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demand
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Chalmers University of Technology

Goteborg, Sweden

Abstract

In developed economies, such as the European Union’s member states, the largest potential for energy
efficiency improvements lies in retrofitting existing buildings. Yet, there is both a lack of information about
the building stock and associated modelling tools that can be used to assess such measures as basis for
develop energy efficiency strategies and design policies to be applied to the European building sector.
Therefore, a methodology has been developed that represents the European building stock as reference
buildings with the aim to assess the effects of energy saving measures. The model used for the building
energy simulationisthe Energy Assessment for Buildings Stocks (EABS), which gives the net energy demand
in an aggregated form for the building stock considered.

This masterthesis focuses on the Spanish building stock and continues the development of the methodology
that has earlier been tested using the Swedish residential stock as base. In this master thesis, archetype
(reference) buildings are defined to characterise the building stock and are used as inputs to the EABS
model. The work also serves to test the adequacy of applying a bottom-up methodology on a south
European country where also the non-residential sector is included. The results, which present data of the
buildings’ net energy demand for space heating, cooling, electricity and hot water, are compared to
statistical data available in national and international sources expressed in terms of final energy.
Modifications and adjustments are made in the building description process in order to match the results
obtained with the reference statistical databases.

The Spanish building stock is represented by 120 archetype buildings corresponding to six building
typologies, five climate zones and four periods of construction. The results of the simulation give a total
energy demand for the residential sector of 181 TWh for the year 2005, which is considered satisfactory
since it only differs with 3% compared to the statistics provided by the international databases GAINS and
Eurostat. Regarding the non-residential sector 91 TWh of total energy demand were obtained from the
energy simulation for the year 2005, which is about 7% lower than the energy demand given in GAINS and
Eurostat. Corresponding simulation for the year 2008 yields an annual energy demand of 218 TWh and 101
TWh for the residentialand non-residential sector respectively. Such figures are around 19% higher and 10%
lower than the corresponding energy demands given in the international databases Eurostat, IEA and the
national institution IDAE. Possible reasons for these differences are discussed in this master thesis.

Keywords: archetype buildings, Spanish building stock, energy demand, bottom-up modelling, energy
simulation
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1. Introduction

1.1. Background

New options and solutions are still needed in the path of mitigation of climate change. The Kyoto
Protocol was one of the first claimsin response to this concern, recognising institutionally the need
of taking immediate measures to decrease the amount of carbon dioxide (CO,) emitted. As well
known, a major cause of this greenhouse gas is the combustion of fossil fuel. In this context,
efficiency in the building sector emerges as an important topic to work on taking into account that
this sector represents 40% of the total EU’s final energy consumption (Directive 2002/91/EC, 2002),
and mainly covered by fossil fuels (Hens etal., 2001). There are significant opportunities to enhance
energy efficiency inthis sector, both for residential and non-residential buildings and especially by
the retrofitting of existing buildings (Metz et al., 2007).

Regarding the residential building sector, the number of dwellings in the European Union is about
196 million and about 11% of them are located in Spain (Balaras et al., 2005). Therefore, taking
effective measures in the Spanish building stock can lead to significant energy savings also in a
European context.

To assess the effect of energy conservation measures applied to a certain building stock, this building
stock must be characterised. The larger the size of the building stock is (e.g., regional, national,
European), the more difficultis the characterisation process since less accurate data is available and
buildings also need to be aggregated. Currently, there are only a few examples of available studies
that provide a characterisation of the residential building stock using reference buildings: Hens
(2001) on the Belgium stock; Balaras (2005) about permanent dwellings in Greece, which represent
68% of the Greek national residential stock; Clinch (2000) about the Irish building stock; Clarke (2004)
on the Scottish building stock; and Martinlagardette (2009) on the French building stock. A study
including reference buildings that represents both the residential and non-residential sector was
performed by Petersdorff (2006) for the entire EU-15 building stock. With respect to Spain, the Plan
for Energy Improvementin Barcelona defines and characterises archetype buildings in a similar way
to what is done in this thesis work, but this plan only covers the region of Catalonia (Barcelona
Regional, 2002). Thus, there is a lack of studies describing the entire Spanish building stock.

1.2 Context of the Thesis

Thisthesisis part of the project Pathways to Sustainable European Energy Systems (herein referred
as the “Pathways Project”) (Johnsson, 2011) which aims to illustrate pathways towards a more
sustainable European energy systems focusing on meeting targets for example regarding energy
efficiency, reductionsin CO, emissions, and increased use of renewable energy. Within the Pathways
Project, a methodology has been developed for assessing potential energy saving measures in the
European building stock, which involves both a description of the existing building stock and a
development of modelling tools to assess the effects of such energy efficiency measures. This
methodology proposes to represent a building stock in an aggregated form and the model Energy
Assessment for Building Stocks (EABS) was developed and validated for the Swedish residential
sector, where the building stock was represented by sample buildings." (Mata, 2011).

1 Sample buildings are buildings considered representative of the stock and described using measured data of

the actual building stock under study (Mata, 2011).



The six EU countries with the biggest building stocks representing over 70% of the buildings’ energy
use in Europe (Balaras et al., 2005), Spain among them, are being studied in the Pathways Project.
The availability of the relevant building data required to analyse energy use in buildings across
Europe has been studied by O Broin (2007) and several studies on the French building stock have
been performed (Martinlagardette, 2009; Gravalon, 2007).

1.3. Aim of this Thesis

The aim of this master thesis is to continue the development of a methodology to represent a
building stockin an aggregated form through the description of anumber of reference buildings that
are representative of the stock, using Spain as a test case. Thus, this thesis work: 1) contributes to
the evaluation of the methodology of characterising a building stock by means of archetype
buildings; 2) serves as a test on the suitability of applyingthe EABS model to Spain, and also including
the non-residential sector. Spainisselected as it is considered important to verify the methodology
for a south European country with the building characteristics as well as the climate being
significantly different from Sweden.

The characterisation of the Spanish building stock could, in a later step, be used to assess the effect
of applying different energy efficiency measures. However, this assessmentis not within the scope of
this thesis work.

1.4. Structure of the report

Data to characterise the building stock and validate the results of the energy simulation have been
provided by national institutions, Spanish regulations and international statistical databases. These
sources are presented in Section 2.

In Section 3 the model used for the simulation is first introduced. Then, the criteria applied to
segment the Spanish building stock and to define the archetype buildings is explained. Finally, the
characterisation process of such reference buildings is reported.

Section 4 reports the resulting segmentation of the Spanish building stock into representative
buildings. The simulation of the energy demand based on such buildings is also presented for the
years 2005 and 2008 using the corresponding archetype buildings as inputs to the EABS model. The
results obtained are discussed and compared with available data in national and international
databases

The results of the sensitivity analysis are discussed in Section 5.

Possible reasons for the deviation between the results of the energy simulation and the statistics
provided by international databases are discussed in Section 6.

Finally, the conclusions drawn from the work carried out in this master thesis and the further work
still needed are presented in Section 7.



2. Datasources

This section presentsthe main sources that have provided the necessary information for describing
the Spanish building stock. Data extracted from national data sources are primarily published online.
The Spanish building regulations provided many of the data that are used to describe the energy
systems of the buildings and to define the indoor climate conditions. Finally, the international
databases consulted are presented. These databases provided the statistics used in orderto compare
the results obtained from the energy demand simulation.

2.1. National institutions

The Spanishinstitutions consulted are:

¢ INE: National Statistics Institute (/nstituto Nacional de Estadistica)

The National Statistics Instituteis an autonomous administrative institution assigned to the
Ministry of Economy and Finances via the Secretary of State for the Economy. INE plays an
important role in the public statistic activity, being in charge of the national large scale
statistical operations as demographic and economic censuses or economic and social
indicators (INE, 2011).

e Ministry of Buildings (Ministerio de Fomento)

The Spanish Ministry of Buildings is responsible of many tasks, such as the management of
the transport infrastructures and the planning for housing, urbanism and architecture. The
“Secretary of State for housing and urban projects” (Secretaria de Estado de vivienda y
actuaciones urbanas)is asubdivision of the ministry anditis in responsible of the diffusion,
promotion and investigation of the architecture and building sector. Data regarding the
guantification and the use of the Spanish building stock is provided in the website of the
Ministry (Ministerio de Fomento, 2011).

e IDAE: Institute for the Energy Diversification and Saving (/nstituto para la Diversificacion y
ahorro de la energia)

IDAE is a public institution attached to the Spanish Ministry of Industry, Tourism and
Commerce. This organisation works on promoting a new more efficient and sustainable
energy system for Spain through the energy saving and efficiency assessment and the
promotion and development of renewable energy systems The IDAE also has an important
role to cooperate with othercountries within the framework of European and International
energy programmes (IDAE, 2011).

Presented below are the studies published by IDAE that have been used as important data
sources in this master thesis:

- E4. Energy savings and Efficiency Strategy for Spain 2004-2012 (IDAE, 2003)
(Estrategia de Ahorro y Eficiencia Energética en Espaiia 2004-2012): the E4 is an
energy plan developed with the aim of achieving a more efficient energy use in
Spain. It is designed to contribute to the IDAE target of developing a more




sustainable energy modelforthe country, guaranteeing the supply and the quality
of the energy with no damage to the environment.

- Spanish Building Code. Acceptance of alternative procedures; CTE-LIDER, 2009
(CTE-LIDER, 2009): this document describes the requirements to be satisfied by
the procedures used to simulate the energy demand of a building. Values that can
be assumed to define the operational conditions of the building (e.g., indoor
climate conditions, internal heat gains, ventilation levels) are presented in the
annexes of the document.

2.2, Policies and regulations

The following regulations on thermal properties of buildings existin Spain:

e Decree 1490/1975. Compulsoryforall new buildings constructed afterthe approval (June of
1975), it wasthe first regulation stating measures energy savingsin the building sector. It set
the required heat transfer coefficient of the buildings depending on the climate zone. This
decree became out dated when NBE-CT-79 came into force (Decree 1490/1975, 1975).

e Spanish Building Code from 1979; NBE-CT-79. Compulsory for all new buildings constructed
afterthe approval (July of 1979). It setsthe required indoor thermal conditions and thermal
properties for the buildings as, forinstance, the maximum heat transfer coefficient of the
different building elements. It became out dated when CTE came into force in 2006 (NBE-CT-
79, 1979).

e Spanish building code in force, CTE. It was approved in May of 2006 and it is divided in six
“basic documents”: Structural security (DB-SE); Security in case of fire (DB-SI); Security of use
and accessibility (DB-SUI); Salubriousness (DB-HS); Protection against noise (DB-HR); and
Energy saving (DB-HE) (CTE, 2006). Two of these documents were used as important data
sources in this master thesis:

o Salubriousness (Salubridad); DB-HS. The document establishes the required
proceduresto ensure the compliance of the health regulations. Values for different

parameters for the performance of the buildings facilities are set, such as required
ventilation rate (CTE-HS, 2006).

o Energy savings (Ahorro de energia); DB-HE. The document establishes the required
procedures and regulations for energy savings in the building sector. It sets, for
instance, the required U-values and the hot water demand for the design of the
installation (CTE-HE, 2006).

e Regulation of Building Thermal Facilities, RITE, 1998. Approved in 1998, this regulation is
applied to all non-residential buildings. It became out dated when the new RITE was
approved in 2006 (RITE, 1998).

e Regulation of Building Thermal Facilities; RITE, 2006. Approved within the “Planning of
Energy savings and Efficiency Strategy for Spain 2005-2007” (IDAE, 2003) RITE isappliedtoall
non-residential buildings. This regulation is focused on the specifications for the use of the

4



buildings thermalfacilities. Parameters for the design of these facilities are set, such as the
required indoor climate conditions and ventilation rates (RITE, 2006).

2.3. International databases

The following international institutions provided the energy demand statistics used in order to
evaluate the results from the energy simulation:

e Eurostat is the official database of the European Commission and works on processing and
publishing comparable statistical information at the European level. The national data of the
Member States is collected by the statistical authorities of each country and then sentto
Eurostat. The main role of Eurostat is to analyse and verify the information received, using
harmonised methods to ensure that the data of the different countries can be compared
(Eurostat, 2011).

e GAINS (Greenhouse Gas and Air Pollution Interactions and Synergies) is the database of the
International Institute for Applied Systems Analysis (IIASA). This database covers the
following subsectors: 1) residential; 2) commercial and publicservices; and 3) other services,
including agriculture, forestry, fishing and unspecified sectors. IIASA is an international
research organisation that conducts policy-oriented research into problems that are too
large or too complex to be solved by a single country or academic discipline, such as climate
change, sustainable development or energy security (GAINS, 2005)

e |EA (International Energy Agency) works for a sustainable economic development for the
member states. The 28 member states have agreed to share energy information, to
coordinate their energy policies and to cooperate in the development of rational energy
programmes that ensure energy security, encourage economic growth and protect the
environment (IEA, 2011).

The required climate data for the energy simulation was extracted from the database Meteonorm
which is a meteorological database containing climate data for solar engineering applications
(Meteotest, 2000). It is important to note that such climate data represents statistically generated
test reference years which are based on the climate measurements performed between the years
1961 t01990 (i.e., the climate data presented for each of the locations was measured in a certain
year of the period 1961-1990 and this year was considered as a representative year in terms of
climate for this location). Thus, updated climate data has not been available.






3. Methodology

Figure 3.1 illustrates the steps followed to develop this master thesis. The first three steps
(segmentation, characterisation and quantification) enabled the representation of the existing
building stock. After these steps, the energy simulation was performed. The evaluation of the
suitability of the application of the EABS model to Spain was realised in parallel. The process step
“Energy efficiency measures” indicated belowthe dotted linein Figure 3.1 isbeyond the scope of this
master thesis and it can be considered as further work. Such step consists of evaluating the energy
saving potential of the Spanish building sector by the application of energy efficiency measures to
the building stock described.
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Figure 3.1: Schematic description of the bottom-up methodology applied in this work



3.1. The EABS model

To model netenergy demand two main modelling approaches are currently applied: top-down and
bottom-up models. Characteristics, advantages and disadvantages of these approaches are carefully
reported by Swan and Ugursal (2009).

One aim of the Pathways Project is to estimate the potential energy savings of applying different
energy efficiency measures to the existing building stock and thus, the effect on the net energy
demand (Johnsson, 2011). In this context, a bottom-up engineering approach was found suitable to
apply (Mata and Sasic Kalagasidis, 2009). This implies that the representation of the stock needs to
be done in an aggregated way, either by sample buildings or by archetypes. In this master thesis
archetype buildings are used. Such buildings are reference buildings considered representative of the
whole stock to be characterised. They are described by collecting data about the overall
characteristics of the buildings (e.g., period of construction, materials used, floor area) and
information related to the specific building sector of the region under study (e.g., fuel shares,
efficiencies, climate). As opposed to archetype buildings, sample buildings are reference buildings
described using measured data of the building stock under study.

The model used to perform the energy simulationin this thesisis the “Energy Assessment of Building
stocks” (EABS), whichisa model developed within the Pathways Project (Mata and Sasic Kalagasidis,
2009). This modelling approach is based on the calculation of the energy demand of a group of
buildings that are described in detail and selected to be representative of the entire stock. The
results are then scaled up to represent the entire region under study considering the number of
buildings of the stock that are represented by each reference building. In this master thesis, as
indicated above, thesereference buildings which are representative of the Spanish building stock are
described by using archetype buildings.

The EABS model uses as input data thermal and physical properties of the buildings. The input file
consists of a list of parameters which is presented in Section 3.3.

The net energy demand of the buildings is given as the output of the simulation, i.e. the energy
provided to the building after considering the losses in the installed energy systems. Such energy
demand is calculated through an energy balance for each building modelled as one thermal zone.
The results are provided for each of the buildings analysed and they contain data of space heating
and cooling use, electricity and hot water production (Mata, 2011).

The results of the energy simulation are compared to statistical data available in international
databases expressed in terms of final energy. Thus, the net energy for end-uses is converted into
final energy by using assumptions on efficiencies for the different fuel shares (see Section 3.5).

3.2. Methodology for segmentation

The characterisation of the building stock is carried out for a number of buildings considered
representative of the entire Spanish building stock: the archetype buildings. The number of such
archetype buildings is decided in the segmentation process and they are defined according to



categories previously considered as the ones that have the largest impact on the energy
consumption of the buildings.

The number of archetype buildings chosen is a compromise between accuracy and feasibility since
the more type of buildings, the more precisely the stock is represented, but it also becomes more
difficult to work with the data and it increases the simulation time. Table 3.1 presents the
segmentations performed in other studies that present a characterisation of the building stock of a
country/regioninanaggregated way. These studies have been used as areference to determine the
criteria to segment the Spanish building stock.

As it can be seen in Table 3.1, the criteria applied in most of the studies are similar. The category
“dwelling typology/ type of building” is included in all the studies, and “climate zone” and “age of
construction” are the other categories most often considered.

The sample building representation of the Swedish residential stock, as used as input data in the
study by Mata (2011), included a category for ventilation types. However, the data needed to
consider such category in the segmentation of the Spanish building stock was lacking. Therefore,
following the segmentation proposed by Mata (2011) and included in the Pathways Project (Mata et
al., 2011) three categories are considered in this masterthesis to segment the Spanish building stock
into archetype buildings: building type, climate zone and period of construction.

Table 3.1: Criteria for segmentation followed in other studies which characterise the building stock in
an aggregated way. Sources specified in the table.

COUNTRY SOURCE CRITERIA FOR SEGMENTATION
FRANCE National Centre for Scientific Research (CNRS, -Dwelling typology

Rapport R2: Bilans énergétiques Transport- - Climate zone

Habitat et méthodologie BETEL.) - Age of construction

- Type of heating system
- Energy sourcefor heating
FRANCE National Agency for improving Housing -Dwelling typology
Conditions (ANAH, 2008) - Climate zone

- Age of construction

- Energy sourcefor heating

EU-15, EFTA AND | Petersdorff et al., (2002) -Type of building
TURKEY - Construction period
GREECE Balaras etal., (2005) -Type of building
- Construction period
SCOTLAND Clarke etal., (2004) - Type of building
- Construction period
CATALUNYA Contribution of dwellings in Cataloniato the - Type of building
(SPAIN) reduction of emissions Greenhouse Gases (IC, - Construction period
2006)
SPAIN Energy savings and Efficiency Strategy for - Type of building
Spain 2004-2012. “Building sector” document - Climate zone

(IDAE, 2003)



Building type

The inputs for the EABS model that are dependent on the building type are listed in Table 3.2.

Table 3.2: Inputs of the EABS model whose values are dependent on the building type.

Notation Description Comments
TC Effective heat capacity of the building Differences apply especiallybetween residential
and non-residential buildings
Trpin | Minimum desired indoor temperature Differentvalues set by regulations forresidential
Tryax | Maximum desired indoortemperature and non-residential sector
0. Specificheat gainfrom people
L. Specificheat gain from electriclights
A, Specificheatgainfromappliances
A Heated floorarea
S Total exteriorarea of the building
envelope
V. Sanitary ventilation rate Different values for SFD and MFD*

* SFD, Single-Family Dwelling; MFD, Multi-Family Dwelling

Based on the data available, the author of this thesis has considered two types of reference buildings
for the residential sector (SFD, Single-family Dwellings; MFD, Multi-family Dwellings) and four types
for the non-residential sector (commercial services, offices, sports and leisure and other services).

The classification of the non-residential buildings corresponds to the classification used by the
“Ministry of buildings” (Ministerio de Fomento, 2011) in Spain, but excludes industrial, agricultural
and transport buildings, since these categories are not accounted for in the statistics given by the
international databases used subsequently to compare the results obtained from the energy demand
simulation (see Section 6).

Climate zone

The climate outdoor conditions affect the heating and the cooling demand. Therefore, the energy
simulation considers adifferent weatherfile for each climate zone. Such weather files are input files
required by the EABS model that contain data describing the climate conditions of each climate zone
(see Mata and Sasic Kalagasidis (2009) for further details about input files of the EABS model).

In addition, the technical characteristics of the buildings can also show important differences
between regions since the building is designed according to fit the climate requirements. Thus, the
building codes require different heat transfer coefficients (U) dependent on the climate zone.
Moreover, since the constructing elements of the buildings present different materials and
properties depending on the region, the heat capacity of the building (TC) also depend on the climate
zone.

There are different maps available dividing Spain by climate zones. The CTE-2006 (CTE-HE, 2006)
regulation takes into account twelve climate zones, see Figure 3.2. This division is the result of
combining the five climate zones of the winter (from A to E) division and the four of the summer
division (from 1to 4).
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Figure 3.2: Spanish climate zones combining winter and summer divisions.
Souce: Costrumatica.com, 2011

Figure 3.3: Spanish climate zones following the winter division used in CTE-2006.
Source: building.dow.com, 2011.



Figure 3.4: Spanish climate zones used in NBE-CT-79 (Decree 1490/1975, 1975)

The heating demand accounts for the largest share of the total Spanish energy demand of the
building sector, while the share of energy consumption for cooling is more or less negligible (only
0.9% of the total energy consumption of Spanish households in 2008 (IDAE, 2009)). Thus, the
climate zones that have the largest impact on the thermal parameters are the ones following the
winterdivision, i.e., the Spanish territoryis divided into five different climate zones. This winter zone
division is shown in Figure 3.3 and the different zones are notated with letters from A to E.

Since each climate zone requires a different weather file, considering more climate zones would
mean an increased number of archetype buildings. Therefore, it was considered important to
minimise the number of climate zones included, since such number is a significant parameter that
increases the computational time.

A different division of the country into climate zones is considered in the decree of 1975 and the
regulation NBE-CT-79. In order to have comparable zones between the different regulations, the
climate zones consideredinthe decree of 1975 and NBE-CT-79 (Figure 3.4) were identified with the
ones used in CTE-2006 (Figure 3.3) asitis shown in Table 3.3.

As mentioned in Section 2.3, the climate data used in the energy simulation was extracted from
Meteonorm (Meteotest, 2000). In this master thesis the five Spanish weather stations, asindicated in
Table 3.3, were chosen to represent the five climate zones. They are located in the city with the

2 One could think that this figure is very low and part of the cooling demand is hidden in the electricity

demand. However, IDAE gives in the “report of energy consumption” the total final energy consumption of
Spanish households disaggregated in heating, hot water, cooking, lighting, air conditioning and appliances

(IDAE, 2009), so the share of energy consumption specifically for cooling is provided.
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largest population in each region, as it was assumed that these cities have the largest number of
buildings. Thus, the climate data of the weather stations is assumed to be representative of the
corresponding climate zone.

Table 3.3: Identification of climate zones considered in CTE-2006 with the ones considered in previous
regulations (Decree 1975 and NBE-CT-79) and weather stations of Meteonorm chosen to represent
the climate zones in this thesis work.

Weatherstation Climate zone CTE-2006 Climate zone Decree 1975 and NBE-CT-79

Malaga A W
Sevilla B w
Barcelona C X
Madrid D Y
Burgos E VA

Period of construction

The age of the building construction needs to be considered when estimating the energy demand
since buildings are constructed following the regulations of the corresponding period. Table 3.4 lists
the inputs of the EABS model that depends on the period of construction.

Table 3.5 reports the periods of construction considered in this master thesis which are defined
according to the changes in building regulations.

The new regulation CTE was approvedinthe year 2006. The compliance of this new regulation would
require additional efforts and costs that many investors might not be willing to take. Therefore, it is
likely that a large number of constructing licenses could have been requested before March, the
month of the approval of the new regulation. A research process was carried out by the author of
thisthesistofind out if there is a peak of constructing licenses in Spain before March of 2006, i.e. if
the situation above explained actually happened. However, the source consulted (Ministerio de
Fomento, 2011) does not show a different trend in 2006 compared to otheryears surveyed. Table 3.6
shows the distribution of the constructing licenses over the year.

Table 3.4: Inputs of the EABS model whose values are dependent on the period of construction

Notation Description Comments
TC Effective heat capacity of the building Building materials and its properties have been
evolving over time
V. Sanitary ventilation rate Values set by regulations
U Heat transfer coefficient of the building
Trpin | Minimum desired indoor temperature
Trpax | Maximum desired indoortemperature
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Table 3.5: Periods of construction according to Spanish building regulations

PERIOD OF CONSTRUCTION REGULATION

Before 1976

No regulation

Between 1976 and 1979 Decree 1490/1975 (Decreto por el que se establecen medidas a
adoptar en las edificaciones con objeto de reducir el consumo de
energia)

Between 1980 and 2005 NBE-CT-79:.Building regulation. Thermal conditions of buildings

(Norma bdsica de la edificacion. Condiciones térmicas de los edificios)

Between 2006 and 2008 CTE: Technical building code (Cdédigo Técnico de la Edificacion)

Table 3.6: Distribution of construction licenses in 2006 (Ministerio de Fomento, 2011)

Month Regulation in force Number of licenses %
January-March NBE-CT-79 59436 27%
April-December CTE 162322 73%

As result of the segmentation process reported in this section, 120 archetype buildings are
considered in this master thesis (6 building types x 5 climate zones x 4 periods of construction) as
representative of the Spanish building stock. The final distribution of the buildings and existing
surface area according to this segmentation is presented in Section 4.1.

3.3. Methodology to characterise the Spanish building stock

The parameters presented in Table 3.7 are the inputs used to characterise the building stock in the
EABS model. These parameters are related to the building geometry, properties of the construction
materials, required indoor climate conditions and thermal characteristics of the building service

systems (Mata and Sasic Kalagasidis, 2009).
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Table 3.7: Inputs for the EABS model used to characterise the building stock.

Notation Description Units
TC Effective heat capacity of the building J/K
W, Solar shading coefficient for a window 0-1
Wk Partof the total window area covered by window frames 0-1
TO Initialindoor temperature °C

Trmin Minimum desired indoor temperature °C
Tryax Maximum desired indoor temperature °C
Sh Maximum heating power of a heating system W

Se¢ Maximum cooling power of a coolingsystem W
Py Response capacity of a heating system W/K
P, Response capacity of a cooling system W/K

HRec_eff | Efficiency of the heat recovery unit 0-1
Pfh Specific heat gain from ventilation fans W/ m?’
T, Set point temperature for natural ventilation °C

0. Specific heat gain from people W/ m’
A, Specific heat gain from appliances w/ m’
L. Specific heat gain form electric lights w/ m’
Ven Natural ventilation rate I/s/ m’
V. Sanitary ventilationrate 1/s/ m’
HyP Specific electric power demand for operation of hydronic pumps W
cop Coefficient of performance of heat pumps -

Weight Coefficient to scaleup the type to the whole building stock -

T Window solar transmittance 0-1

A Heated floor area m’
Sw Total window area m’

S Total exterior area of a building envelope m’
SFP Specific fan power W/I/ m’
H,, Specific heating power demand for hot water production W/ m’

U Heat transfer coefficient of the building W/mZK

Two main methods have been used to determine the values set for each parameter: 1) by data
collected directly from sources; 2) by using calculations or assumptions. The methods and the
subsequent processes are explained below for each parameter.

Effective heat capacity of the building (TC)

The effective heat capacity of the building represents its thermal inertia and it is calculated by
summing up the volumetric heat capacities of the layers in direct contact with the internal air, i.e.
internal layers of exterior walls and roof, internal walls and middle floors. Thus, the following
expression is applied (Mata and Sasic Kalagasidis, 2009):
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TC=Xp;-Cp;-Si-d; Equation 1
Where:
p: isthe density of the layer (kg/m?)
Cp; isthe specificheat capacity of the layer (J/kgK)
S; isthe area of the layer(m®)

d; isthe thickness of the layer (m). According to EN ISO 13790, the maximum thickness is 1)10cm or
2) the thickness defined from the external wall to the middle of the building element, whichever
comes first.

Data regarding the building materials and their properties are needed to calculate the effective heat
capacity of the building (see Appendix E). Due to the lack of such data, the characteristics and
materials of the Catalonian buildings, which are presented in the Catalonian study PMEB are applied
for all Spanish buildings (Barcelona Regional, 2002). Since only dwellings and office buildings are
describedinthe PMEB study, the material properties of the residential buildings are assumed for the

buildings types “sportsand leisure”, “commercial services” and “otherservices”. Data extracted from
the study CTE-LIDER (2009) is also used for buildings constructed after 2006.

Minimum desired indoor temperature (Tryin)

The minimum desired indoor temperature has been considered the same than the allowed indoor
temperature set by the regulations. Table 3.8 shows the minimum allowed indoor temperature
according to NBE-CT-79 depending on the building type.

No requirements concerning indoor temperatures are set in the regulation CTE approved in 2006.
Therefore, a minimum indoor temperature of 18°Cis assumed for all residential buildings.

To determine Tr,min for the non-residential sector, the RITE regulation is applied, which sets the
allowed range of temperatures depending on summer (23-25 °C) and winter season (21-23 °C). As
opposed to the indoor air temperature, this regulation sets the required operative temperature,
whichisusedto measure the thermal comfort. Such temperature is the average of the mean radiant
and the ambient airtemperatures, weighted by their respective heat transfer coefficient (ASHRAE,
2009). However, since no other data regarding required indoor temperature was found, the
operative temperature is assumed to be equal to the air temperature in this master thesis.

Therefore, a minimum indoor temperature of 21°C is considered for all non-residential buildings,
since RITE is compulsory for this building sector.

Table 3.8: Minimum allowed indoor temperature according to NBE-CT-79 depending on the building
type (NBE-CT-79, 1979)

BUILDING TYPE Trmin (°C)
Dwellings, education, commercial, cultureand sedentary work | 18
Sports centres, light work 15
Heavy work 12
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Maximum desired indoor temperature (Trma)

Specifications concerning maximumindoor temperature were only found in RITE (25 °C and 23 °C for
the summer and winter season respectively). Again, the temperature value set refers to the
operative temperature. As indicated below, values set by RITE for the operative temperature are
assumed for the indoor temperature. Therefore, a value of 25°C for Tr,.,, is considered for all
archetype buildings.

Maximum heating and cooling power of a heatingand cooling system (S, S)

Itis assumed that the energy provided by the energy systems of the building should always satisfy
the demand. Therefore, the values for S. and Sy, are set high enough to ensure that the systems are
capable of providing the energy demanded.

Response capacity of a heating (cooling) system (P, P.)

It isassumedthat the response capacity of the energy systems of the building was high. Therefore,
thevaluesforP.and P, are sethigh enough to ensure that the systems are capable of responding to
any change in the demand (e.g., a drop in the outdoor temperature or an increase in the internal
loads).

Efficiency of the heat recovery unit (HRec eff)

A value of zero is set for this parameter, since it is assumed that the buildings in south European
countries, such as Spain, do not usually work with heat recovery units (Boermans and Petersdorff,
2008).

Specificheat gain from occupants, appliances and lighting (O, A, L.)

The values setforthe specificheat gain from occupants and appliances are extracted from CTE-LIDER
(see Section 2.1). In the annexes of this document, values for parameters such as heat gains or
ventilation rates that can be assumed to define the operational conditions of the building are
presented. Adifferenthourly valueis givenforeach parameter considered depending on the building
type, as given in Table 3.12.

Since a constant value all year through is needed in this study, a weighted average of the hourly
valuesforweekdays, Saturdays and Sundaysis calculated foreach building type. This averaged value
for the specific heat gain from occupants is presented in Figure 3.5.

Table 3.9: Example of hourly values for the specific heat gain from occupants for non-residential
buildings (W/m?)(CTE-LIDER, 2009).

DOcupacion sensible [W.frna:l 1 i 3 4 5 ] T B ] 10 11 12 13 14 15

Laboral 0.00 |0.00 [0.00 OO0 000 (000 (600 [6.00 [6.00 \6.00 |6.00 |6.00 (600 |6.00 [0.00
Sabado 0.00 |0.00 (000 |0O.O0 000 (000 (600 [6.00 [6.00 |6.00 |6.00 |6.00 |6.00 |6.00 [0.00
Fastivo 0.00 |0.00 ({000 |0.00 |0.00 |0.00 (000 (000 (000 10.00 |0.00 |0.00 |0.00 [0.00 {0.00
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An average value forthe specificheat gainfrom lighting in residential buildings is also extracted from
CTE-LIDER (2009). Using the same method applied to calculate the heat gain from occupants and
appliances, an average value of 1.65 W/m? is obtained.

Equation 2 is used to calculate the heat gain from lighting for non-residential buildings (CTE-HE,
2006).

__ VEEIEm
T 100

P (W/m?) Equation 2

Where:

a) VEEI (Valor Energético de la Instalacion) is the value for the energy efficiency of the electric
system. The values for the different building types considered are listed in Table 3.11. Such values
are chosen based on the data given by DB-HE (2006) (see Section 2.2) and shown in Table 3.10.

b) Em istheaverageilluminance (/luminancia media mantenida). The “Technical guide of efficient
lighting” (Guia técnica de iluminacion eficiente) (IDAE, 2006) gives the level of illuminance for each
building type as reported in Table 3.11.

The values for Lc obtained by applying Equation 2are considered forarchetype buildings constructed
after 2006. However, for archetype buildings constructed before 2005, it is assumed that the energy
demand forlightingis lower (deduction of 10%), since the lighting facilities installed in such buildings
might not allow a total instant power for lighting as high as the current lighting facilities do. The
values obtained forthe archetype buildings build before 2005 (majority of the existing building stock
in 2008) are illustrated in Figure 3.5.

Table 3.10: VEEI values for different building types in W/m? (CTE-HE, 2006)

Use VEEI
Lecture rooms 4
Administrative 6
Hospitals 4.5
Common spaces 4.5
Common spacesinresidential buildings 7.5
Sport centres 5
Supermarkets 6
Librariesand museums 6
Malls 8
Shops 10
Hotels 10

Table 3.11: Level of illuminance (Em) in lux for each building type (IDAE, 2006) and the energy
efficiency of the electric system (VEII) in W/m? (DB-HE, 2006).

Building type Em (lux) VEIl (W/m?)
Commercial services 400 9
Offices 400 6
Sportsand leisure 300 7
Others 300 7
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Figure 3.5: Averagevalue for the internal heat gain (from occupants (Oc), appliances(Ac) and lighting
(Lc)) for each building type considered in this thesis work (W/m?).

Natural ventilation rate (V.,)

Natural ventilationis assumed to be used wheneverthe indoortemperature exceeds a certain value
called the set point temperature for natural ventilation. This value is notated in the EABS model as
“T,” and itissetto 24°C in this masterthesis. Therefore, itis assumed that when indoor temperature
exceeds 24°C the building occupants will open the windows.

The value of natural ventilation rate is the airflow rate generated when natural ventilation is being
used (i.e., with windows opened). A value of this parameter of 4 CPH (changes per hour) is assumed
for all type of buildings. Itis extracted from annexes of CTE-LIDER (2009) where itis considered as the
existingairflow rate when the windows are opened. Considering a ceiling height of 2.5 m per floor,
this is equivalent to 2.781/s/m?>.

Sanitary ventilation rate (V.)

The sanitary ventilation rate represents the necessary airflow rate for ventilation to comply the
required indoor air quality and is set by the regulations. RITE sets the value for the sanitary
ventilation rate for non-residential buildings depending on the level of air quality (from level 1, the
highest, to level 4, the lowest) required by each building.

A level 2 is considered for office buildings (V.=0.83 I/s/m?) and a level 3 for the building uses
commercial, sports and leisure and other services (V.=0.55 I/s/m?) (RITE, 2006). Since RITE was
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approved in the year 2006, the ventilation rates of 0.831/s/m? and 0.55 |/s/m?” are assumed for the
non-residential buildings constructed after this year.

For the residentialsectorthe valuesindicated in Table 3.12 extracted from DB-HS (2006) are used to
obtain the sanitary ventilation rate for buildings constructed after 2006.

Table 3.12: Required sanitary ventilation rate in each local of residential buildings (l/s) (CTE-HS,
2006).

LOCAL Per person Perm’ Perlocal
Bedrooms 5
Living rooms 3
Bathrooms 15
Kitchens 2

To calculate an average V. for a residential building it is assumed that the total floor area of the
buildingis divided into the different rooms as follows: 15% bathroom, 20% kitchen, 30% living room
and 35% bedrooms, according to the drawings presented in the PMEB (Barcelona Regional, 2002).
Moreover, an average value of 2.86 people per dwelling is assumed, based on data extracted from
INE (2011). According to this, the values of V. for the residential building types SFD and MFD
obtained are 0.511/s/m? and 0.421/s/m’.

For archetype buildings constructed before 2006, it is assumed that both residential and non-
residential buildings had no mechanical ventilation. Therefore, an airinfiltration rate is considered as
the sanitary ventilation rate forsuch buildings. The air infiltration rates used are presented in Table
3.17. Values in CTE-LIDER are given in CPH (Changes per Hour). This was recalculated to I/s/m2, as
used in this thesis, by considering a ceiling height of 2.5 metres.

Table 3.13: Air infiltration rate for SFD (Single-Family Dwellings), MFD (Multi-Family Dwelling) and
other uses (CTE-LIDER, 2009).

SFD MFD Other uses

Airinfiltration (I/s/m?) | 0.21 0.17 0.07 |

Total window area(S.)

The window area of the building is calculated as a percentage of the total area of the facade.
Percentages of window area referenced to the total opaque facade (Sw/Swalls) considered in this
master thesis are based on drawings found in the PMEB study (Barcelona Regional, 2002). Such
percentages are shown in Table 3.14.

Table 3.14: Window area referenced to facade area (Barcelona Regional, 2002)

Sw/Swalls Residential (%) Non-residential (%)
Before 1979 17.5 17.5
After 1979 32.5 39.0
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Total exteriorareaof a buildingenvelope(S)

The expressions usedin this section to calculate the total exterior area of the building envelope are
extracted from Martinlagardette (2009), a previous master thesis work which was also carried out
within the Pathways Project.

The total exterior area of a building is calculated by adding up the areas of the floor, the roof, the
walls and the windows:

S = Swalls + Sroof + Sfloor+ Sw Equation 4

Accordingto the 3-CL method’ used by the “French Environment and Energy Management Agency”
(ADEME), the total areas of the walls, the floor and the roof are obtained following the expression
below (Martinlagardette, 2009):

Sroof = Sfloor = Tovels Equation 5
Swalls = ATTxFormx \/@ xLevelsxHR — Sw Equation 6

Where:

ATT isthe attached character of the dwelling

Form isa parameterwhichindicates the configuration of the building

LS isthe living space orheated floorarea(see annexA)

Levels is the number of floors of the building

HR isthe heightunderthe roof (2.5 m)

Sw isthe window area

Attached characterof the dwelling (ATT)

The attached character of the dwelling (ATT) can take the following values according to the 3-CL
method:

ATT=1 : Detached house

ATT=0.8: Attached onone side

3 For calculating end-use energy consumption in dwellings, ADEME refers to algorithms from the 3-CL method,
which is based on the DEL2 method. The latter is a rapid calculation tool that uses a statistic model providing

default values, such as U-values, and equations for calculating surface areas, etc.
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ATT=0.7: Attached on one big side ortwo small sides

ATT=0.7: Attached on one big side and one small side

ATT=0.35: Attached ontwo big sides

In thisthesisageneral assumptionis made accordingto the building type:

Form

All the single-family buildings are considered as detached (i.e., ATT=1).

All the multifamily buildings are assumed to be attached on two small sides orone big side
and one small side (i.e., ATT=0.7).

An average valueis considered for all non-residential buildings (i.e., ATT=0.675), assuming
that there will be buildings of all the attachment characters.

This parameter takes different values depending on the configuration of the building. They are
described in the 3-CL method according to Table 3.15:

Table 3.15: Form values depending on the configuration of the building (Martinlagardette, 2009)

CONFIGURATION VALUE

Compact - - 412

Oy E e e
Elongated 4.81

Developed H “ : h 5.71

Dependingonthe building type, the following assumptionis made:

Single-family buildings are assumed to be compact (i.e., Form=4.12)
An elongated configurationis considered for multifamily buildings (i.e., Form=4.81)
An average value is assumed for all non-residential buildings (i.e., Form=4.92)
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Levels

The values considered for the number of floors of each archetype buildings are based on data
extracted fromINE (2011), which givesthe number of residential buildings with a certain number of
floors. The location of each building, the period of construction and the building type (only for
residential buildings) are also specified by INE. Thus, an average number of floors could be calculated
for each archetype building. These average numbers are presented in Table 3.16.

No data was found regarding the number of floors in residential buildings constructed after 2001.
Due to this, the values corresponding to the buildings constructed between 1980 and 2001 are
considered for later periods.

INE does not provide disaggregated data by building use regarding non-residential buildings. In
addition, no datafor buildings constructed after 2001 was found. Therefore, the values presented in
Table 3.16 are assumed for all the archetypes of non-residential buildings.

Table 3.16: Number of floors for residential buildings constructed before 2001. Based on data
extracted from INE (2011).

PERIOD OF CLIMATE ZONE
CONSTRUCTION Zone A Zone B Zone C Zone D Zone E
RESIDENTIAL SFD MFD | SFD | MFD| SFD | MFD | SFD | MFD SFD | MFD
Before 1980 1.46 4.01 154 | 456 | 160 | 492 | 1.60 | 4.90 1.72 4.41
1980-2001 1.72 3.57 171 | 407 | 182 | 428 | 192 4.44 1.89 4.39
NON-RESIDENTIAL Zone A Zone B Zone C Zone D Zone E
Before 2001 1.42 1.36 1.48 1.43 1.41
After 2001 1.88 2.10 2.06 2.05 1.47

Specificheating powerdemand for hot water production (H,,)

Hot water demands of 30 and 22 litres/day/person are considered for SFD and MFD buildings
respectively (CTE-HE, 2006).

To transform the hot water demand given in litres to power demand the following expression is
used:

Q=m-Cp-AT=v-p-Cp-AT Equation 7

Where:

v: demand of hot water in m*/day (an average 2.86 occupants per dwelling was assumed (INE,
2011)).

p: water density (i.e., 1000 kg/m?>)
Cp: heat capacity of the water (i.e., 4.18kl/kg/K)

AT: temperature difference. It was assumed that the water is heated from ambient temperature
(~25°C) to the 60°C set by the regulation CTE-HE (2006).
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The average power demand of hot water for non-residential buildings is based on data extracted
from the Annex 1 of the “Plan for energy improvement in Barcelona (PMEB)” and it is reported in
Table 3.17. The PMEB is a study carried out by Barcelona Regional, a limited company whose
shareholders represent different public bodies. It is focused in the building sector of Barcelona,
whichliesin climate zone C. However, since no other datawas found regarding hot water demand in
non-residential buildings, the values extracted from PMEB are considered for all the climate zones in
Spain.

Table 3.17: Annual average power demand of hot water for non-residential buildings considered in
this thesis work. Based on data extracted from Barcelona Regional (2002).

Building use Annual power demand (W/m?)
Commercial 0.13
Offices 0.17
Sports and leisure 2.33
Other services 1.00

Specificfan power (SFP)

The “Regulation of Building Thermal Facilities” (RITE, 2006) sets the specificfan power depending on
the complexity of the installed system (from 1 to 5). The complexity of the installed systems in
residential buildingsis assumedto be 2 for residential buildings, 3for offices and 4 for the remaining
building types (commercial, sports and leisure and other services).

Therefore, the specificfan power, SFP, assumed for the buildings constructed after 2006 is presented
in Figure 3.6. Since buildings constructed before 2006 are assumed to have no other ventilation
system than natural ventilation (an air infiltration rate was considered as the sanitary ventilation
rate), the value for SFP is set to zero for these archetype buildings.

2000

1625 1625 1625

1600
1200 1000
800 625
400
0

Residential Commercial Offices Sports and Others
leisure

W/m3/s

Figure 3.6: Specific fan power considered in this thesis work for archetype buildings constructed after
2006 (RITE, 2006).
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Heat transfer coefficient of the building (U)

The requirements regarding the heat transfer coefficient of the buildings, U, are determined by the
Decree 1490/1975 and the regulations NBE-CT-79 (1979) and CTE-HE (2006). These documents
provide the required U-values of the different elements of the building (i.e., facade, walls, floor and
roof) for each climate zone. Table 3.20 reports the U-values for each building element (i.e., roof,
floor, facade, windows) assumed for the archetype buildings constructed after 1979. An average U-
value forthe whole building is calculated using the values from Table 3.20 (U) and the total area of
each element (S)):

U= % Equation 8
The U-values considered for the buildings constructed between 1975 and 1979 are based on the
values shown in Table 3.19, which are set according to the value of the parameter “f”. According to
the Decree 1490/1975 (1975), the shape factor (“f”, factor de forma) is “the ratio between the sum
of the areas of the separation building elements and the volume enclosed by them”. This parameter
represents how much heatcan be transferred by the building surfaces, but itis not specified by the
regulation whether the surfaces not in contact with the outside must be taken into account or not.
Thus, it is not clearhow such parametershould be calculated. However, it seems reason able to take
onlyintoaccount the surfacesin contact with the outside. Since the surface of the building envelope
(S) as calculatedin thiswork only considers such surfaces, the following expression was used in this

master thesis:

Equation 9

Where:

S isthe total surface of the building envelope (see Equation 4)
A isthe total heated floor area of the building

h isthe ceiling height (2.5m in this thesis work)

The U-values of each element of the archetype buildings constructed before 1975 considered in this
master thesis are shown in Table 3.18. Since there are no regulations corresponding to this period,
such values are determined as an average of those found for this period in the literature (Barcelona
Regional, 2002; Boermans and Petersdorff, 2008). The heat transfer coefficient for the whole building
is calculated by applying Equation 8.

Table 3.18: U-values considered in this work for buildings constructed before 1975 (Barcelona
Regional, 2002; Boermans and Petersdorff, 2008).

Element U-value (W/m’C)
Facade 1.70
Ground slab 2.25
Roof 2.25
Window 5.80
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Table 3.19: Required U-values according to the Decree 1490/1975 (W/m’)*. Parameter “f” is the ratio
between the sum of the areas of the separation building elements and the volume enclosed by them.
(Decree 1490/1975, 1975)

f Zone W Zone X Zone Y Zone Z
0.20 2.33 1.98 1.80 1.69
0.25 2.09 1.69 1.57 1.40
0.30 1.86 1.51 1.40 1.28
0.35 1.69 1.40 1.28 1.16
0.40 1.57 1.28 1.16 1.11
0.50 1.40 1.16 1.05 1.05
0.60 1.28 1.05 0.99 0.91
0.80 1.16 0.95 0.87 0.81
1.00 1.11 0.91 0.84 0.78
1.20 1.05 0.88 0.81 0.76

Table 3.20: U-values considered for the archetype buildings constructed after 1979 (NBE-CTE-79,
1979; CTE-HE, 2006).

Climate zone Period of construction Roof Floor Facade Windows

1980/2005 1.40 1.4 1.20 5.80

Zone A
2006/20008 0.65 0.69 1.20 5.80
1980/2005 1.40 1.40 1.20 5.80

Zone B
2006/20008 0.59 0.68 1.07 5.80
7 c 1980/2005 1.20 1.40 1.20 5.80
one 2006/20008 053 0.5 0.95 5.80
1980/2005 0.90 1.20 1.20 5.80

Zone D
2006/20008 0.49 0.64 0.86 5.80
1980/2005 0.70 1.20 1.20 5.80

Zone E
2006/20008 0.46 0.62 0.74 5.80

3.4. Methodology for quantification

Quantification of the number of buildings

Each of the archetype buildings defined in the model is assigned a coefficient indicating at the
number of buildingsinthe country represented by that archetype building. This coefficient is called
“the weighting coefficient” and it enables to extrapolate the results obtained for each archetype
building to represent the entire Spanish building stock.

4 The required U-values are provided by the Decree 1490/1975 interms of kCal/h°C and they are transformed

to W/mz. See section 3.5 for identification of climatezones W-Z with A-E.
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Several sources are used to obtain the number of existing buildingsin each period, i.e. the weighting
coefficient of each archetype building. The sources consulted and their given values for the number
of buildings are presented in AppendixA. From this database the values reported in Appendix B are
selected. To getthe final number of existing buildings, a demolition rate is applied to this data. This
rate is calculated based on data extracted from the Ministry of buildings (Ministerio de Fomento,
2009) given as a percentage of demolished buildings related to the total existing buildings. Since this
information is only available for the years 1998 to 2008, see Table 3.21, an average demolition rate
for these years is calculated and assumed as the annual demolition rate for all periods analysed.

Consideringthe average demolition rate presented in Table 3.21, the final values of the number of
existing buildings are calculated according to the following expression:

C=Bx(-n" Equation 10
Where:

C is the number of existing buildings obtained after considering the demolition rate (values

presented in appendix C)

B isthe number of existing buildings before considering the demolition rate (values presentedin
appendix B)

r isthe annual demolition rate
n isthe number of years of the period considered

The number of constructed buildings peryearis only availablein the Ministry of Buildings for the last
twelve years (Ministerio de Fomento, 2011). For buildings constructed before 1998, only an
aggregated value per decade was found (INE, 2011). Thus, the number of constructed buildings
between 1976 and 1979 is based on those constructed between 1971 and 1980 using a compound
annual growthrate. Table C.2 inappendix C reports the values finally considered for the number of
buildings constructed before 1976 and between 1976 and 1979 after applying the obtained 3%
annual growth rate (CARG) ° (INE, 2011). Table C.1in the same appendix reports the corresponding
number of buildings for the remaining archetype buildings (constructed from 1980 to 2008) that are
directly extracted from INE (2011) and the Ministry of Buildings (Ministerio de Fomento, 2011).

Table 3.21: Calculation of the demolition rate considered in this thesis work (Ministerio de Fomento,
2009).

TOTAL NATIONAL 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Thousands of

existingbuildings
Demolishedbuildings | 9543 10794 11838 11799 12718 14420 18165 20997 28480 26141 14573
DEMOLITION RATE 0.08% 0.09% 0.10% 0.10% 0.11% 0.12% 0.14% 0.16% 0.22% 0.20% 0.11%

AVERAGE 0.13%

11453 11603 11755 11925 12104 12326 12554 12795 13017 13162 13236

1

Ending value . . . A

> CAGR = m#yeam — 1 (Equation 11), where Ending valueis the number of existing
A L

buildings in 1980, Beginning valueis the number of existingbuildingsin 1971 and #yearsis equal to 10.
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Quantification of the existing surface

Several sources are consulted to obtain the existing surface values of the Spanish building stock. The
sources consulted and the values of constructed surface extracted from each one are presented in
Appendix A. The final values chosen from all the data gathered are shown in Appendix B. To get the
final existing surface thatis usedin the energy simulation, a demolition rate is applied to the values
shown in Appendix B. An average demolition rate for years from 2002 to 2008 of 0.24% is obtained
following the same method explained above for the quantification of the number of buildings. To
disaggregate the values of the surface of existing residential buildings by zone, several sources are
consulted for the periods of construction “before 1979” and “1980-2005". As it can be seen in
appendix A, the datafound did not match. As an example, the bars in Figure 3.7 illustrate the range
of values of the existing surface that is obtained for climate zone A, taking into account all the data
gathered. The final value chosen applied in this thesis work for this parameteris alsoindicated with a
dot. Corresponding figures for the other climate zones are presented in Appendix E.
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Figure 3.7: Range of values for the surface of residential buildings of climate zone A constructed
before 2005 belonging to the existing stock in 2008 (Ministerio de Fomento, 2011; INE, 2011).

The values eventually considered as the existing surface for each period are:

- Before 1979: average value of the range provided by INE (see Appendix A and
Figures D.1to D.5in Appendix D)
- Databelonging to the period “1979-2005". Sum of:
o 1980-2001: average value of the range provided by INE (see Appendix A)
o 2002-2005: extracted from the Ministry of Buildings.

The figures presented in Appendix D are just related to the residential sector, since INE does not
provide disaggregated data for the non-residential sector. To get such data, assumptions are made
(see Appendix A).

Values of constructed surface per year are only available in INE for the last twelve years. For
buildings constructed before, only an aggregated value perdecade was found. Thus, the constructed
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surface between 1976 and 1979 has to be obtained based on those constructed between 1971 and
1980. To do so, a compound annual growth rate is calculated to 4.3% using Equation 11.

Table C.4 in Appendix C reports the values finally used in the energy simulation for the number of
buildings constructed before 1976 and between 1976 and 1979 after applying the assumed annual
growthrate. Table C.3 inthe same appendix reports the corresponding values for the surface of the
remaining archetype buildings (constructed from 1980 to 2008) that are directly extracted from INE
(2011) and the Ministry of Buildings (Ministerio de Fomento, 2011).

3.5.  Final energy consumption of the Spanish building sector

As explained in Section 3.1, the EABS model calculates the total energy demand as net energy.
Nevertheless, the corresponding statistics from Eurostat and GAINS that are used to calibrate the
model are expressed in terms of final energy. To be able to compare the results from the energy
simulation with these statistics, the net energy demand obtained is transformed to final energy
demand using Equation 11 the fuel shares presentedin Figures 3.8 and 3.9 and efficiencies reported
in Table 3.22.

Sharej

Final energy = Useful energy * ), Equation 12

Efficiencyj
Where “i” is the corresponding fuel (i.e., oil, gas, electricity, solar, biomass)

Data regarding the efficiency of the energy systems installed in the Spanish buildings were lacking.
Efficiencies foroil and gas for the residential sector are set as average values of data extracted from
IDAE (2010). Such data is reported in Table 3.23.

The solar energy sources used for hot water production are mainly solar collectors its efficiency is
influenced by many parameters (CECU. 2011; Energia Solar, 2011). A value of 0.3 for such efficiency is
assumed in this thesis work, as shown in Table 3.22.

Table 3.22: Fuel efficiencies in the residential and non-residentialsector. Sources: [1] Johnsson(2011);
[2]IDAE (2010); [3]assumption basedon CECU (2011) and Energia Solar (2011) ; [4] own assumptions

FUEL RESIDENTIAL NON-RESIDENTIAL

QOil 0.87 [2] 0.76 [1]

Coal 0.70 [1] 0.8 [1]

Gas 0.87 [2] 0.76 [1]

Renewables (solar) 0.3 [3] 0.3 [3]

Renewables (biomass) 0.61 [1] 0.61 [1]
Direct electricity 1[4] 1 [4]
Electricity provided by heat pumps 2 [4] 2 [4]
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Table 3.23: Expression for the efficiency of gas boilers (IDAE, 2010)

Type of boiler Power range, P (kW) Efficiency (%)
Standard 4 to 400 > 84+2logP

Low temperature 4 to 400 2 87.5+1.5logP
Condensation 4 to 400 > 91+logP

For the residential sector, the fuel shares considered in this master thesis for the energy uses hot
water heating and space heating are presented in Figure 3.8. Corresponding fuel shares are also
provided for different building types (uses)in the non-residential building sector, see Figure 3.9 (A-F).
Since disaggregated data by energy end-useis not availableforthe non-residential sector, the shares
presented in Figures 3.9 (A-F) are considered for the end-uses heating and hot water.

13.0% 23% mOil 32.0% "ol
‘ Natural gas 26.6% Natural gas
M Electricity o B Electricity
Renewables Renewables
(Solar) (Biomass)

Figure 3.8: Fuel shares for hot water heating (left) and space heating (right) of residential buildings.
Source: (IDAE, 2009)
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Figures 3.9 (A-F): Fuel shares for energy demand in the non-residential building uses (A) Offices, (B)
Education, (C) Services, (D) Commercial, (E) Hospitals, (F) Restaurants. Source: (IDAE, 2009)
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4. Results

4.1.  Characterisation of the Spanish building stock through archetype buildings.

This section presents the characterisation of the Spanish building stock that results from applying the
methodology explainedin Section 3. These results are reported for each of the steps followed:
segmentation, characterisation and quantification.

4.1.1. Segmentation
In this section the distribution of the Spanish building stock is illustrated for each category that is
applied in the segmentation that are: building type, climate zone and period of construction.

Building type

Figures 4.1 (A-C) show the distribution of the existing stock in year 2008 by building typology, both in
m? of surface and number of buildings.

17.5%
A

17%

B Residential

Non-residential

6.0%

8.6%
8.6% —__

B commercial
offices
B sports and leisure

H other services

C

N SFD
MFD

TN

Figures 4.1 (A-C): Distribution of the number of existing buildings in 2008 (left) and surface (right) by
building type as obtained in this thesis work. (A) Total, (B) Non-residential, (C) Residential

Climate zone
Figure 4.2 shows the distribution of the existing stock in 2008 by climate zone both in m” of surface

and number of buildings.
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Figure 4.2: Distribution of the number of existing buildings (left) and surface (right) in 2008 by climate
zone obtained in this thesis work

Period of construction

Figures 4.3 (A-C) show the distribution of this existing stock in 2008 by period of construction both in
m? of surface and number of buildings.

A 3.8% 11.6%
10.7% E&l%
4.4% 11.5%
B B before 1976
1976/1979
® 1979/2005
. (]
W 2006/2008
8.1%
c 12.3% 1.0% 12.2%
23.2%

Figures 4.3 (A-C): Distribution of the number of existing buildings in 2008 (left) and surface (right) by
period of construction as obtained in this thesis work. (A) Total building stock, (B) Residential
buildings, (C) Non-residential buildings.
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4.1.2. Characterisation.

The physical and technical characteristics of a Spanish average building for each building type are
reported in this section. The values shown are presented, for each building type, as a weighted
average of those correspondingto the 120 archetype buildings considered in this work, which were
determined as explained in Section 3.3.

Residential building

An average residential building contains 2.61 dwellings of 75 m> of surface. Its total heated floor area
is 176 m’ and the total exterior area of the building envelope is 304 m’.

The average values for sanitary ventilation rate are 0.18 I/s/m> and 0.51 I/s/m’ for residential
buildings constructed before and after 2006 respectively. The natural ventilation rate is 2.781/s/m>.

A value for the heat transfer coefficient of 1.98 W/m’K was obtained as an average for residential
buildings.

Single-family dwelling

An average single-family dwelling (SFD) in Spain has a heated floorarea of 77 m”. Taking into account
that there are 1.08 SFD perbuilding of this type as an average, the total floor area of a single-family
building is 83 m”. The total exterior area of the building envelope is 220 m>.

Regarding technical properties forventilation, a sanitary ventilation rate of 0.211/s/m” is considered
for all single-family dwellings constructed before 2006. For the ones constructed after this year the
value increases to 0.52 1/s/m?. The natural ventilation rate is 2.781/s/m”.

An average heattransfer coefficient of 2.00 W/m?K was obtained for this building use.

Multifamily dwelling

In Spain, an average multifamily building has 11.8 dwellings of 62m? of surface. Therefore, abuilding
of thistype has a total heated floor area of 733 m’. Its total area of the building envelope is 809 m’.

The values for ventilation rates for multifamily dwellings (MFD) constructed before 2006 are
0.171/s/m? and 2.78 I/s/m? for sanitary and natural respectively. The sanitary ventilation rate for
buildings constructed after 2006 is 0.42 1/s/m’.

Finally, the average heat transfer coefficient for an average MFD is 1.89 W/m’K.

Non-residential building

An average non-residential building presents 1.47 locals of 121 m?* of surface. Its total heated floor
areais 176 m” and the total exterior area of the building envelope is 362 m>.

The average values for sanitary ventilation rate are 0.07 I/s/m*and 0.56 I/s/m’ for non-residential
buildings constructed before and after 2006 respectively. The natural ventilation rate is 2.78 1/s/m”.

A value for the heat transfer coefficient of 1.87 W/m’K was obtained as an average for non-
residential buildings.
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Commercial

An average of 1.47 locals per commercial buildingis considered in this study. Each commercial local
has a heated floorarea of 83 m” and a commercial building presents a total heated floor area of
122 m’. The total exteriorarea of the building envelope is 269 m>.

Concerningthe sanitary ventilation, values of 0.07 I/s/m?and 0.55 |/s/m” are considered as the rate
for buildings constructed before and after 2006 respectively. The natural ventilation is set at
2.78 1/s/m’ for all non-residential buildings, as well as for the residential sector.

The average heat transfer coefficient for a commercial building in Spain is 1.87 W/m’K.
Offices

A Spanish office building presents a total heated floor area of 377 m* with 1.48 offices of 261 m> per
building. The total exterior area of the building envelope is about 693 m>.

The values for the sanitary ventilation rate are 0.07 I/s/m’ for office buildings constructed before
2006, and 0.83 I/s/m”for the ones constructed after this year.

The average heat transfer coefficient for an office building in Spain is 1.85 W/m’K.

Sports and leisure

An average of 1.46 locals perbuildingis considered in this study for the end use of sports and leisure.
Each local has a heated floor area of 312 m? and the building presents a total heated floor area of
462 m’. The total exterior area of the building envelope is about 845 m’.

Concerningthe sanitary ventilation, values of 0.07 I/s/m*and 0.55 I/s/m” are considered as the rate
for buildings constructed before and after 2006 respectively.

The average heat transfer coefficient for this building use in Spain is 1.83 W/m?K.
Other services

All the non-residential building uses not considered separately are included in this category, as for
instance buildings used for education, religious or sanitary purposes. An average of 1.47 locals per
buildingis considered, with a heated floor area of 183 m”. The total average heated floor area fora
building included in this category is about 265 m* and its total exterior area is 520 m>.

Concerningthe sanitary ventilation, values of 0.07 I/s/m*and 0.55 I/s/m” are considered as the rate
for buildings constructed before and after 2006 respectively.

The average heat transfer coefficient for this building use in Spain is 1.86 W/m’K.
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4.1.3. Quantification.

Figures 4.4 (A-C)illustratethe changesin the existing number of buildings and constructed surface in
Spain over time. The Spanish building stock have been growing from around 8 million building and
1000 Mm” of constructed surface in 1980 to 13 million and 2700 Mm? (see Figure 4.4-A). Figures 4.4-
B and 4.4-C illustrate corresponding growths of the building stock for the building types of the
residential and non-residential sector respectively. Details regarding the number of buildings and
surface considered for each archetype building are given in Tables C.1 and C.2 of Appendix C.
Appendix A and B report how such values were obtained (i.e., data sources and assumptions made
when data was missing).

4.2.  Results and validation of the energy simulation

The energy demand was calculated using archetype buildings as input data derived for the years
2005 and 2008. Two validation years were selected because values on energy demand given in
literature (reference databases) for 2008 are restricted to total energy demand, while energy
demandreference values for 2005 are available disaggregated by end use. Data on energy demand
disaggregated by end-use is required to verify the EABS modelling since EABS gives the energy
demand disaggregated in “heating”, “hot water” and “electricity”. Yet, as the number of buildings
has increased by 4% from 2005 to 2008, also the total final energy demandin 2008 is applied here as
verification of the modelling. In addition, the archetype buildings for year 2008 are differently
described because of the new building regulations that appeared in 2006 requiring new values for
parameters such as ventilation rates and U-values.

Table 4.1 report the results of the simulation for the year 2005, which was performed with 90
archetype buildings (since the period 2006/2008 is omitted). The methodology applied to calculate
final energy from useful energy is reported in Section 3.5.

A total final energy demand of the Spanish building stock in 2005 of 272.1 TWh was obtainedin this
thesiswork when usingthe EABS model. Thisannual energy demandisonly 1% lowerthanthe
corresponding energy demand provided by GAINS and Eurostat, whichis reportedin Table 4.2. The
obtained energy demand forthe residential sector (180.9 TWh) is 3% higherthan the comparable
value of given by GAINS and Eurostat. For the non-residential sector, atotal final energy
consumption of 91.2TWh was obtained, which isin contrast 7% lower compared to the available
statistics presented in Table 4.2. The possible reasons forthese differences between the results from
the energy simulation and the statistics are furtherdiscussed in Section 6.

Table 4.1: National energy demand in TWh for the residential and non-residential sector
disaggregated by end use in 2005 as obtained from the energy simulation of this thesis

RESIDENTIAL SECTOR NON-RESIDENTIAL SECTOR
Energy end-use
Final energy Useful energy Final energy Useful energy
Heating 105.1 83.8 26.2 24.5
Hot water 30.0 25.6 1.9 1.7
Electricity™ 45.8 51.9 63.1 69.0
TOTAL 180.9 161.3 91.2 95.3

mLighting and appliances
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Figures 4.4 (A-C): Number of existing buildings (left) and surface (right) in Spain. (A) Total, (B)

Residential, (C) Non-residential.
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Table 4.2: Data used to compare the results obtained from the energy simulation (Eurostat, 2008;
GAINS, 2005; IEA, 2011; IDAE, 2009).

TOTAL ENERGY DEMAND FOR 2005

Source Residential (TWh)  Non-residential (TWh) TOTAL (TWh)
GAINS 176.2 98.55 274.8
Eurostat 175.2 97.7 272.9
TOTAL ENERGY DEMAND FOR 2008
Source Residential (TWh)  Non-residential (TWh) TOTAL (TWh)
IEA 182.6 106.4 289.0
Eurostat 183.7 112.3 296.0
IDAE 191.6 104.5 296.1

Table 4.3: Nationalenergy demand in TWh for residential and non-residential sectors disaggregated
by end use in 2008 obtained in this thesis work

Energy end-use

RESIDENTIAL SECTOR

NON-RESIDENTIAL SECTOR

Final energy Useful energy Final energy Useful energy
Heating 133.3 106.2 26.7 25.0
Hot water 324 27.6 2.2 2.0
Electricity™ 52.1 58.9 72.4 79.1
TOTAL 217.8 192.7 101.3 106.1

(l)Lighting and appliances

The figures on energy demand presented in Table 4.3 were obtained from the corresponding
simulation forthe year 2008 (i.e. considering the 120 archetype buildings characterised in this thesis
work.

From the energy simulation, a final energy demand of the Spanish building stock in 2008 of
319.1 TWh was obtained. This figure is 10% higher than the total final energy demand provided by
IEA, and 8% higher than the one extracted from Eurostat and IDAE. As mentioned before, these
databases do not provide data disaggregated by end use. The final energy demand for residential
buildings obtained was 217.8 TWh, whichis between 14% and 19% higher than the values provided
by the reference databases (see Table 4.2). Forthe non-residential sector, a final energy demand of
101.3 TWh was obtained, whichis 3%, 5% and 10% lowerthan the one provided by Eurostat, IEA and
IDAE respectively. The possible reasons for these differences are discussed in Section 6.

As itcan be noticed from Figure 4.5 (where the energy demand, as givenin Table 4.3, is expressed in
percentage share), the electricity is the end use with the largest demand for the non-residential
buildings representing a 69% of the total energy demand. In the residential sector, instead, the
shares of heatingand hot waterare bigger(58% and 17% against 29% and 2% for the non-residential
sector).

The resulting distribution of the total energy demand by end use for the residential sector is similar
to the distribution reported by GAINS (as listed in Table 4.4). The corresponding GAINS distribution
for the non-residential sector shows alarger deviation from the division obtained in this thesis work
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(Figure 4.5 right). However, a distribution of the energy demand by end use that is similar to the
distribution obtained in this work was found in IDAE (2007), i.e. 29% for space heating, 3% for water
heating, 61% for electricity and 7% for other energy end uses. The differences between the
distributions reported by IDAE and GAINS could be caused by following different criteria when
disaggregating the energy consumption, as discussed further in Section 6.

B Heating
Hot water

2% = Electricity (lighting
and appliances)

Figure 4.5: Distribution of final energy in 2008 by end use for the residential (left) and non-residential
sector (right) obtained in this thesis work.

Table 4.4: Distribution of total final energy demand by end use in year 2005 given by GAINS (GAINS,
2005)

Energy end use RESIDENTIAL NON-RESIDENTIAL
Heatingand hot water 76% 50%
Electricity (lightingand appliances) 24% 50%

Table 4.5: Average residential building energy demand in 2005 disaggregated by end use as obtained
in this thesis work

Energy end-use RESIDENTIAL? SFD MFD
Heating 69.2 99.7 46.9
Hot water 19.7 17.3 21.6
Electricity” 30.1 31.7 29.0
TOTAL 119.1 148.7 97.4

mLightingand appliances
@ Weighted average per existingm2 of surface of SFD and MFD
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Table 4.6: Average non-residential building energy demand in 2005 disaggregated by end use as
obtained in this thesis work

Energy end- NON- COMMERCIAL  OFFICES SPORTS AND OTHER
use RESIDENTIAL"? LEISURE SERVICES
Heating 83.3 77.4 84.0 80.1 103.6
Hot water 6.0 1.2 1.6 22.1 9.5
Electricity™ 200.4 241.1 160.8 158.6 143.3
TOTAL 289.7 319.6 246.4 260.8 256.4

(l)Lightingand appliances
(2) Weighted average per existingm2 of surfaceof the buildingtypes commercial, offices, sports and leisureand
other services

Tables 4.5 and 4.6 report the energy demand in 2005 as obtained in this thesis work disaggregated
by end use and building time in terms of kWh/m?.

The obtained useful energy demand for heating and hot water, as calculated with the EABS model,
for an average residential building (119 kWh/m?) is 13% higher than the corresponding energy
demand for the EU that is provided by GAINS (100kWh/m?). As it can be seen from Tables 4.5 and
4.6, the average non-residential building has more than a doubled energy demand per m” of living
area compared to the average residential building in Spain. The average SFD consumes 41% more
energy per m’ than the average MFD. The results from the simulation presented in Table 4.5,
indicate that the largest share of energy demand for an SFD derives from heating demand, while an
MFD generally requires more energy for hot water production and electricity than for heating.
Regardingthe non-residential sector, commercial buildings account for the largest energy demand
per m’ of heated floor area.

The energy demand per m’ of floor area obtained for each non-residential building type was
compared to the corresponding energy demand extracted from IDEA (2003). For the average
commercial building, the modelled energy demand is 19% lower than the energy demand reported
by IDAE. The modelled energy demand of 246 kWh/m? as obtained for an average office building is
far (41% higher) from the 145kWh/m? reported by IDAE for the same building type. Regarding the
building type of “sports and leisure”, the energy demand obtained from the simulation differs 14%
(lower) from the corresponding figure extracted from IDAE. It has not been possible to determine the
causes of these differences between the modelled energy demand per m? for the different building
typesandthe corresponding energy demand given by IDAE. Finally, the energy demand modelled for
the buildingtype “other services” is more difficult to compare with available data, since it includes
many different building types, as education (43kWh/m? according to IDAE), health (251kWh/m?) or
hotels (403kWh/m?).
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5. Sensitivity analysis

In order to analyse which parameters have the highest effect on the energy demand, a sensitivity
analysis was carried out. Due to the time constraints of a master thesis, the sensitivity analysis
reported in this section was performed only for the year 2005 and the residential sector.

The value of each parameter was modified proportionally (£10%, £30%, £50%) to the original value
considered (thisvalueisreportedin Section 3.3) keeping all other values constant. Figure 5.1 shows
the effect on the final energy demand (y axis) of each of these variations (x axis). The effect of the
heat transfer coefficient is presented separately in Figure 5.2, since this effect is much larger than
effect of the other parameters.

As shown in Figure 5.1, the parameters with the highest influence on the final energy demand, in
additionto the U-value, are the hot waterdemand (H,,), the effect heat capacity of the building (TC)
and the window area (S.,).

AnincreaseinH,increasesthe total energy demand, e.g.,, increasing the value of H, by 30% leads to
an increase of energy demand of 3.5%. On the other hand, increasing the value of S,,and TC causes a
reduction of the total energy demand. A 50% increase of S,,and TC leads to a 3% and 1.3% decrease
of the energy demand, respectively. However, these effects are not linear: a decrease of 30% in H,,
decreasesthe energy demand with 2% (instead of 3.5%) and a reduction of 50% in S,,and TC causes
arise of 4% and 2.8% (instead of 3% and 1.3%).
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4;; / —Wc
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1% \\\ / — —TC
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19 15 0% -3€W7@\5000 Ac
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Figure 5.1: Effect of each parameter in relative values obtained from the sensitivity analysis. (Wc:
solar shading coefficient of the window; Hw: hot water demand; Lc, Ac, Oc: heat gains from lighting,
appliances and occupants respectively; TC: heat capacity of the building; Sw: window surface; Vc:
sanitary ventilation rate; Vcn: natural ventilation rate)
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Figure 5.2: Effect of the U-value in relative values obtained from the sensitivity analysis

Figure 5.2 shows the drastic reduction of the energy consumption that could be achieved by
decreasingthe U-value of the building. Therefore, the sensitivity analysis of the heat capacity of the
building can be considered as a first assessment of the energy saving potentials to be achieved
through the retrofitting of the envelope (e.g., increasing insulation, replacement of windows with
lower U-value). Forinstance, a 50% decrease of the U-value would cause a reduction of the energy
demand of a 42%. Such decrease on the value of the heat capacity of the building can be achieved by
addingto the building envelope an insulation layer of 3.5cm (thermal conductivity of the insulation
material assumed: A=0.035 W/m’K)

Ventilation rates and internal heat gains were shown to have lower influence on the final energy
demand compared to the heat capacity of the building or the window area. However, ventilation
rates and internal heat gains were found to have a great impact on the energy demand for the
Swedish residential stock (Mata, 2011). Two possible reasons for this lower influence of these
parametersinthe Spanish case were identified: 1) the heatlosses through the building envelope are
dominantdue tothe lowerinsulation of the Spanish buildings compared to the Swedish buildings; 2)
higher outdoor temperatures in Spain than in Sweden.

It has to be taken into account that the sensitivity analysis was realised modifying just the value of
one parameter in each simulation keeping constant all the others. This means that in reality, the
effect on the final results could change, since some parameters are interdependent.

Effect of the fuel efficiencies

Figure 5.3 shows the effectonthe energy demand when varying the value of the fuel efficiencies. As
indicatedin Section 3.5, the conversion efficiency for the different fuelsis defined as the efficiencies
of the energy systemsin the buildings (e.g., electricheater, gas boiler), which were used to transform
net (useful) energy to delivered (final) energy.

The results in Figure 5.3 can be considered as a first assessment of the energy savings that could
accrue from increasing the efficiency of the building energy systems. The value of 0.87 was
considered as an average value forthe efficiency of the installed systems in the Spanish households.
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Figure 5.3 indicate that if efficiencies are increased to 0.95 for both gas and oil systems the energy
demand could decrease by 4%. This could be studied in more depth considering the expected market
development forthe building’s energy systems, which was not realised in this master thesis due to
time constraints.
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Figure 5.3: Effect of the fuel efficiencies on the energy demand. The dotted line “Gas and oil”
illustrates the effect of varying the efficiency of both oil and gas systems at the same time according
to the values of the x axis. Line for “Gas” (“Oil”) is the result of varying the gas (oil) efficiency
according to x axis values while the oil (gas) efficiency is set at 0.87 (originalvalue for the simulation).
Straightlines “GAINS” and “Eurostat” indicate the totalfinal energy demand for the residential sector
given by such sources.

Possible adjustments of parameters

Afteranalysing the results of the sensitivity analysis, this section discusses some parameters that can
be adjusted torefine the modelled final energy demandin orderto be closerto the statistics given by
GAINS and Eurostat.

e Sanitary ventilation rate (V.). The value for this parameter for the archetype buildings
constructed before 2006 is an infiltration rate (see Table 3.13), since they were considered
without mechanical ventilation. Therefore, an adjustment of this parameter could be
considered.

e Hot water demand (H,). The values considered in the simulation were 301/d per personin
SFDs and 20 I/d per person in MFDs. Such values might represent the maximum hot water
demand, since they were extracted from the section “Calculations and sizing” of the
regulation (CTE-HE, 2006), indicating that the average hot water demand in Spanish
households could be lower. However, this demand is low compared to corresponding hot
water demand in: Sweden (42 and 58 1/d per person in SFDs and MFDs respectively) (Mata,
2011); Estonia (44 |/d per person) (Koiv et al., 2006); USA (200 I/d per person) (EM&RS,
1994); or Finland (851/d per person) (Koiv et al., 2006). One possible reason for this low hot
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water demand could be the existing concerns about security of water supply in Spain. In
addition, the share of the total energy demand for water heating (26%) differs significantly
from the corresponding share reported by IDAE (26%).

Window area (S,,). This value was set as a percentage of the total area of the facade, which
was set by the author based on the drawings presented in the PMEB (Barcelona Regional,
2002). Therefore, an adjustment for this parameter could therefore be considered.
Solarshading coefficient (W,). Values between 0.5 and 0.8 were measured for the Swedish
residential buildings and they are considered for the sample buildings used as input datain
the study for Swedish building stock (Mata, 2011). No corresponding data for the Spanish
building stock for this parameter was found in literature. A value of 0.5 was used in this
masterthesis, since it was assumed that it must be lowerthan the correspondingone for the
Swedish building stock. This parameterisrelatedto a specificfeature of the model, which is
considering only one horizontal window. The inaccuracy could be reduced if the model
included several facades, for instance, but this could be only applied if there was enough
available dataforthe building stock under study to define such facades, whichis not the case
of this work.

Adjustments of the parameters discussed right above were tested to evaluate the effect on the
energy demand. The modelled final energy demands obtained from such tests are presented in
Table 5.1 and compared with the reference databases.

Table 5.1: Adjustments tested and results obtained. “Adjustments” indicate the changes applied to
the original value of the corresponding parameter, one parameter modified per test, keeping

constant all the others.

Test 1
Test 2
Test 3
Test 4

Adjustments Total final energy demand for = Comparison with
Vo Hw Su W, the residential sector GAINS and Eurostat
0.7 176.03TWh 0%
0.7 169.77TWh -4%
1.3 175.00TWh -1%
13 175.01TWh -1%
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6. Discussion

Possible reasons for the deviation between the results obtained from the simulation and the
statistics given by the reference databases presented in Table 4.2 are discussed in this section.

Uncertainties regarding some of the assumptions that were made during the characterisation
process could be a cause for the deviation between the modelled energy demand and the statistics.
These assumptions are discussed below:

e Inthisthesis, it was considered thatthe heating demand forthe residential sector in Spain is
not totally covered, since a large number of households have no space heating system
accordingto INE (2011). A certain percentage of residential buildings (the same percentage
for both SFD and MFD) without space heating system were assumed for each climate zone,
see Table 6.1.

Table 6.1: Percentage of households with no space heating system (INE, 2011)

Climate zone Percentage
A 55%
B 13%
C 14%
D 8%
E 8%

e Intheresidential sector, a33.5% of the buildings were considered to have cooling system in
this master thesis (INE, 2008). No data was found regarding the percentage of non-
residential buildings with cooling system. In this thesis work, it was assumed that most of the
buildings categorised as offices, commercial and sports and leisure have cooling system
(80%). A 30% of the buildings classified as “other services” were considered to have cooling
system, since this group includes building uses which normally do not have cooling system,
e.g. educational or religious buildings.

e The weatherfilesusedforthe energy simulations contain average climate data for a certain
city/weather station (see Table 3.3) which was assumed to be representative of the whole
climate zone. This can representasource of inaccuracy since the locations chosen might not
be optimal representative for the weather of the corresponding climate zone, although they
were chosen on a population basis. Moreover, it should be noted that the climate data used
is based on measurement conducted between the years 1961 to 1990 (Meteotest, 2000).
Thus, it might be needed to update the climate data extracted from Meteotest (2000) used
as input data for the energy simulation.

e There is lack of available data concerning the conversion fuel efficiencies considered to
transform useful energy tofinal energy (Tables 3.22) and some values had to be assumed for
the efficiency of the building energy systems (see section 3.5). At the same time, the results
fromthe sensitivity analysis indicate that this factor seem to strongly affect the resulting final
energy demand. Therefore, it might be important to get more accurate and reliable data
regarding this factor.
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o A 14.8% of the residential buildings (i.e., 14.8% of the weighting coefficient) are empty
residences according to INE (2011). It was assumed that such residences consume zero
energy. However, some of the residences categorised as empties by INE might consume
energy because: a) the residences are occupied during some days over the year; 2) some
energy systems in the building keep on working even in empty residences.

The resulting final energy demand for the residential sector in 2005 differs with 3% from the
corresponding energy demand given in statistics. The following possible causes for this difference
have been identified:

e Each international institution used as a data source in this thesis has its own criteria when
counting the energy demand. For instance, it is not clear if the electricity consumed by an
electric heater is counted as “electricity” or as “heating”. A similar problem exists with air
conditioningthatis given separately by IDAE while it is not accounted for in GAINS. Further
investigation regarding the criteriaapplied by the data sources is needed to ensure that the
figures extracted from the different sources can be compared.

e Retrofitting measures might have been already applied to Spanish existing buildings.
However, the energy savings that could accrue from the application of such measures are not
accounted forin this masterthesis. Considering arate of building retrofitting would take the
effect of these measuresinto accountand this would contribute to decrease the final energy
demand obtained in this work.

The final energy demand for the non-residential sector in 2005 is 7% lower than the statistics given
by the reference databases. The lack of accurate data for this sector is identified as the most likely
cause for this difference. Moreover, a difficulty found during the definition and quantification of the
archetype buildingsis that the different databases do not use the same classification of buildings. For
|7«

instance, this sector is classified according to the Ministry of Building in “commercial”, “offices”,

“agriculture”, “industry”, “transport”, “sports and leisure” and “others”. However in this master
thesis, the buildings types “agriculture”, “industry” and “transport” were not taken into account,
since they are not accounted forin the “services” sector by the databases Enerdataand GAINS, which
are used to compare the final results. Anyway, it is not clear enough if the figures presented for the
categories “agriculture”, “industry” and “transport” in these databases account for the energy
consumption of the buildings, orif they just countthe energy consumed to develop the activity itself.

Further investigation is needed regarding this issue.

With respectto the results obtained fromthe energy simulation for 2008, the energy demand for the
residential sectoris 19% higherwhile the corresponding one for the non-residential buildings is 10%
lowerthan the figures availablein the sources consulted (Eurostat, 2008; IEA, 2011; IDAE, 2009). The
possible causes discussed above for the 2005 simulation results can be also assumed for the 2008
simulation. Moreover, since the results for 2005 differless from the available statistics than the 2008
results, the characterisation of the archetype buildings for the periods after 2005 might be not
accurate enough. One possible reason for this is that the values used to describe such archetype
buildings are mostly based on the regulations CTE and RITE, therefore: 1) the buildings might not be
constructed according to these regulations (although it is specified in the documents that regular
inspections should be performed, it is not clear which institution must take this responsi bility.
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Therefore, itis unlikely that such inspections are actually performed (Carrasco Perera and Gonzalez
Carrasco, 2008); 2) this regulation might provide peak-values which do not correspond with the
buildings’ everyday average performance.

Regarding the application of the EABS model to Spain that has been carried out in this master thesis,
the values of some parameters are difficult to set when working with archetype buildings, as
opposedtothe previous application of the model using sample buildings (Mata, 2011). For instance,
the procedure followed to calculate the heating capacity of the building for each period of
construction was problematicsince all the characteristic building materials and construction layers of
the buildings over time should be considered in the calculations. In addition, the only data found
regarding building materials and construction layers only concerns to one Spanish region (Catalonia),
so itwas assumed forthe whole country (see appendix E). A possible solution could be, for instance,
toinclude alreadyinthe model a procedure to facilitate the characterisation of this parameter, like
using average values of the heat capacity of the building for each climate zone.
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7. Conclusions and further work

Several conclusions can be drawn from this master thesis both regarding the methodology applied
and regarding the use of the EABS model. With respect to the methodology:

e |t was possible to define archetype buildings representative of the Spanish building stock
following the methodology proposed within the Pathways Project, both for residential and
non-residential buildings.

e Forthesegmentation,itwasdifficultto identify the criteria used by the reference databases
to measure the energy consumption in terms of end use. In addition, the climate data
regarding cities/weather stations were assumed to be representative of the climate zones. A
methodology could be useful to construct weatherfiles capable of describing the climate of
each zone with more accuracy.

e Inthe characterisation of the building stock, there is lack of data about the efficiencies of the
energy systems installed in the buildings when at the same time the modelled energy
demand is shown to be highly sensitive to the values set for these efficiencies.

e Thesensitivityanalysis proved that the input data parameters U (heat transfer coefficient of
the building), H,, (hot water demand), TC (heat capacity of the building) and S,, (window
surface) strongly affect the final energy demand. On the other hand, ventilation rates and
internal heat gains were shown to have less influence on the results.

e Thelack of data about non-residential buildings is highlighted and it can represent the major
cause of the deviation between the modelling energy demand and the statistics extracted
from the reference databases due to a less accurate characterisation.

Finally, regarding the application of the model itis concluded that:

e The application of the EABS model to Spain was found to be generally appropriate, since the
energy demand obtained is close to reference values given by statistics.

e Furtherworkis neededtostudythe effect of some parametersasP,, P.(response capacity of
heating and cooling system) and S;, S, (maximum heating power of a heating or cooling
system) and how they can be set to represent more properly the real performance of the
building energy systems.

Although it is beyond the scope of this work, energy efficiency measures can be applied to this
representation of the Spanish building stock in order to study the possibilities of future energy
savings in this sector and in this country. To be able to simulate the application of these measures
and estimate their effect, the building stock must first be defined. Thus the already validated,
characterisation of the building sector carried out in this thesis is necessary for further simulations
assessing the retrofitting of the building stock.

51



52



8. References

ANAH. 2008. Modélisation des performances énergétiques du parcde logements- Etat énergétique
du parcen 2008. Available at http://www.anah.fr/les-publications/les-etudes/vue-
detaillee/article/modelisation-des-performances-energetiques-du-parc-de-logements-etat-
energetique-du-parc-en.html. (Accessed 2008)

ASHRAE. 2009. Thermal Comfort, ASHRAE Handbook, Fundamentals, Ch.9, p.3. 2009.

Balaras, Constantinos A.; Athina, G. Gaglia; Georgopoulou, Elena; Mirasgedis, Sevastianos;
Sarafidis, Yiannis; Lalas, Dimitris P. 2005. European residential buildings and empirical assessment of
the Hellenic building stock, energy consumption, emissions and potentialenergy savings. Penteli,
Greece : Buildingand Environment, 2005.

Barcelona Regional. 2002. Pla de Millora Energética de Barcelona (PMEB). Barcelona : Ajuntament de
Barcelona, 2002.

—.2002. Pla de Millora Energetica de Barcelona, PMEB.Document "Tipologies d'edificis". s.|. :
Ajuntament de Barcelona., 2002.

Boermans, T. and Petersdorff, C. 2008. U-values for better energy performance of buildings.
Cologne : ECOFYS, 2008.

building.dow.com, 2011.
http://building.dow.com/europe/es/applications/rehabilitacion/prestaciones/zona-climatica. htm

(accessed May 2011)

Carrasco Perera, A. and Gonzalez Carrasco, M. 2008. Una introduccion juridica al Cédigo Técnico de
la Edificacion. Barcelona: InDret. Revista para el andlisis del Derecho, 2008.

CECU, Confederacion de Consumidoresy Usuarios. 2011. Energia Solar Térmica.
http://www.cecu.es/campanas/medio%20ambiente/res&rue/htm/dossier/3%20solar%20termica. ht
m. (accessed June 2011).

Clarke, J.A.; Johnstone, C.M.; Kondratenko, I.; Lever, M.; McElroy, L.B.; Prazeres, L.; Strachan, P.A.;
McKenzie, F.; Peart, G. 2004. Using simulation to formulate domestic sector upgrading strategies for
Scotland. s.l. : Energy and Buildings, 2004.

Clinch, J. Peter, Healy, John D. and King, Ciaran. 2000. Modelling improvements in domesticenergy
efficiency. Dublin : Environmental Modelling&Software, 2000.

CNRS. 2011. RapportR2: Bilans énergétiques Transport-Habitat et méthodologie BETEL. Available at:
http://ethel.ish-lyon.cnrs.fr/Travaux.htm. (accessed 2008)

Construmatica.com, 2011.
http://www.construmatica.com/construpedia/Espa%C3%B1a:_Zonas_Clim%C3%A1ticas_por_Provinc

ia (accessed May 2011)

53


http://building.dow.com/
http://building.dow.com/europe/es/applications/rehabilitacion/prestaciones/zona-climatica.htm
http://www.construmatica.com/construpedia/Espa%C3%B1a:_Zonas_Clim%C3%A1ticas_por_Provincia
http://www.construmatica.com/construpedia/Espa%C3%B1a:_Zonas_Clim%C3%A1ticas_por_Provincia

CTE. 2006. Real decreto 314/2006 por el que se aprueba el Cédigo Técnico de la Edificacion (CTE).
BOE 28/03/06. 2006.

CTE-HE. 2006. Documento Bdsico HE. Ahorro de energia. Cddigo Técnico de la edificacion. 2006.
CTE-HS. 2006. Documento bdsico HS. Salubridad. 2006.

CTE-LIDER. 2009. /DAE. Documento de condiciones de aceptacion de Programas Informdticos
Alternativos a LIDER y CALENER. Madrid : Ministerio de Industria, Turismoy Comercio, 2009.

Decree 1490/1975. 1975. Decreto 1490/1975 de 12 dejunio, porel que se establecen medidas a
adoptaren las edificaciones con objeto de reducirel consumo de energia. 1975.

Directive 2002/91/EC. 2002. Directive 2002/91/EC of the European Parliament and of the Council of
16 December 2002 on the energy performance of buildings. 2002.

EM&RS. 1994. Energy use and domestic hot water consumption. Energy Management & Research
Associates (EM&RS). 1994.

Energia Solar. 2011. Availableat: http://energiasolar.911mb.com/?a=rendimiento-colectores-solares.
(accessedJune 2011).

Eurostat. 2008. http://epp.eurostat.ec.europa.eu/portal/page/portal/energy/data/main_tables
(accessed May 2011).

-.2011.
http://epp.eurostat.ec.europa.eu/portal/page/portal/about_eurostat/corporate/introduction/harmo
nization. (accessed May 2011).

GAINS. 2005. Greenhouse Gas and Air Pollution Interactions and Synergies.
http://www.iiasa.ac.at/rains/gains/model%20description.html. (accessed May 2011).

Gravalon, F. 2007. A refined characterization of the building stock in France. Dissertation for a
"Dipléme d'ingénieur". Goteborg, Sweden : Chalmers University of Technology, 2007.

Hens, H., Verbeeck, G. and Verdonck, B. 2001. /Impact of energy efficiency measures on the CO2
emissions in the residential sector, a large scale analysis. Leuven, Belgium : Energy and buildings,
2001.

IC, Institut Cerda. 2006. La contribucio de I'habitatge de Catalunya a la reduccio d'emissions de gasos
amb efecte d'hivernacle. Barcelona : Generalitat de Catalunya, Departament de Medi Ambienti
Habitatge, 2006.

IDAE. 2003. Estrategia de ahorroy eficiencia energética en Espafia 2004-2012. E4. s.l.: Secreatria de
Estado de energiay desarrolloindustrial de lapequefay medianaempresa., 2003.

—. 2007. Estrategia de Ahorroy Eficiencia Energética en Espafia. Plan de accion 2008-2012. s.l.:
Ministerio de Industria, Turismoy Comercio, 2007.

—.2006. Guia Técnica de lluminacion Eficiente. Sector Residencial y Terciario. Madrid : s.n., 2006.

54



—. 2009. Informe anual de consumos energéticos. Available at:
http://www.idae.es/index.php/mod.documentos/mem.descarga ?file=/documentos_Informe_consum
0s_energeticos_2009._28.03.11_e740946d.pdf. (accessed April 2011).

—. 2011. Instituto paralaDiversificaciényahorrode la energia.
http://www.idae.es/index.php/mod.pags/mem.detalle/idpag.11/relcategoria.101/relmenu.30.
(accessed April 2011).

—. 2010. Sistemade informacién sobre eficienciaenergética de calderas. Available at:
http://www.idae.es/Calderas/. (accessed April 2011).

IEA. 2011. International Energy Agency. http://www.iea.org/stats/index.asp. (accessed May 2011).
INE. 2008. Encuesta de Hogares y Medio Ambiente. s.l. : Instituto Nacional de Estadistica, 2008.

—. 2011. Instituto Nacional de Estadistica. http://www.ine.es/inebmenu/mnu_cifraspob.htm
(accessed February 2011).

Johnsson, Filip. 2011. European Energy Pathways. Pathways to Sustainable European Energy
Systems. Chalmers University of Technology : Available at http://www.energy-pathways.org/, 2011.

Koiv, T.A. and Toode, A. 2006. Trends in domestic hot water consumption in Estonian apartment
buildings. 2006.

Martinlagardette, Catherine. 2009. Characterisation of the French dwelling stock for application to
bottom-up energy modelling.Thesis for the Degree of Master of Science in Industrial Ecology.
Goteborg, Sweden : Chalmers University of Technology, 2009.

Mata, Erika and Sasic Kalagasidis, Angela. 2009. Calculation of energy use in the Swedish housing.
Description of the building energy simulation model EABS: Energy Assesment of Building Stocks.
Goteborg, Sweden : Chalmers University of Technology, 2009.

Mata, Erika. 2011. Energy Efficiency and Carbon Dioxide Mitigation in Building Stocks. Development
of methodology using the Swedish residential stock. Géteborg, Sweden : Chalmers University of
Technology, 2011.

Mata, Erika; Johnsson, Filip; Sasic Kalagasidis, Angela. 2011. A bottom-up modelfor energy, carbon
and costs assessment of building stocks. Chapter 14 Methods and Models used in the project
Pathways to Sustainable European Energy Systems. Chalmers University of Technology, 2011.

Meteotest. 2000. Meteonorm. Global Meteorogical Database forSolar Energy and Applied
Climatology. Version 4.0. Bern. Switzerland :s.n., 2000.

Metz, B.; Davidson, O.R.; Bosch, P.R.; Dave, R.; Meyer, L.A. 2007. Contribution of Working Group Ill
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge (UK)
and New York (USA) : Cambridge University Press, 2007.

Ministerio de Fomento. 2011.
http://www.fomento.gob.es/MFOM/LANG_CASTELLANO/INFORMACION_ MFOM/ORGANIZACION_Y
FUNCIONES/ (accessed May 2011).

55



—. 2009. Anuario estadistico 2009. Available at:
http://www.fomento.gob.es/NR/rdonlyres/9FE92101E20A41B7B3559BEF8A667611/98025/Anuario2
009.pdf (accessed February 2011).

—. 2011. Visadosde direccion de obra nueva. Boletin estadistico online. Available at:
http://www.fomento.es/BE/?nivel=2&orden=09000000 (accessed February 2011).

NBE-CT-79. 1979. Norma bdsica NBE-CT-79, sobre condiciones térmicas en los edificios. 1979.

O Broin, E. 2007. Energy Demands of European Buildings: A Mapping of Availa ble Data, Indicators
and Models. Masterthesis. Goteborg, Sweden : Chalmers University of Technology, 2007.

Petersdorff, C., Boermans, T. and Harnisch, J. 2006. Mitigation of CO2 Emissions from the EU-15
Building Stock. Beyond the EU Directive on the Energy Performance of Buildings. Cologne, Germany :
Ecofys, 2006.

RITE. 2006. Reglamento de Instalaciones Térmicas en los Edificios (RITE). 2006.

—.1998. Reglamento de las instalaciones térmicas en los edificios (RITE) y sus Instrucciones
Complementarias (ITE). Real Decreto 1751/1998. 1998.

Swan, L.G and Ugursal, V.1.2009. Modeling of end-use energy consumption in the residential sector:
A review of modeling techniques. Renewable and Sustainable Energy Reviews. 2009.

56



