in Portuguese simulation

Faro

Guarda

Construction Solution 1.

Facade

Ground floor

Pitched Roof

Wall dwelling-stairs

Windows

Window
permeability

Double wall without insulation. U-value = 1.33 W/m?K, m = 181 kg/mZ

Concrete slab-on-ground, without insulation. U = 4.11 W/m?K, m = 200 kg/m?,

Piched roof without insulation, U-value = 2.64 W/m?K, m = 101.80 kg/m2
Double Wall without insulation. U-value = 2.64 W/m?K, m = 102 kg/mZ
Metal frame without thermal break, single glass. U-value = 5.7 W/m2K
Frame without classification.

Windows with low air permeability shutter box.

Construction Solution 2.

Facade
Ground floor

Pitched Roof

Wall dwelling-stairs

Windows

Window
permeability

Double wall without insulation. U-value = 1.33 W/m?K, m = 181 kg/m?
Concrete slab-on-ground, with insulation. U-value = 1.00 W/m?K, m = 201
kg/m2

Piched roof with insulation U-value = 0.8 W/mzK, m = 102.60 kg/m2
Double Wall without insulation. m = 102 kg/m?, U = 1.70 W/m?K.

Metal frame and double glass. U-value = 4.50 W/m?K

Frame classification 4

Windows with low air permeability shutter box

Double wall without insulation. U-value = 1.33 W/m?K, m = 181 kg/m?
Concrete slab-on-ground, with insulation. U-value = 0.8 W/m?K, m = 201
kg/m2

Piched roof with insulation U-value = 0.6 W/mZK, m = 102.80 kg/m2
Double Wall without insulation. m = 103 kg/m?, U = 1.40 W/m?K.

Metal frame and double glass. U-value = 4.00 W/m?K

Construction Solution 3.

Facade
Ground floor

Pitched Roof

Wall dwelling-stairs

Windows

Window
permeability

Double wall with exterior insulation. U-value = 0.5 W/m?K, m = 185 kg/m?

Concrete slab-on-ground, with insulation. U-value = 0.5 W/m?K, m = 202
kg/rn2

Piched roof with insulation U-value = 0.4 W/m’K, m = 103.0 kg/m?
Double Wall without insulation. m = 104 kg/m?, U = 0.8 W/m?K.

Metal frame and double glass. U-value = 2.8 W/m?K

Frame classification 4

Windows with low air permeability shutter box

Double wall with exterior insulation. U-value = 0.35 W/m?K, m = 185 kg/
m2

Concrete slab-on-ground, with insulation. U-value = 0.5 W/m?K, m = 202
kg/m2

Piched roof with insulation U-value = 0.3 W/m?K, m = 103.20 kg/m?
Double Wall without insulation. m = 104.5 kg/mz, U = 0.6 W/m?K.
Metal frame and double glass. U-value = 2.2 W/m?K

Construction Solution 4.

Facade
Ground floor

Pitched Roof

Wall dwelling-stairs

Windows

Window
permeability

Double wall with exterior insulation. U-value = 0.15 W/m?K, m = 187 kg/m2

Concrete slab-on-ground, with insulation. U-value = 0.3 W/m?K, m = 203
kg/m?

Piched roof with insulation U-value = 0.14 W/mzK, m =107 kg/m2
Double Wall without insulation. m = 107 kg/m?, U = 0.2 W/m?K.

Metal frame and double glass. U-value = 1.0 W/m?K

Frame classification 4

Windows with low air permeability shutter box

Double wall with exterior insulation. U-value = 0.15 W/m?K, m = 187 kg/
m2

Concrete slab-on-ground, with insulation. U-value = 0.3 W/m?K, m = 203
kg/m?

Piched roof with insulation U-value = 0.14 W/mzK, m = 107 kg/m2
Double Wall without insulation. m = 107 kg/m?, U = 0.2 W/m?K.

Metal frame and double glass. U-value = 1.0 W/m?K
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Table B1 (continued)
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Faro

Guarda

Other parameters (solutions 1-4)

Ventilation
Permeability nsg
DHW

Natural admission by windows. 34.65 1/s per dwelling (according to Despacho 15,793- K [72])

By default
40 1 per person and per day, heated at 50 °C

Table B2

Data used in the simulations for the Spanish cities.

Cadiz

Teruel

Construction Solution 1.

Facade
Ground floor
Pitched Roof
Windows
Windows
permeability

2.5 cm mortar cement coating + 11 cm hollow brick + 1.5 cm mortar cement coating + 2 cm nonventilated air space + 4 cm hollow brick + 1.5 cm plastering

10 cm concrete slab-on-ground + 2 c¢m stone paving
Pitched roof with woden board and ceramic tiles.
Metal frame without termal break, simple glass 3 mm.
air permeability of 50 m®/h_m?

air permeability of 50 m3/h.m?

Construction Solution 2.

Facade

Ground floor
Pitched Roof
Windows

Windows
permeability

2.5 cm mortar cement coating + 2 cm EPS (A = 0.029 W/mK) + 11 cm hollow
brick + 1.5 cm mortar cement coating + 2 cm nonventilated air space + 4 cm
hollow brick + 1.5 cm plastering.

10 cm concrete slab-on-ground + 3.5 cm XPS (A = 0.034 W/mK) + C2 cm stone
paving.

Pitched roof with woden board and ceramic tiles and 3.5 cm XPS (A = 0.034 W/
mK).

Metal frame with termal bridge and double glass.

air permeability of 27 m®/h_m?

2.5 cm mortar cement coating + 5 cm EPS (A = 0.029 W/mK) + 11 cm hollow
brick + 1.5 cm mortar cement coating + 2 cm nonventilated air space + 4 cm
hollow brick + 1.5 cm plastering.

10 cm concrete slab-on-ground + 4 cm XPS (A = 0.034 W/mK) + C2 cm stone
paving.

Pitched roof with woden board and ceramic tiles and 8 cm XPS (A = 0.034 W/
mK).

Metal frame with termal bridge and double glass.

air permeability of 3 m®/h_m?

Construction Solution 3.

Facade

Ground floor
Pitched Roof
Windows

Windows
permeability

2.5 cm mortar cement coating + 3.5 cm EPS (A = 0.029 W/mK) + 11 cm hollow
brick + 1.5 cm mortar cement coating + 2 cm nonventilated air space + 4 cm
hollow brick + 1.5 cm plastering.

10 cm concrete slab-on-ground + 2.6 cm XPS (. = 0.034 W/mK) + C2 cm stone
paving.

Pitched roof with woden board and ceramic tiles and 5.5 cm XPS (A = 0.034 W/
mK).

Metal frame with termal bridge and double glass.

air permeability of 9 m3/h7m2

2.5 cm mortar cement coating + 8.5 cm EPS (A = 0.029 W/mK) + 11 cm hollow
brick + 1.5 cm mortar cement coating + 2 cm nonventilated air space + 4 cm
hollow brick + 1.5 cm plastering.

10 cm concrete slab-on-ground + 6 cm XPS (A = 0.034 W/mK) + C2 cm stone
paving.

Pitched roof with woden board and ceramic tiles and 13 cm XPS (A = 0.034 W/
mK).

Metal frame with termal bridge and double glass.

air permeability of 3 m3/h7m2

Construction Solution 4.

Facade

Ground floor
Pitched Roof
Windows
Windows

permeability
Ventilation
Permeability nso
DHW

2.5 cm mortar cement coating + 17 cm EPS (A = 0.029 W/mK) + 11 cm hollow brick + 1.5 cm mortar cement coating + 2 cm nonventilated air space + 4 cm

hollow brick + 1.5 cm plastering.

10 cm concrete slab-on-ground + 7.5 cm XPS (A = 0.034 W/mK) + C2 cm stone paving.
Pitched roof with woden board and ceramic tiles and 20 cm XPS (A = 0.034 W/mK).

PVC frame with termal bridge and triple glass.
air permeability of 3 m®/h_m?

Natural admission by windows. 198 1/s per building
By default (8,32)

air permeability of 3 m3/h.m?

28 1 per person and per day, heated at 60 °C. The energy necessary for lighting and appliances is not considered in this methodology

Table B3
Linear thermal transmittance of thermal bridges (W/mK).
Cédiz Teruel Faro Guarda
Wall-To-Wall Junctions: Exterior Corners Solution 1 0.172 0.172 0.172 0.172
Solution 2 0.11 0.08 0.172 0.172
Solution 3 0.09 0.06 0.09 0.07
Solution 4 0.020 0.02 0.02 0.02
Floor to wall junctions Solution 1 0.46 0.46 0.46 0.46
Solution 2 0.24 0.14 0.46 0.46
Solution 3 0.17 0.09 0.50 0.12
Solution 4 0.05 0.05 0.05 0.05
Slab-On-Ground Solution 1 1.303 1.303 1.303 1.303
Solution 2 0.59 0.51 0.64 0.44
Solution 3 0.64 0.39 0.34 0.38
Solution 4 0.28 0.28 0.28 0.28
Window-To-Wall Solution 1 0.262 0.262 0.262 0.262
Solution 2 0.098 0.068 0.17 0.13
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Table B3 (continued)

Journal of Building Engineering 34 (2021) 101918

Cadiz Teruel Faro Guarda

Solution 3 0.093 0.06 0.09 0.065

Solution 4 0.053 0.053 0.053 0.053
Pillars Solution 1 1.2 1.2 1.2 1.2

Solution 2 1.2 1.2 1.2 1.2

Solution 3 1.2 1.2 1.2 1.2

Solution 4 1.2 1.2 1.2 1.2

Appendix C
Table C1

Emission factors used for the case of Spain and Portugal

[73,74].

Emission factor to CO5 (kgCO2/kWhEF)

Portugal
Electricity
Natural gas
Spain
Electricity
Natural gas

0.360
0.202

0.331
0.252
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