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Abstract

This thesis investigates energy conservation in building stocks with the aim of
developing a methodology that can be applied to the national building stocks of the
European Union (EU). For this purpose, a bottom-up building-stock model and a
methodology for describing the building-stock have been established. The model is
based on a one-zone building energy balance, which provides the hourly net energy
demand for all end-uses and which has been validated by empirical and comparative
means for selected buildings. The results for representative buildings are subsequently
extrapolated to the entire building stock with respect to net and final energy demand,
associated CO, emissions, and costs for implementing a portfolio of energy
conservation measures (ECMs). The methodology for building stock aggregation
through archetype buildings comprises the following elements: (1) segmentation, in
which the number of archetype buildings required to represent the entire stock is
decided according to building type, construction year, heating system, and climate
zone; (2) characterization, whereby each archetype is described in terms of its
physical and technical characteristics; (3) quantification, whereby the number of
buildings in the stock represented by each archetype building is determined. The
archetype description is used as an input to the model, from which the final energy
use is calculated, and the results are validated by comparison with the available
statistics. The archetype description has been developed and validated for the building
stocks of France, Germany, Spain and UK, which account for half of the final energy
use of the residential and non-residential buildings in the EU-27 countries.

Using the building stock model to apply various ECMs to the Swedish residential
building stock and the entire Spanish residential and non-residential building stock,
which are representative of Northern and Southern EU buildings, respectively, the
final energy demands of the Swedish and Spanish building stock are found to be
reduced by 50%. In both countries, the different forms of envelope upgrades confer
the largest technical potential reductions for all buildings. However, other ECMs with
significant potentials differ between the two countries and subsectors. The levels of
CO, emissions from the Swedish residential buildings and the Spanish buildings can
be reduced by 60%-70%. Although the application of the ECMs generally reduces
CO, emissions, the effects of measures that reduce electricity use for lighting and
appliances rely on whether the saved electricity production is less or more CO,-
intensive than the fuel mix used for space heating. Techno-economical potential
reductions of energy demand by 20%-30% are identified for Sweden and Spain,
corresponding to CO, emissions reductions of 40%-50%. These potentials increase
when packages of ECMs are applied. Furthermore, the packages were more cost-
effective than the individual ECMs. The market potentials identified are substantially
lower than the techno-economical potentials. If the techno-economic potentials
identified in this work are to be implemented, there is a need for strong policy
measures to influence stakeholder actions.

Keywords: archetype building, energy conservation measures, European building
stock, bottom-up building modelling, techno-economical potentials, cost assessment
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Definitions

This section defines key concepts that are used in the introductory essay and in the
papers. Some of these concepts are established in the literature, while others have
been adapted or interpreted in the work performed within the context of this thesis.

Archetype
building

Building sector

Building stock

Building
subsector

Direct cost

End-use

Energy
conservation
measure

Energy efficiency
measure

Energy saving
measure

A statistical composite of the features found within a category of
buildings in the stock (Moffatt, 2001), i.e., a theoretical
description based on knowledge of the overall building
characteristics of the region (e.g., age, size, construction
materials, and house type) in combination with national statistics
related to the building sector (e.g., energy use and climate). It is a
particular type of representative building.

Category in the statistical database for energy consumption that
represents buildings, both residential and non-residential, in a
given region or country.

A high number of buildings, such as in a city, specified region or
country, which are available for use.

Any of the two subcategories of the building sector, i.e.,
residential and non-residential.

The proportion of the price or investment that can be completely
attributed to an energy conservation measure, i.e., the materials
and labour required for its installation, maintenance, and
operation. In the literature, the direct cost is also referred to as
tangible or techno-economic cost' or real private cost (EC,
2012b).

The ultimate use of the energy. In the building sector, the end-use
categories are: space heating; hot water; and electricity (for
lighting, appliances, and cooking)?.

An action aimed at reducing the net and final energy demands® of
a building. It includes, in addition to the below-defined energy
efficiency measures, the supply from on-site renewable energy
sources.

A change to a building that results in a reduction of the building’s
final energy demand”. Thus, it includes, in addition to the below-
defined energy saving measures, improvements in the
efficiencies of the technical systems within the building.

An action aimed at decreasing the net energy demand of a
building. Typical energy saving measures are: improvement of

! Based on: MKJA (2002); Urge-Vorsatz and Novikova (2006, 2008); Urge-Vorsatz et al. (2007a).

2 According to this definition, cooking is also an end-use, although, due to lack of data, in this work
cooking is only considered as a part of the electricity use.

® Primary energy could also be included, although it has not been investigated in the present thesis.

* Based on the definition given in the EPBD recast (EC, 2012a), with the exception being that the
EPBD recast refers to primary energy.
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the performance of the building envelope; climate-adapted and
passive strategies; and management of indoor climate
environment requirements (e.g., indoor temperature, humidity,
ventilation rates, lighting).

Final energy The energy supplied to a building in different forms and via
different carriers, including conversion losses in the technical
systems within the building (Sartori et al., 2009). In the literature,
final energy is also referred to as delivered energy, secondary
energy or end energy use.

Financial One of the two parts of the global cost calculation®, as defined in

calculation the Energy Performance of Buildings Directive (EPBD), which
includes investment, running and disposal costs, and residual
value, including taxes.

Indirect cost Any cost (distinct from the direct cost) incurred while
implementing an energy conservation measure, These charges
include implementation costs®, intangible capital costs’,
perceived private costs®, and transaction costs®. As the definitions
of these costs overlap, they are referred to in the present thesis in
the aggregated form of “indirect costs’.

Macroeconomic ~ One of the two parts of the global cost calculation, as defined in

calculation the EPBD recast, which in addition to the costs included in the
financial calculation, includes the cost of emitting GHGs but
excludes taxes.

> The global cost is the sum of the present value of the initial investment costs, sum of the running
costs, and replacement costs (referred to the starting year), as well as disposal costs, if applicable. For
the calculation at the macro-economical level, an additional cost category, termed costs of GHG
emissions, is introduced (EC, 2012a).

® The costs of the interventions required to realize the measure (De Villiers and Matibe 2000), which
the author of this thesis interprets as being equivalent tothe cost of the policy measures (ERG 1998,
ILWG 2000, Urge-Vorsatz et al. 2007b).

" The cost that represents non-financial costs that enter into investment and operational decisions, e.g.,
changes in comfort levels or effects of subsidies (Jaccard and Denis 2006, EMRG et al. 2007).

8 These are all costs incurred (or perceived as being faced) by the private entity. As these costs are what
drives the consumer to make their choices, they determine the compensation required to have
consumers do something differently (i.e., to change from using one technology to another) (MKJA
2002).

® These costs comprise search costs, information costs, as well as computational, negotiating, and
monitoring costs, i.e. costs associated with carrying out market transactions. Therefore, transaction
costs are only a part of the total hidden costs (Ostertag, 1999). The concept was first described by
Coase (1937); a summary of the definition of transaction costs components and cost estimates is given
in Hein and Blok (1995) and Michaelowa and Jotzo (2005).
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Market potential

Net energy

Non-residential
building

Private discount
rate

Reference
building

The part of the technical potential that is cost-effective when
applying market costs using private discount rates, with the
carbon prices included in the energy prices'®. The concept
intends to represent the potentials that are expected to be
implemented.

The energy required to satisfy the particular energy end-use in a
building (Sartori et al., 2009), excluding conversion losses in the
technical systems of the building. In the literature, net energy is
also referred to as energy use, useful energy or tertiary energy.

Construction in which more than the half of the gross floor area
is used for purposes other than dwelling; industrial and
agricultural constructions are not included®. In the literature, a
non-residential building may also be termed a tertiary or services
building.

This is also referred to as implicit discount rate, and represents a
consumer’s decision making, i.e., since in making decisions that
involve discounting over time, individuals behave in a manner
that implies a much higher discount rate than can be explained in
terms of the opportunity costs of funds available in credit markets
(Marshall, 1890). Implicit discount rates can be established
empirically using choice models®®, stated preference®, or
hedonic price analysis. These discount rates range from 20% to
308%™°. For conservation programs, private rates are used to
predict the penetration rates of the programs or the levels of
energy conservation investments.

A building that represents the typical building geometry and
systems, typical energy performances for both the building
envelope and the systems, having the typical functionality and
typical cost structure for a building stock, and is representative of
the climatic conditions and geographical location®®. The building
can be hypothetical (i.e., an archetype building) or real (i.e., a
sample building). In the literature, a reference building may also
be referred to as a representative building.

10 Adapted from the 4th IPCC Assessment Report on Climate Change (Levine et al., 2007), which
defines the market potential as the level of GHG mitigation that occurs under forecast market
conditions, including policies and measures based on private unit costs and discount rates.

1 EPBD (EC, 2012b) includes in energy use the thermal energy from renewable energy sources on-site.
In addition, an initial level, the so-called “energy need”, is defined, which includes the net energy
demands for space heating and cooling and for hot water.

12 Grundsell (2013). Based on the different definitions in the international databases (ESA, 1995;
Lapillone et al., 2012; Eurostat, 1997; OECD, 2001).

3 As described in Newlon and Weitzel (1991), Train (2002) and in Jaccard and Denis (2006).
¥ As described in Hausman (1979) and Train (1985).

% As summarised by Train (1985).

16 Adapted from the EPBD recast (EC, 2012a), which restricts the definition to Member States.
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Residential A construction that is used primarily for dwelling. In the
building literature, a residential building may also be called a household
building.

Sample building A particular type of representative building with all its
characteristics derived from actual buildings, using data obtained
from measurements.

Societal discount  The discount rate used by the society to give relative weighting to
rate social consumption or income accruing at different points in time
(Price, 1988). Justifications for discounting as part of public
decisions mainly rely on the opportunity cost of the capital, and
are thus assumed to be equal to the market rate agreed by a
lender®’. This rate is generally used in the life-cycle cost analysis
of capital investment public projects and ranges from 2% to

10%"°,
Technical The amount by which it is possible to reduce energy use and
potential CO,-associated emissions through implementing certain energy

conservation measure without specific reference to costs™®.

Techno- The part of the technical potential that is cost-effective if
economical applying market costs using societal discount rates, at zero social
potential cost and at particular carbon prices, the latter being included

implicitly in the energy prices in this thesis®.

7 Note that in this thesis a simplified interpretation of the societal discount rate is used, and that it is
based on the standardised procedures for economic evaluation of energy systems in buildings (EC,
2012a,b; EN 15459, 2007; Rushing et al., 2010). A broader environmental interpretation, not used in
this thesis, is the focus of an unsettled debate on discounting as intergenerational equity and linked to
the theoretical conception of sustainability (cf. reviews by Price and Nair, 1985; IPCC, 1995; Almansa
Séez and Calatrava Requena, 2007; Sterner and Persson, 2008).

'8 According to the review of what different European countries propose for the life-cycle cost
assessment of their public projects (Cruz Rambaud and Mufioz Torrecillas, 2005), and in line with the
key reference rates set by the European Central Bank and national central bank, which for the period
2001-2012 were in the range of 1.5%-5.0% (EC, 2011).

19 Adapted from the 4th IPCC Assessment Report on Climate Change (Levine et al., 2007), which
applies the definition to “GHG” instead of to “energy use and CO, emissions”.

20 Adapted from Levine et al. (2007) and Urge-Vorsatz and Novikova (2008). In Levine et al., (2007)
the economic potential is defined as “a cost-effective potential for GHG mitigation when non-market
social costs and benefits associated with mitigation options are considered with market costs and
benefits using societal discount rates instead of private ones at particular levels of carbon prices”. In the
paper by Urge-Vorsatz and Novikova (2008), since the majority of the studies reviewed did not
consider all the social cost elements or the price of carbon, the economic potential was assumed to be
equivalent to the cost-effective potential for zero social cost and zero carbon price.
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Notations

A
AC

CE
CErg

EDelivered

D,

DHeat

DHOtW
Etot

EAC

ES

NAC

Floor area

Net unit cost for CO, avoidance

Change in the cost of the energy saved due to the application of an
energy conservation measure or package

Investment cost of an energy conservation measure or package

Operational cost of an energy conservation measure or package

Effective volumetric heat capacity of a heated space (whole
building)
Running cost of an energy conservation measure or package

Net unit cost for energy saving
Net unit cost for techno-economic energy saving
Total annual delivered energy demand

Annual electricity demand, including the electricity required for
lighting, appliances, water pumps and fans

Annual heating energy demand for space heating
Annual heating energy demand for hot water production
Total annual net energy demand

Equivalent annual cost an energy conservation measure or
package

Technical potential energy saving for an energy conservation
measure or package

Techno-economical potential energy saving for an energy
conservation measure or package

Efficiency of the heat recovery unit

Transmitted solar energy through an eastern window
Transmitted solar energy through a horizontal window
Transmitted solar energy through a northern window
Transmitted solar energy through a southern window

Global irradiation on horizontal surface

Transmitted solar energy through a western window
Maintenance cost of an energy conservation measure or package
Lifespan for the energy conservation measure

Years to be discounted from the investment year back to the
starting year

Net annual cost of an energy conservation measure or package

Xi

m2

€1tCO,
avoided

€l yr

€
€lyr
JIK

€lyr

€/kWh saved
€/kWh saved
KWh/yr
kWh/yr

kWh/yr
KWh/yr
kWh/yr
€lyr

kWhlyr

kWhlyr

0-1
kKWh/m? a
kWh/m? a
kWh/m? a
kKWh/m? a
W/m?
kWh/m? a
€l yr

yr

yr

€lyr



Qint

Ucool

UEL

UHeat

UHotw

Wcool

WHeat

WHotw

Total heat provided by the heating/cooling system
Total internal heat gains

Solar radiation gains through windows
Transmission heat losses through a building envelope
Ventilation heat losses (sanitary and natural)
Discount rate

Indoor air temperature

Outdoor air temperature

Coefficient of solar transmission of the window
Set point temperature for natural ventilation
Temperature of the supply air

Total surface of windows in the building

Sanitary ventilation rate

Shading coefficient of the window

Frame coefficient of the window

Air density

Specific heat capacity of the air

Weighted-average efficiency of the energy conversion equipment
and apparatus for delivery or production of space heating, hot
water and the electricity for lighting and household appliances

Weighted-average efficiency of the energy conversion equipment
and apparatus for delivery or production of space cooling

Weighted-average efficiency of the energy conversion equipment
and apparatus for delivery or production of the electricity for
lighting and household appliances

Weighted-average efficiency of the energy conversion equipment
and apparatus for delivery or production of space heating

Weighted-average efficiency of the energy conversion equipment
and apparatus for delivery or production of hot water

Weighting coefficient that represents the percentage of cooling
demand in the total demand

Weighting coefficient that represents the percentage of electricity
demand for lighting and appliances in the total demand

Weighting coefficient that represents the percentage of heating
demand in the total demand

Weighting coefficient that represents the percentage of hot water
demand in the total demand

xii
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0-1
0-1
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Abbreviations

AP

B

BA
BETSI

CO;
D

DD
DDn
DE
DH
DSM
E
EABS
EC
ECCABS
ECM
EED
EEQOS
EL
EPBD
ES
ESM
EU
FR
GDP
GHG

HH
HPI
LPI
MFD
MS
NR

Apartment block of <10 floors
Bungalow
Baseline scenario

Description of the existing buildings: technical characteristics, indoor
environment and energy consumption [Bebyggelsens
Energianvandning, Tekniska Status och Innemiljd, in Swedish].

Commercial

Carbon dioxide

Detached house

Degree day

Degree day of reference

Germany

District heating

Demand side management

Educational

Energy assessment of building stocks (model)
European Commission

Energy, carbon and cost assessment of building stocks (model)
Energy conservation measure

Energy Efficiency Directive

Energy Efficiency Obligation Scheme
Ecodesign and labelling directive

Energy performance of buildings directive
Spain

Energy saving measure

European Union

France

Gross domestic product

Greenhouse gas

Health

High-rise buildings of >10 floors
High-price-increase

Low-price-increase

Multi-family dwelling

Member State

Non-residential
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PrMFD
PUMFD
PV

Re
RES
SCL
SD
SE
SFD

UK
VAT

X-NR
X-R

Offices

Private MFD

Public MFD

Photovoltaic

Residential

Retail

Renewable energy source
Sports, culture and leisure
Semi-detached house
Sweden

Single-family dwelling
Terraced house

United Kingdom

Value added tax
Warehouses

Other services

Other type of house
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1 Introduction

Climate change, security of energy supply, and competitiveness?* in the energy
market are all factors that underline the need to reduce energy use and greenhouse gas
(GHG) emissions. In the European Union (EU)-27 countries, the building sector
accounts for 35%-40% of the total final energy consumption and associated carbon
dioxide (CO,, which is the main GHG from buildings’ energy consumption)
emissions, of which 25%-27% is attributed to residential buildings and 10%-13% to
non-residential buildings (Figure 1.1). Six member states (MS) account for about 70%
of the final energy use and associated CO, emissions of the EU-27? building sector,
namely France, Germany, Italy, Poland, Spain and the UK (Figure 1.2).

50% Final energy consumption 50% CO, emissions

40% t----a--ym- - - 40% t---------gu------mmmmmmmm oo
3% tl--H BB B w - 0%+ R-m-B- -
20 + BB -0 B BB 202uiE-BBBEa - -
10% 83888 B B8 %R BBEBBEBEB
0% 0%

~ <& > > T c [N ~ <5} > > T c c v
¥ 2 § 8 &§ 8 8 35 ¥ 2 § 8 8§ 8 & 5
>0 8 £ = 5 Hn 9 -} © E — S o Q
w T g a (% w0 5 o ug)
(O} . . .
B Service Sector m Residential Sector(D

Figure 1.1. Contributions of residential and non-residential buildings to final energy
consumption®® and associated CO, emissions®, for the EU-27 and selected MS.

Final energy consumption CO, emissions

m France

m Germany
= [taly

m Poland

m Spain

m Sweden
= UK

m Rest EU

3% 1%

Figure 1.2. Contributions of selected MS to the final energy consumption and associated CO,
emissions of the EU-27 building sector.

2 A nation's competitiveness can be viewed in terms of its position in the international marketplace
compared to other nations with similar levels of economic development (Onsel et al. 2008).

22 Croatia is a MS of the EU since July 1, 2013; however, there are as yet no statistical data for the
EU-28.

2 Year 2011 data from the Eurostat database (EC, 2011).
24 Year 2005 data from the Odyssee database (Enerdata, 2010).
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The CO, emission contributions (i.e. 35%) correspond to the contributions to final
energy demands for the entire EU-27 (i.e. 37%). However, the percentages of the CO,
emissions and energy use (in relation to the total emissions and total energy use of the
building sector of the MS) differ between the MS, owing to disparities in the energy
supply systems of the MS. Figure 1.3 shows the final energy consumption by fuel for
the building sectors of selected MS. For example, Polish buildings use more than 30%
coal, yielding high CO, emissions. In contrast, Swedish buildings mostly use
electricity and district heating (DH), with the electricity being generated from hydro
and nuclear sources and the heat from biomass fuels, with the consequence that the
CO, emissions are low.

Final energy consumption by fuels in R and NR buildings

100%
9% 1 l--H--B-B-B BB
80?’ T B B B B B B | Electricity
700A) '] N e I | =Renewable
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EE B B B B ARl
3% +l--H-B-B-B-B-B-B sco
201 B--H--B-B-B BB B
IR EEE EEN BN TN BN S N

0%

Italy
Poland

Spain
Sweden
EU 27
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Figure 1.3. Final energy consumption levels for the building sector (residential [R] and non-
residential [NR] buildings) in relation to different fuels, for the EU-27 and selected MS.

Since the turnover of building stock is low in developed countries, the greatest
challenge for reducing energy use in the building sector is to find effective strategies
for retrofitting existing buildings. While significant potentials for energy savings and
mitigation of GHG emissions within the building sector have been reported for many
countries (for a summary of potentials worldwide®, see Levine et al. 2007), these
potentials have not been exploited to date. As a result, the energy use and associated
CO, emissions of the building sector in Europe continue to grow® (EC 2011;
Enerdata 2010). In other words, despite the technical efficacy of energy-saving
actions, large-scale implementation of such actions has not taken place. To respond to
these issues, the European Commission (EC) has designed the Energy Efficiency
Directive (EED) (EC, 2012c), which establishes a common framework of measures
for the promotion of energy efficiency within the EU, so as to ensure a 20%
improvement in energy efficiency by the year 2020 (compared to projections).

%% The estimation of the potentials is based on data obtained from bottom-up studies.

%% In 2008, the EU-15, whereby most of the countries had certain binding targets, had increased final
energy consumption by 15%, as compared to the levels in 1990.
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Although the EDD targets primary energy demand, the directive also includes
measures related to building renovation and the use of Energy Efficiency Obligation
Schemes (EEOS). The aim of these schemes is to ensure that either all energy
distributors or all retail energy sales companies operating in the territory of an MS
achieve annual energy savings®’ equal to 1.5% of their energy sales, by volume, in
that MS, excluding the energy used in transport. In this context, understanding the
potential roles and costs of different retrofitting strategies is a prerequisite for the
achievement of these energy reduction targets in the building sector.

In the literature, it is frequently and variously proposed the failure to realise the
potentials for energy savings is due to: (a) a lack of knowledge regarding the
characteristics of the buildings; (b) a lack of awareness of the best steps to take for
each building stock; and (c) the complexity associated with implementing energy
conservation measures (ECMs).

Knowledge regarding the characteristics of the buildings is fundamental to
understanding how the energy performance of the building stock can be improved.
What are the size, structure, and dynamics of change of the building stock of the EU?
Are there sufficiently robust data for the buildings in each MS and the regions therein
upon which to base studies of the building-stocks’ energy use? Kohler and Hassler
(2002) used the German building stock as a case study and concluded that most
studies are strongly limited by the absence of reliable statistical data, and international
research confirmed the global scale of this knowledge gap (Moffatt, 2001). Similar
conclusions have been reached by others (Balaras et al. 2007; Bradley and Kohler
2007; Pérez-Lombard et al. 2008; Dineen and O Gallachdir 2011). Despite the
apparent paucity of consistent data, there has been a surge in recent years in the
development and use of models of energy consumption in national building stocks
(Summerfield and Lowe, 2012). A noteworthy effort to gather relevant data is the
European project TABULA, which has very recently mapped data for the existing
residential buildings of 13 MS (IWU, 2012)%,

The lack of awareness as to the best steps to take for improving building stocks is
linked to the formulation and use of modelling tools. What does each MS have to do
to reduce the energy use and CO, emissions associated with buildings? Where to start,
and are there clear opportunities that should not be missed? Although several studies
have provided valuable information on how to evaluate the ECMs for a building stock
(Urge and Novikova 2008; Swan and Ugursal 2009; Kavgic et al. 2010), they have
applied modelling methodologies that are tailored to a specific region or to the
conditions for which they were designed. Although the procedures and algorithms
upon which their methodologies are based are publicly available, their limitations and

2" This level of energy savings, for which it is not clear that an expansion of the market share of the
company is allowed, shall be achieved by the obligated parties among final customers. However, there
are no clear guidelines as to how these energy savings should be estimated.

%8 The project also provides an Excel calculation tool for one building. The calculation of the energy
need for space heating is based on the seasonal method of the standard EN-13790 (2008).
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assumptions are difficult to understand, and key parameters and results may be
fundamentally flawed due to distribution and uncertainty issues. As a consequence,
the tools needed for a comprehensive assessment of the entire building stock are not
yet readily accessible outside the research community. In contrast, user-friendly tools
for energy assessments of individual buildings are already available commercially.

The complexity of the implementation of ECMs refers to the difficulties associated
with exploiting the potentials. There are difficulties linked to the different
characteristics and targets of the energy saving actions and policies, as well as issues
with decision makers’ reactions. First, the EC has designed a set of directives to
promote energy efficiency in the building sector of EU MS, in addition to the above-
mentioned EED, and this set includes the Energy Performance of Buildings Directive
(EPBD) (EC, 2012a), and the Ecodesign and Labelling Directive (EL) (EC, 2009).
These directives target different end-uses, ranging from primary energy to net energy,
and also involve different responsible agents; additional targets may be established by
regional and national strategies. In addition, there are subsidies (e.g., to increase the
use of renewables), as well as regular renovation cycles. How do the existing energy
saving actions and policies overlap and influence each other? What is the nature of the
connections between the different sets of agents, stakeholders, and decision makers
involved? In addition, why have consumers, through their daily market decisions, not
undertaken the level of energy efficiency expenditures that has been found to be
economically attractive? One reason for this is that in addition to the direct costs most
commonly considered in the assessments (i.e., investment and operational costs),
there are indirect costs associated with imperfect markets, non-rational behaviour,
transaction costs, etc. Thus, factors other than the economical operate in a highly
complex manner when ECMs are being implemented.

In summary, much work is still needed to investigate the implementation of energy
conservation and CO, mitigation strategies in building stocks. This thesis explores the
questions that are posed above, by establishing methodological bases, providing first
insights, and pointing towards future studies.
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1.1 Aims and scope

The main objective of this thesis is to investigate the large-scale implementation of
ECMs in existing building stocks from an energy systems perspective. This overall
objective may be divided into two distinct aims: (1) to develop, apply, and evaluate an
assessment methodology; and (2) to quantify the effects of ECMs in terms of net
energy, delivered energy, associated CO, emissions, and costs for building stocks in
selected EU countries. The thesis is based on the research presented in the five
appended papers (Papers 1-V). The appended papers, which are listed conceptually
rather than chronologically, focus on the following topics:

Paper | focuses on building-stock modelling, reviewing the modelling tools
available in the literature and proposing a modelling strategy for assessing
ECMs in building stocks with respect to energy reductions, CO, emissions,
and cost. The details of the proposed modelling strategy and the ECCABS
building stock model are presented.

Paper Il reviews current knowledge regarding the characteristics of the EU
building stock, and introduces the methodology for building stock aggregation
through archetype buildings, which has been developed within the work of this
thesis. Paper Il also describes how the methodology is applied and validated
for the building stocks of France, Germany (only the residential sector), Spain,
and the UK. The four countries are considered to be representative of the
different climatic regions within the EU.

Paper 111 analyses the current energy usage and CO, emissions of the Swedish
residential building stock, taken as being representative of Northern European
countries. The technical potentials for reducing energy use through the
application of a portfolio of energy saving measures are also assessed.

Paper 1V addresses the costs of reducing energy use, investigating the techno-
economic potentials and discussing the market potentials. In addition, the
effects of different interest rates and energy price developments are studied, as
they are of significant relevance to the cost efficiencies of the energy saving
measures. Again, the Swedish residential stock is used as a case study.

Paper V studies the applicability of the methodologies presented in Papers |
and Il to a Southern European country, with Spain being chosen as a case
study. The specific aims were to assess how to account for regional climate
and how to include the non-residential subsector in the technical assessment of
energy saving and CO, mitigation potentials, as well as in the cost assessment.

The research described in this thesis addresses the above-discussed key issues, which
have been identified as factors that have contributed to the failure to realize the
potentials for energy savings and associated CO, emissions in the building stock.



Delimitations

The ECMs studied include the retrofitting of existing buildings by means of different
measures, including energy sufficiency, increased efficiency, and increased supply
from renewable energy sources. The effects of the measures are assessed in terms of
net and final energy, CO, emissions, and costs. In terms of GHG emissions, the
presented results are restricted to CO;, since it is the major GHG emanating from
buildings®. The assessment only takes into account the operating phase of buildings,
which means that the construction and demolition phases are not considered. Cooling
demand™® is not included in the analysis, since in the EU, space heating remains as the
most relevant energy demand in buildings. Improvements to the transformation and
distribution systems outside the buildings are not included in the analyses.

1.2 Project context

The work described in this thesis is linked to the project Pathways to Sustainable
European Energy Systems (hereinafter referred to as the Pathways Project), which is
looking at the ways in which the European energy system might be transformed so as
to be more sustainable, with a special focus on meeting targets for energy efficiency,
reductions in CO, emissions, and increased use of renewable energy (AGS 2011a).
One of the aims of the Pathways Project is to develop a modelling package that can be
used to represent the European energy system, including a work package to analyse
the building sector. Therefore, in addition to the modelling work presented in this
thesis, there are two additional models for the building sector within the Pathways
Project, namely a top-down econometrical model (see Chapter 19 in AGS 2011a) and
a bottom-up engineering distribution model (see Chapter 23 in AGS 2011a). The three
models have been used to provide an overall assessment of ECMs and associated CO,
emissions in the existing European building stock under different scenarios up to Year
2050 (AGS 2011b). O Broin et al. (2011) have reported on how the modelling
approach used in this thesis has been used in combination with a top-down
econometrical approach to investigate future demand for space and water heating in
the existing Swedish residential stock. Mata et al. (2010b) have described how the
methodology has been tailored to the needs of the Pathways Project, while the paper
of Mata et al. (2011) is an early version of Paper IV that focused on the scenario
analysis for the Pathways Project.

In addition, an initial part of the work presented in this thesis was developed and
validated within the framework of a project to assess the Swedish building stock,
which was carried out by the Swedish National Board of Housing, Building, and

2 This is not a model limitation but an input-related issue, i.e., CO,-equivalent emissions can be also
used as input to the model.

% Although cooling demand is calculated in the model (see Paper 1), the model output has not been
used in the analyses presented in this thesis. For an example of how the modeling methodology
presented here, including the cooling demand, has been used to study the impact of climate change on
the energy performances of buildings in Stockholm, see Nik and Sasic Kalagasidis (2013). Further
work is needed to include latent loads in the calculation of cooling demand.
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Planning (NBHBP; Boverket, in Swedish). That work was connected to a large field
investigation of the building stock, called the BETSI Program (NBHBP, 2009). The
assessment performed in the initial work included a quantification of the energy
saving potentials of existing residential buildings, based on data collected during the
BETSI investigation of 1,400 sample buildings. The aim of that assessment was to
elucidate the means and costs to achieve the Swedish target of reducing end-use
energy demand in the Swedish building stock by 20% by 2020 and 50% by 2050. The
results from the initial analysis are published in part in two reports issued by the
NBHBP (NBHBP 2009, 2010).

1.3 Outline of the thesis

This thesis consists of two parts, an introductory essay and the appended papers. The
introductory essay synthesises the results described in the papers, which means that it
does not give a paper-by-paper description. The thesis introductory essay is organized
as follows:

After a short presentation of the research context, aims, and scope of this thesis in
Chapter 1, Chapter 2 discusses the key issues related to building-stock modelling,
such as the different modelling approaches and the corresponding data requirements.
Chapter 3 presents the methodology for describing the building stock through
archetype buildings, the building-stock model developed within the work of this
thesis, and the energy conservation measures and packages investigated. Chapter 4
presents the key results, and a discussion of some critical issues arising from this
work. Conclusions are drawn in Chapter 5, and the possibilities for further research
are summarised in Chapter 6.



2 Key issues for building-stock modelling

The key issues for building-stock modelling discussed in this Chapter are grouped
under the general headlines of building stock categorisation (i.e., what to model) and
types of models (i.e., how to model). The first topic deals with the definition of the
building sector and the subsectors therein. The second topic relates to the different
modelling types, with their strengths and limitations, and includes a description of
how the chosen modelling approach fits the aims of this thesis. This section is
restricted to modelling that has the specific purpose of studying improvements of the
building stock’s energy performance and associated CO, emissions on the national or
European scale.

2.1 Building-stock categorisation

Building stocks are generally categorised into residential and non-residential buildings
(also known as the tertiary or commercial subsector), both of which types are
considered in this work. In the residential subsector, allocations of main and second
residences and vacant units are difficult to follow up due to the constant transfer from
one category to another (Wilhelmsen, 1982). Nevertheless, in general, the residential
subsector is better documented than the non-residential because:

e There is a particular political interest in the residential subsector, especially
with respect to social housing (Kohler and Hassler, 2002);

e The non-residential subsector has generally only been documented for isolated
buildings for technical or cultural reasons (public buildings, industrial
monuments, etc.), with the primary focus being on individual buildings that
are perceived as having outstanding architectural value (Kohler and Hassler
2002);

e Shops and offices can be located within residential buildings, which means
that they are difficult to control and enumerate;

e The classification of non-residential buildings is unclear, as different sources
use different definitions.

A building stock can be described in terms of sample buildings or archetypes. Sample
buildings are herein designated as representing actual buildings (for data obtained
from measurements) and are used as the input for modelling. As the building stock of
a country consists of buildings with different characteristics, an extensive sample of
the buildings is required for derivation of the thermal characteristics of the building
stock. Thus, establishment of the sample requires significant efforts for measuring and
quantifying the parameters of the building sample. Archetype buildings are statistical
composites that provide an approximate description of the building stock, based on
knowledge of the overall building characteristics within the region (e.g., age, size,
construction materials, and house type), in combination with national statistics



relating to the building sector (e.g., energy use, climate) (Moffatt, 2001; Swan and
Ugursal, 2009).

In Papers Il and IV, the Swedish residential building stock is described in terms of
circa 1400 sample buildings, based on information gathered by Boverket in the BETSI
project. Further details regarding how the buildings were selected and how the survey
was performed are given in Paper Il1l. As such detailed knowledge of the national
building stock based on sample buildings is very rare, a description of a building stock
through archetype buildings is proposed in this thesis work (Paper I1).

2.2 Types of models

Currently used techniques to model end-use energy consumption in a building stock®
have recently been reviewed by Swan and Ugursal (2009) and Kavgic et al. (2010).
The current techniques and available models can be divided into bottom-up and top-
down models. Top-down models are based on historic aggregated energy values and
regress the energy consumption of the housing stock as a function of top-level
variables, such as macroeconomic indicators (e.g., gross domestic product,
unemployment, and inflation), energy price, and general climate conditions. The
reliance on historical data is a drawback, as top-down models lack an inherent
capability to model discontinuous advances in technology. Furthermore, the lack of
detail regarding the energy consumption of individual end-uses makes it impossible to
identify key areas for improvements that would reduce energy consumption.
Therefore, top-down modelling is more appropriate to an analysis of the past situation
than to estimations of the effects of changes in consumption trends.

In contrast to the top-down models, bottom-up models calculate the energy
consumption of individual or groups of houses and then extrapolate these results to
represent the region or nation. Bottom-up models can be statistical or engineering-
based. Statistical methods rely on historical information and regression analyses,
which are used to attribute dwelling energy consumption to particular end-uses.
Engineering methods explicitly account for the energy consumption of end-uses based
on power ratings and the use of equipment and systems and/or heat transfer and
thermodynamic relationships. Therefore, bottom-up models have the capability to
determine the energy consumption of each end-use; in doing so, they can identify
areas for improvement and address explicitly the effects of occupant behaviour and
climate-adapted building design. The primary drawbacks associated with this level of
detail are the magnitude of the required input data and the complexities of the
calculation and simulation techniques used.

The choice to be made is not necessarily between a top-down and a bottom-up
approach. A third, so-called hybrid, approach combines an element of bottom-up
technological explicitness with estimations of the behaviours of consumers and firms,
which are part of the top-down modelling approach (Jaccard 2004). Some examples of

31 Swan and Ugursal (2009) focus on residential buildings, but the same modeling techniques can be
applied to non-residential buildings.



hybrid methodologies applied to the building sector have been reported (Jacobsen,
1998; Koopmans and te Velde, 2001; Rivers and Jaccard 2005; Yang and Kohler
2008, Giraudet et al., 2012), and these have focused on understanding the possibilities
for changing the energy consumption of the building stock (e.g., consumer behaviour,
rebounds, and policy effects) without taking into account the different end-uses or
technologies or the interactions between these factors (i.e., only discrete levels of
improvement are assumed).

2.2.1 Modelling approach adopted

For both the objectives of the BETSI project, which focused on quantifying the effects
on specific energy use of applying ECMs, and for the initial steps of the Pathways
Project, which emphasises the energy system perspective, a bottom-up engineering
approach was found to be suitable. This was the case because bottom-up engineering
modelling can be used both to calculate the energy demand for the different end-uses
and to estimate the effects of ECMs, for a set of individual representative buildings,
with the results being extrapolated to represent an entire region. Furthermore, the link
to the BETSI project facilitated the input data for the sample buildings, which were
subsequently employed as representative buildings in the modelling.

Models of this type (reviewed in Paper 1) are not readily available, and those that are
available are tailored specifically to the region for which they were developed.
Therefore, a model was developed in the present work with the aim of making it
applicable to any EU MS. This building stock model is called the Energy, Carbon and
Cost Assessment of Building Stocks (ECCABS) model. Figure 2.1 illustrates the
general modelling process.

Scenarios

Figure 2.1 Overview of the modelling process, as conceived for the Pathways Project.

The main challenge of bottom-up engineering models, as identified above, is to find a
level of detail with a reasonable input data requirement, while retaining sufficient
spatial and temporal resolutions to allow investigations of changes in demand and the
indoor climate environment. To meet this challenge, the ECCABS model combines
hourly calculations and a one-zone approach. The hourly temporal resolution of the
heat-balance allows considerations of temporal changes in demand that result from
occupancy, the use of different appliances, and the effect of solar radiation gains. This
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level of resolution reflects the complexity of implementing measures that involve
management of the building technical systems or user behaviour, and allows analyses
of the effects on indoor temperature of applying ECMs.

The one-zone spatial resolution of the heat-balance implies that the representative
building is modelled, in the so-called building model, as a single thermal zone by
means of an equivalent volumetric heat capacity. This simplified representation has
been chosen for the following reasons:

e To reduce computational time;

e To facilitate data gathering, in that when the data that describe a building stock
are difficult to find, reducing the input data makes it easier to gather data for
regions in which these data are lacking;

e To maintain coherence with respect to the approach. Since the buildings to be
analysed should represent a building stock, they are by definition created from
average values. For instance, instead of separately simulating buildings that
are predominantly exposed to each one of the possible orientations of north,
south, east, and west, it is assumed that the buildings in the stock include all
possible orientations.

In summary, the aim has been to develop a model that represents a good compromise
between providing a sufficiently detailed analysis and minimising the data
requirements and computational time while offering a robust way to determine the
effects and costs of ECMs on entire building stocks under different assumptions for
the future. Thus, the model is in line with the ideal requirements for building stock
models used for energy consumption, as summarized by Kavgic et al. (2010). Thus,
such models should: a) estimate the ‘baseline’ energy consumption of the building
sector disaggregated by different building categories and energy end-uses; b) explore
the effects of different ECMs with respect to costs and CO, emission reductions; and
C) not be restricted to issues that are directly related to energy, but should be capable
of assessing the effects of ECMs on indoor environmental quality.
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3 Method

This Chapter presents the overall bottom-up methodology developed within the work
of this thesis, i.e., the methodology for describing the building stock through
archetype buildings, the building-stock model, and the strategies for energy
conservation investigated.

3.1 Building-stock aggregation

The methodology used to describe a building stock through archetype buildings is
illustrated in Figure 3.1. The methodology follows three distinct steps:

Segmentation of the building stock, in which the number of archetype
buildings required to represent the entire stock is decided. The segmentation
criteria, as given in Table 3.1, include building type, construction year, heating
system, and climate zone. These criteria are chosen because they give a good
representation of the energy demand of the buildings while facilitating data
compilation (i.e., matching the forms of data sources).

Characterisation of the building stock, in which each archetype building is
described by defining and computing its technical characteristics, based on the
segmentation criteria listed in Table 3.1. Reports from official authorities
responsible for dwellings (e.g., national Ministries of
Dwellings/Energy/Environment) provide information about the buildings’
physical characteristics, and regulatory codes are useful for determining the
indoor conditions and thermal properties of the building envelope.

Quantification of the building stock, in which the total number of buildings
in the stock represented by each archetype building is determined. National
statistics are generally adequate to quantify the buildings and their heated floor
areas.

Table 3.1. Segmentation categories to define the archetype buildings proposed in this work,
and relevant building data dependent upon the category.

Category Relevant building data dependent upon the category
Building type Effective heat capacity of the building
Floor area

External surface area
Internal gains
Minimum desired indoor temperature
Maximum desired indoor temperature
Sanitary ventilation rate

Construction year  Average U-value of the building

Window area
Ventilation rate
Heating system Indoor temperatures
Fuels used
Climate zone Average U-value of the building

Outdoor climate data
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4 Validation of the annual final
energy demand of the building
stock (ECCABS model)

3 Quantification of the archetype
buildings in the building stock

1k
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2 Characterisation of the physical
and technical properties of the
archetypes

1 Segmentation Number of
archetypes according to building
type, climate zone, construction year,
and heating system

Figure 3.1. lllustration of the bottom-up methodology to describe a building stock through
archetype buildings, as developed in this thesis. The illustration is based on a figure from
Ribas Portella (2012).

After the aggregation of the building stock based on archetype buildings is completed,
it is used as an input to the ECCABS model, in which the net and final energy
demands for the entire building stock under investigation are simulated. To validate
the building stock description, the final energy demand and associated CO, emissions
for the building stock, derived from the model, are compared with the corresponding
values from national and international statistical databases.

The following EU and international databases are used for the validation of the final
energy demand and CO, emissions that are obtained from the model. These databases
provide data on the building sector and are updated on a regular basis and include:
Eurostat (EC 2011), which is the official database of the European Commission;
ODYSSEE-MURE (Enerdata 2010), which is co-ordinated by the French
Environment and Energy Management Agency [Agence de I'Environnement et de la
Maitrise de I'Energie, ADEME] with the technical support of Enerdata and
Fraunhofer®?; and the Greenhouse Gas and Air Pollution Interactions and Synergies
(GAINS) database of the International Institute for Applied Systems Analysis (IIASA,
2010). The three databases are described in greater detail in Mata (2011), and their
main components are summarised in Paper I1.

%2 Fraunhofer-Gesellschaft, Munich, Germany, 2010.
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3.2 The Building-Stock Model ECCABS

The ECCABS model has been developed in the Matlab and Simulink software
environments® and consists of two parts: a Simulink building-model, which solves
the energy balance for the representative buildings; and a user interface written in
Matlab, which handles the input and output data from the Simulink model, thereby
extending the results to the building stock.

The net energy demand is calculated using the energy balance building model
(calculated for all archetypes or sample buildings that represent the building stock).
The building is modelled as a single thermal zone, with the building thermal inertia
represented by its effective internal heat capacity, Cr, according to ISO 13790 (2008).
It is assumed that the indoor air temperature and the temperature of all the internal
layers are identical. The modelling is carried out using a time series of climatic data
with a 1-hour time step and duration of 1 year. The indoor air temperature is derived
from the differential heat-balance equation:

. dTint (t)

m e = 4 + q(©) + ¢r () + qine () + q(0) (1)

where G, is the effective internal heat capacity of the building (J/K), T, is the
indoor air temperature (°C), g is the transmission-related heat losses through the
building envelope (W), g, is the ventilation heat loss (W), g,- is the solar radiation
gains through windows (W), g, is the total internal heat gains (W), and q is the total
heat provided by the heating/cooling system (W).

Transmission heat losses are calculated for the average thermal transmittance of the
total surface of the building envelope.

The ventilation flow rate encompasses sanitary ventilation and natural ventilation.
Thus, heat loss due to ventilation is modelled as:

Ve-A-(pcyp)

qv(t) = 1000 ok [Tvent(t) - Tint(t)] (2)

where V. is the sanitary ventilation rate (I/s/m?), p, is the air density (kg/m®), cpais the

specific heat capacity of the air (J/kg K), 4 is the heated floor area of a building (m?),
and Tye,: IS the temperature of the supply air (°C). The sanitary ventilation
corresponds to the minimum ventilation flow rate required to assure a healthy indoor
environment, and it does not necessarily have to be provided mechanically. Regarding
natural ventilation, it is assumed that the occupants open the windows when the
indoor air temperature exceeds the upper comfort limit T,,. Thus, natural ventilation
occurs normally during the summer season. In buildings that lack heat recovery from
the exhaust air, the temperature of the supply air is the same as the outdoor air

% \wwww.mathworks.com
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temperature. If a heat recovery system is present, the supply air is preheated by the
exhaust air. Depending on the outdoor air temperature T,,,;, the temperature of the
supply air is obtained from:

Tvent(t) = Tout(t) + HRec_Eff ’ [Tint(t) - Tout(t)] ’ if Tout < 15°C (3a)
Tvent(t) = Tout(t)' if Tour = 15°C (3b)
where Hg,. g¢ is the efficiency of the heat recovery unit (0-1).

Since the model is to be applied to all buildings in a building stock, no specific
orientation of the windows is considered, and a single horizontal window is taken as
representing the total area of all the windows in the building. The difference in the
levels of solar irradiation on differently oriented facades is compensated by the
constant C,,;. Solar gain from the solar radiation through windows is defined by:

qr=Ts - W, 'Wf'Sw “Lso1 " Csor (4)

where T, is the coefficient of solar transmission of the window (0-1), W, is the
shading coefficient of the window (0-1), W is the frame coefficient of the window
(0-1), S,, is the total surface of windows in the building (m?), I, is the global
irradiation on horizontal surface (W/m?), and Cj,; is the above-mentioned constant,
which can be derived from:

Cooy = Iy +Is+ 1w+ IE)/IH (5)

where Iy, Iy, Is, Iy, and Ig are the solar energy levels transmitted through,
respectively, a horizontal, north, south, west, and east window (kWh/m? per year).
The weather files that are required as input to the model have to be created according
to the structure described in the International Building Physics Toolbox (Sasic
Kalagasidis, 2006), and they must include hourly values for: outdoor temperature
(°C); global solar irradiation of horizontal surfaces (W/m?); diffuse irradiation of
horizontal surfaces (W/m?); and normal direct irradiation (W/m?). Each representative
building has to be assigned to a specific location or climatic zone, as the investigated
region may have to be subdivided into different climatic zones. The values for the
constant C,; obtained in the present work for the different countries investigated are
summarised in Table 3.2.

Table 3.2. Values for the constant C,,; obtained in the present work for the five countries
investigated.

Country investigated France Germany Spain Sweden United Kingdom
Csol 0.585 0.634 0.514 0.650 0.610

Internal heat gains include heat generated in the building by internal sources other
than the space heating system, i.e., heat gains derived from the metabolic activities of
the occupants, as well as the heat released by appliances, lights, and ventilation fans.
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Heat demand is defined as the heating power that is required to maintain the indoor air
temperature at a given level. The heating system, which is characterised by a finite
power and response time, is turned ON if the indoor air temperature is lower than a
minimum indoor temperature. Otherwise, the heating is in the OFF position. Cooling
demand is calculated in a similar way, which means that it does not include latent
loads. In buildings with mechanical supply-exhaust ventilation systems or exhaust air
heat pumps, the part of the heating demand for the sanitary ventilation losses
recovered in a heat exchanger is also taken into account.

The total net energy demand, E1 , is calculated from:
Erot = D1 + Dyear+Dhotw (6)

where Dg; is the annual electricity demand, including the electricity required for
lighting, appliances, water pumps, and fans (KWh/yr), Dy.q: IS the annual heating
demand minus the total heat recovered by the supply-exhaust ventilation system and
the exhaust air heat pump (kWh/yr), and Dy, IS the annual heat demand for hot
water (kWh/yr). The net energy demand is converted into final energy demand using:

Epetiverea = Etot/1 (7)

where p is the overall (weighted-average) efficiency of the energy conversion
equipment and apparatus used for the delivery or production of space heating, hot
water, and electricity for lighting and appliances. The value of p is calculated from:

U = Wheat " UHeat T Dcool * Hcool T WEL ™ UL + WHotw ™ KHotw (8)

where @-s represents the weighting coefficients for the different end-uses. If more
than one energy carrier is used, the weighting coefficient for, for example, space
heating is calculated from:

Wheqt = Zi DHeat,i [Etor = Zi Wheat,i (9)

where i denotes the energy carrier. The CO, emissions associated with the energy
demand in the building stock are deduced by applying the emission factors for the
different energy carriers to the energy delivered, as obtained from the modelling. The
reductions in energy demand and CO, emissions that could be achieved by the
application of the ECM are calculated in relation to a baseline year in which no ECMs
are applied.

The cost of reducing energy use and associated CO, emissions is calculated based on
the investment costs provided as inputs (cf. Table 3.3) and the modelled technical
potential energy reductions (ES) to be achieved by implementing the ECMs.

16



Since both the technical potential energy savings and their corresponding saved
energy costs (C,) are calculated on an annual basis, the net annual costs are calculated
as (EC, 2012):

NAC = EAC + C, (10)

where EAC is the equivalent annual cost (€/yr); and C, is the annual running costs
(€lyr). The investment cost is also given as equivalent annual cost according to:

_C R
EAC =1 /1_(1+R/100)_n (11)

where (yis the initial investment cost of the measure (€), which can be provided as
Euro per heated area, as Euro per surface to be retrofitted or as Euro per dwelling; Ris
the discount rate (0-1); and n is the lifespan of the considered measure (yr). Both the
investments and the savings are annualised. Therefore, Eqn. (10) implies a continuous
investment perspective for the calculation period. The annual running costs are given

by:

C, =M.+ C,+C, (12)
where M. is the maintenance costs, C, represents the operational costs, and C, is the
energy costs (EN 15459, 2008) calculated as the annual cost of the energy saved ES,
based on the energy prices for the different scenarios and time periods applied, and

thus are generally an economic gain. If the calculation period is longer than 1 year, C,
is multiplied by a discount factor R, :

= Jarry,,) (13)

where R is the discount rate, and N is the number of years to be discounted back to the
starting year.

The cost-effectiveness of the ECMs is given by the net annual unit cost for energy
saving CE (€/kWh saved):

where NAC is the net annual cost of the ECM (€/yr) defined above, and ES is the
annual energy saved due to the application of the measure (kWh/yr). A measure is
considered cost-effective if the value of CE is negative, i.e., the achieved cost saving
from applying a measure exceeds the investment cost for the measure. The net annual
cost for CO, avoidance (AC, in €/tCO, avoided) is calculated in a similar way using
the reduction in CO, emissions arising from the application of the ECM (tCOy/yr)
obtained from the modelling.
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Table 3.3. Summary of inputs and outputs in the ECCABS model (see Paper | for a detailed

description of the inputs and outputs and their units).

Inputs

Outputs

Building stock description®

Area of heated floor space

Total external surfaces of the building

Total window surface area of the building

Shading coefficient of the window

Frame coefficient of the window

Effective volumetric heat capacity of a heated space
Coefficient of solar transmission of the window
Average U-value of the building envelope
Response capacity of the heating system

Maximum power rating of the heating system

Heat losses of the fan to the indoor air

Specific fan power

Efficiency of the heat recovery system

Electricity consumption of water pumps

Minimum indoor temperature

Indoor temperature level above which the opening of
windows/natural ventilation is assumed to occur
Initial indoor temperature

Minimum ventilation flow rate (sanitary ventilation)
Natural ventilation flow rate

Average constant heat gain due to people being present in the

building
Average power demand for hot water production

Net Energy demand by End-
Uses'

Space Heating

Hot Water

Electricity

Total

Fuel description®

Fuels used in each building type
Efficiency of each fuel

Carbon intensity of each fuel

Final Energy Use by Fuels"?
Space heating

Hot water

Lighting

Appliances

Total

CO, emissions associated
Technical potentials®™ 3

Costs description

Interest rate

Lifetime of the measure over which the annual cost saving is
supplied®

Cost per heated area’

Cost per surface below ground to be retrofitted (basements)
Cost per surface above ground to be retrofitted (facades) ®
Cost per surface of roof/attic to be retrofitted®

Unitary cost®

Average surface of an apartment dwelling

Surface of the building envelope below ground (basements) *
Surface of the building envelope above ground (facades) *
Surface of the building envelope corresponding to roof /attic’

Cost assessment™*

Equivalent annual costs

Cost of energy saved

Net cost for energy-saving

Net abatement cost
Techno-economical potentials®?
Market potentials®?

YFor each building type

’For each of the fuel types: Electricity; Oil; Gas; Biomass/Waste; and District Heating.

3For each energy conservation measure assessed
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The ECCABS model provides the outputs of net energy demand by end-uses and final
energy demand (Table 3.3). The outputs are given for each different building type
analysed and in aggregated form for the building stock. As the data regarding net
energy demand are not given in the statistics, the model contributes to the description
of energy use in a building stock. Other model outputs, such as the final energy use of
an entire country building stock, are readily found in the national statistics, although
they are rarely available for other sizes of building stocks (e.g., for a housing
company, a neighbourhood or a local region).

The model is explained in Paper I, and the latest update for the cost calculations is
provided in Paper IV. Mata and Sasic Kalagasidis (2010) have described how the
initial so-called EABS model (Mata and Sasic Kalagasidis, 2009) was extended to
include carbon and cost assessments; Mata et al. (2010a) have demonstrated a
simplified method for cost calculations, which are essential for allowing the model to
be used with the available inputs for any building stock.

3.2.1 Model Validation

The different parts of the model have been tested as follows:

The accuracy of the energy balance model (in Simulink) has been validated using
comparative and empirical methods (for a description of these validation methods, see
Judkoff and Neymark, 1995), as presented in Paper 1. In the comparative validation,
the modelling results for two buildings, an office building located in Barcelona, Spain
and a residential building in Képing, Sweden, were compared to the results obtained
from other models that have been validated using the standard BESTest procedure
(ANSI/ASHRAE, 2007). Specifically, for the Swedish residential building, the
calculated heat demand was found to be in good agreement (within 1%) with the
values calculated using HAM-tools [see the model validation description in Sasic
Kalagasidis et al. (2006)] (Mata and Sasic Kalagasidis, 2009). Regarding the Spanish
office building, the calculated heat demand was also in a good agreement with the
values calculated using DesignBuilder/EnergyPlus [see the model validation
description in Henninger et al. (2003)]. In addition, the results for indoor temperature
obtained in the present work were compared with those obtained for the Spanish
building during a warm week, using the DesignBuilder software. As DesignBuilder
allows detailed simulation of natural ventilation, it provided hourly based results that
were closer (i.e., in terms of the amplitude and phase of the indoor temperatures) to
the measured values than those provided by the model used in the present work. These
discrepancies between the ECCABS model and the measured temperatures in terms of
the results for the amplitude and phase of the indoor temperatures can be attributed in
part to uncertainties related to some of the input values, given the characteristics of
the buildings (i.e., large glass facades, ventilated basement, natural ventilation, and
extensive exposure to the sun), and also to the fact that the cooling demand is covered
exclusively by natural ventilation. Nevertheless, the average temperature values
obtained with the two models were similar (26.1°C with ECCABS and 26.3°C with
DesignBuilder).
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In the empirical testing, the results of the model were compared with experimental
data for the above-mentioned buildings. For the Swedish residential building, the
calculated annual heat demand (101.6 kWh/m?) was found to be in good agreement
with the measured values (97.4 kwWh/m?), corresponding to a difference of <1% (Mata
and Sasic Kalagasidis, 2009).

For the validation of final energy demand, the aggregated model results have been
compared to corresponding data for the Swedish and Spanish building stocks, which
are found in the national statistics and international databases. The resulting final
energy demand for all countries is in general agreement (within +2% to -7%, as
summarised in Table 3.4) with the international statistics. Further details are presented
on the validation for Sweden (residential buildings only) in Paper III, on the
validation for Germany (residential buildings only), the UK, and France in Paper I,
and on the validation for Spain in Papers Il and V, as well as in the paper of Medina
Benejam et al. (2012).

Table 3.4. Deviation of the resulting final energy demand in the reference year (TWh/yr) from
the corresponding data available in statistics, for the different countries studied. The sources
used for the comparison are specified in the table.

Country  Subsector In this work In other sources Deviation
from sources

France R 437.1 472.1 (Enerdata, 2010) -1%
460.0 (ADEME, 2006) -5%

NR 186.3 188.3 (MSD, 2007) -1%

Germany R 684.2 680.0 (Mayer, 2010) +1%
688.3 (BWT, 2010) -1%

Spain R 178.4 175.2 (EC, 2011) +2%
176.2 (IIASA, 2010) +2%

NR 91.9 98.6 (EC, 2011) -6%

97.7 (HASA, 2010) -5%

Sweden R 91.8 92.2 (NBHBP, 2009) -1%
UK R 571.8 563.7 (DECC, 2011) +1%

NR 814 79.9 (DECC, 2011) +2%

Furthermore, the influence of each specific model input/building characteristic on the
total energy demand, as obtained from the modelling, has been quantified by
normalized sensitivity coefficients. These coefficients represent the corresponding
percentage change in the output variables given a 1% change in the input parameter
(Firth et al., 2010). The results of the sensitivity analysis, which are presented in
Paper 11, highlight the six input parameters that have the greatest influences on the
modelled energy demand. For all the countries studied, indoor temperature has the
highest impact on the modelled energy demand, which is directly related to
occupants’ behaviours and lifestyle preferences. The properties of the building
envelope have the second highest impact on the energy demand. These properties
include of course the average U-value of the envelope, but also the surface area of the

20



envelope and the characteristics of the windows (i.e., area, and percentage of window
frame). Finally, hot water demand exerts an influence in the residential sector, as this
demand corresponds to 9%—-20% of the total final energy demand for the sector in the
five countries investigated. However, for the non-residential sector, ventilation and
lighting have higher relevance than hot water demand.

The validation of CO, emissions is done by comparing the results obtained from the
modelling for the baseline year to the corresponding available statistics. The
validation for the Swedish case for baseline year 2005 is presented in Paper I1l. The
values for CO, emissions derived from the overall residential stock are provided by
Enerdata (2010) (4.77 MtCQO,) and the Swedish Energy Agency (2011) (5.32 MtCOy),
and are similar to the value of 4.92 MtCO, estimated in the present work. The
validation for the Spanish case is presented in Paper V. The total annual CO,
emissions for baseline year 2005 excluding electricity (29.3 MtCO;) are similar to the
corresponding level given by the EC (2011) (29.6 MtCO,), while for the CO,
emissions related to electricity there are no data available in the statistical databases
that could be compared to the figures obtained in the present work3*. Furthermore,
neither the literature nor the statistics contain disaggregated data on CO, emissions for
the different building categories of the subsectors for any of the countries
investigated. Thus, a comparison on this level using the results obtained in the present
work could not be performed.

In summary, the modelling methodology described in this thesis is a first attempt to
establish a tool to quantify the effects of energy saving and CO, mitigation strategies
for an entire building stock, thereby laying the groundwork for discussions of policy
implications. In its present form, the methodology developed within this work is
applicable to any of the EU countries investigated, whereas applications to other
countries may require adaptations to local conditions.

3.3 Energy conservation measures investigated

Conservation measures can be regarded as a combination of sufficiency (decreasing
demand), efficiency (increasing the efficacy with which a specific outcome is
produced), and the use of renewable energy sources (RES). In this thesis,
conservation measures are investigated with respect to their effects both on energy
and associated CO, emissions.

Sufficiency measures refer to reductions in net energy demand, i.e., the actual needs
of the building that are modelled from the energy balance equation. Therefore,
sufficiency represents the interplay that occurs between transmission, radiation,

% pagés-Ramon (2012) and EC (2011) report on equivalent CO, emissions, which includes other GHGs
in addition to CO,, such as CH, and NO,, which means that the reported values cannot be used for
comparison here. The current work investigates how to include all GHG emissions; the main obstacle
to this task is that data for all the GHG emissions related to the production of the different fuels are
lacking.
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ventilation, and internal loads to minimise the net energy demand for space heating*
and lighting. Transmission and radiation loads can minimise net energy demand by
means of a well-performing building envelope, as well as climate-adapted design and
passive strategies, such as the orientation of the building, its form, volume and
placement with respect to the surroundings, or the fulfilment of sunshine and daylight
requirements. Ventilation and internal loads are dependent upon the number of
occupants and the equipment installed in the building (i.e., fans, lighting, and
appliances), as well as on the management of the equipment, which can be performed
by the occupants or automatically [e.g., via smart systems for Demand Side
Management (DSM)]. An additional determinant of the net energy demand is the use
to which the building is put, e.g., the allocation of activities with respect to climate
loads™. However, climate-adapted design, passive strategies, and improvement of the
use and management®’ of the building are not investigated as ECMs in the present
work.

Efficiency measures refer to the efficacy with which the above-described net energy
needs are met by the technical systems of the building, which encompass the technical
equipment for heating, cooling, ventilation, hot water, and lighting.

In addition, the final energy demand of a building can be reduced by using on-site
RES, such as solar thermal, photovoltaic (PV) systems and biomass boilers. In fact,
buildings may be regarded as power generators rather than as energy consumers.

In the assessment of the Swedish residential stock (Papers 11l and IV), only so-called
energy saving measures (ESMs) are investigated, since the Swedish targets (as
outlined in Section 1.2) refer to reductions in net energy use. These ESMs are
described in detail in Section 3.3.1. The assessment of the Spanish building stock
includes, in addition to these ESMs, boiler replacements, changes in energy carrier for
heating systems and supply from on-site RES. Therefore, in Paper V, so-called energy
conservation measures (ECMs) are investigated.

Regarding the potential reductions in energy use and associated CO, emissions
described in the present work, it is important to note that they relate to the application
of ECMs both individually and in an aggregated form, with the aggregated
application being used to investigate different implementation possibilities. In the
individual case, the ECMs are modelled one at a time, to provide simply an indication
of the potential energy saving and CO, emission reduction that can be obtained from
each ECM, together with their associated costs. However, these potentials cannot be

% For the end-uses of hot water and electricity, the net energy demand is directly linked to the
occupants’ consumption patterns (and for hot water, also to the use of aerator taps).

% For instance, when assigning the lectures for a summer workshop in a university building that is
rather unoccupied, one can choose between the highly irradiated lecture rooms of the southern facade,
or the fresher rooms on the northern side. The former option implies a cooling demand, while the latter
option probably does not.

%7 See Lopez and Cuchi (2005) and Lépez Plazas (2006) for an example of how optimisation of the use
and management of the buildings confers a 30% reduction in the energy demand of a university
campus.
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summed to derive the overall effect of the ECMs. In the aggregated approach, several
measures are applied simultaneously, given that the effect of one measure can
influence the effects of other ECMs. Nevertheless, when ECMs are applied in an
aggregated form in packages it is not possible to distinguish the contribution of each
ECM to the overall effect of the ECM package.

With respect to the technical potential, it is assumed that the energy savings from each
individual ECM or package are fully achieved. Thus, in this thesis, the technical
potential is defined as the reduction of energy use and associated CO, emissions that
could be obtained by implementing an already demonstrated ECM, without specific
reference to costs. In addition, the techno-economical potential is also calculated, i.e.,
the part of the technical potential that is cost-effective in relation to market costs using
societal discount rates, with CO, taxes included in the energy prices, as discussed in
Paper 1V. Finally, an approximate estimate of the market potentials is derived from
the techno-economical potentials, albeit using private discount rates instead of societal
discount rates. Market potentials are discussed in Papers IV and V.

3.3.1 Individual ECMs

The number of measures is not predetermined in the model, which allows assessment
of any measure that entails a change in the inputs listed in Table 3.3 (Section 3.2).

In total, thirteen ECMs have been assessed during the course of the work described in
this thesis. The ECMs are listed by number in Table 3.5, together with the
corresponding numbers that are used to identify the measures in this introductory
essay and in Papers I11-V. The types of measures can be interpreted in the light of the
above. Thus, the sufficiency measures are: improvement of the U-values of cellars,
facades, and attics (ECMs 1-3); window replacement (ECM 4); reduction of hot water
demand by installing aerator taps (ECM 8); and reduction of indoor temperature
(ECM 10). Efficiency measures are defined for the different building technical
systems: installation of heat recovery systems (ECM 5); replacement of lighting
equipment, appliances, and water pumps by equipment that is 50% more efficient
(ECMs 6, 7, and 9); and replacement of the existing oil and gas boilers by boilers that
have an assumed efficiency of 90% (ECM 12). The measures based on RES include
solar collectors for hot water production (ECM 11) and replacement of the existing oil
and gas boilers by biomass boilers with an assumed efficiency of 90% (ECM 13).

The development of the modelling methodology started with a list of twenty-three
measures to be assessed for the Swedish building stock, as suggested by Boverket in
the framework of the above-mentioned co-operation within the BETSI program. A
detailed description of the measures is provided elsewhere (NBHBP, 2009). To
facilitate the modelling and data-gathering for other countries, the measures were
grouped into a portfolio of ten measures. Validation of the reduced number of
measures has been presented by Mata et al. (2010a). The validation involves
comparing the resulting energy saving potentials and costs obtained using the twenty-
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three measures with those obtained using the ten measures. The results for the ten
measures are presented in Papers 111 and 1V.

Of the ECMs studied for Sweden, i.e., ECMs 1-10, the reduction of indoor
temperature was found not to be applicable to Spain, where the indoor temperature of
dwellings was assumed to be acceptable from 18°C. The results presented in Papers V
refer to the ten ECMs (1-7 and 11-13).

Table 3.5. Summary of the ECMs investigated in this thesis.

#Inthis  Paperslll PaperV Description of ECM

essay and IV

1 1 1 Improvement of U-value of cellar/basement

2 2 2 Improvement of U-value of facades

3 3 3 Improvement of U-value of attics/roofs

4 4 4 Replacement of windows

5 5-6 5 Installation of ventilation systems with heat recovery

6 7 6 Replacement of lighting equipment by more efficient
equipment

7 8 7 Replacement of appliances by more efficient equipment

8 9-10 na Reduction of hot water demand

9 11 na Replacement of water pumps by more efficient ones

10 12 na Reduction of indoor temperature

11 na 8 Installation of solar collectors for hot water production

12 na %9a Replacement of the existing boilers by boilers with an assumed
efficiency of 90%

13 na 9 Replacement of the existing gas and oil boilers by biomass

boilers with an assumed efficiency of 90%

na, Not applicable.

3.3.2 Possibilities for implementation — packages of ECMs

In Papers 111 and IV, ECMs are applied simultaneously (Package A3%*: ECMs 1- 10).
Nevertheless, other groupings of measures, created either for technical or operational
reasons, may be reasonable. For instance, one could replace the windows and at the
same time check the building envelope for air leakages. It may also be reasonable to
retrofit the envelope before installing a ventilation system with heat recovery.
However, a building owner might consider it easier to switch from a private boiler to
DH rather than retrofit the envelope. Furthermore, subsidies (to increase the use of
renewables, for instance) and regular renovation cycles influence decisions as to the
retrofitting of a building.

% Although this package is termed ‘A3’, it appears in this introductory essay before packages Al and
AZ2. This is done to avoid any confusion linked to renaming packages Al and A2, which are referred to
as such in Paper V, from which the figures are taken.
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Thus, in Paper V, the following alternative combinations of ECMs have been
investigated:

1) Application of a large number of ECMs, aiming at extensive energy-saving
renovations:

o Package Al (ECMs 1-7 and 11-13) corresponds to a comprehensive
retrofit, which includes energy sufficiency, energy efficiency, and use
of renewables. This intervention is in line with a standard-based
retrofit, as required by the Spanish building energy code (CTE, 2006)
for integral renovation projects (>1000 m?).

o Package A2 (ECMs 1-7) excludes the installation of boilers and solar
collectors. This package is applicable, for instance, to the majority of
existing apartment buildings (MFD) in Spain with individual heating
systems and no access to a solar-irradiated surface.

2) Application of ECMs that have a different focus, based on technical,
constructional, and operational considerations, in an unregulated renovation
market®, namely:

o Package B1 (ECMs 1- 4) improves the building envelope, thereby
targeting net energy demand. This intervention is linked to natural
renovation cycles and applies, for instance, to facades that have to be
renovated anyway. The window of opportunity is a key issue here,
since the lifespan of these EMSs (30-40 years) is the longest of all the
ECMs;

o Package B2 (ECMs 4 and 5) involves improvements to the ventilation
system, i.e., heat recovery and airproofing of the building envelope
through windows replacement;

o Package B3 (ECMs 6 and 7) reduces the electricity demand for lighting
and appliances, thereby targeting final energy demand. As an example,
this package conforms with the EL directive (EC, 2009), and has the
shortest lifespan (1-5 years), since lighting and appliances are
frequently replaced;

0 Package B4 (ECMs 11-13) meets the net energy demand by renewable
means, i.e., through the use of solar collectors and the installation of
efficient (biomass) boilers, thereby targeting CO, emissions. This
package is concordant with the need to replace a boiler that is no
longer operational and provides the possibility to benefit from
subsidies designed to increase the use of RES.

% For instance, if there are no requirements for improvements in the building energy performance when
the building is renovated.
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4 Results and Discussion

The results described in this Chapter are based on the work presented in Papers I-V.
The results are not presented on a paper-by-paper basis, but are instead discussed
according to topic, whereby some of the results are taken directly from the papers
while other results have been added during the course of this thesis.

4.1 Building-stock description

Table 4.1 presents the numbers of archetypes for the four countries investigated. Note
that Swedish buildings are not included in the table, as sample buildings were used to
represent the building stock for Sweden. The numbers of subtypes in the categories of
building type and construction year show the greatest differences between the
countries, since these subtypes reflect historical events, traditions in relation to
building styles, and changes in construction techniques and building regulation codes.
With respect to building type, the way in which the data sources are compiled
generally allow clear differentiation between residential (R) and non-residential (NR)
buildings. Within the R buildings, the numbers of subtypes required to define the
building stock range from only single-family dwelling (SFD) and multi-family
dwelling (MFD) subtypes in Spain to the more detailed four or five subtypes required
for the building stocks in Germany and the UK (Table 4.2).

Table 4.1. Numbers of archetype buildings for the different countries, as obtained from the
analysis described in Section 3.1 (cf. Table 3.1 for a detailed description of the categories).

Segmentation category France Germany Spain UK

R NR R R NR R NR
Building type 3 5 5 2 4 5 3
Construction year 3 3 10 4 4 7 7
Climate zone 3 3 3 5 5 4 4
Heating system 2 - - - - 2 -
Total number of archetypes 54 45 122 40 80 192 84

R, Residential; NR, non-residential (Paper II).

Table 4.2. Subtypes within the Building-Type category proposed in this work, and the
countries in which it is used.

Categories Residential type Non-residential type

Building type MFD, Multi-family Dwelling (DE, ES, UK) O, Office (ES, FR,UK)
SFD, Single-family Dwelling (DE, ES, FR) C, Commercial (ES, FR)

AP, Apartment block <10 floors (DE) SCL, Sports, Culture and Leisure
HH, High-rise buildings >10 floors (DE) (ES, FR)

PrMFD, Private MFD (FR) E, Educational (FR)

PuMFD, Public MFD (FR) H, Health (FR)

D, detached (UK) Re, Retail (UK)

SD, semidetached (UK) W, Warehouse (UK)

T, Terraced (DE, UK) X, Other services (ES)

B, Bungalow (UK)
X, Others (UK)

DE, Germany; FR, France; ES, Spain; UK, United Kingdom (Paper II).
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The required number of climate zones in the country, when defining the archetype
buildings, depends on the country’s variations in altitude and latitude, as well as
differences in exposure to seas/oceans. Thus, Germany needs only three climate
zones, while five weather zones are needed for Spain. In all, fifteen climate zones are
identified in the four countries. Since the archetypes described in the present work
aim to be representative of a fraction of the the buildings in the EU, it should be
cautioned that the literature in this field variously proposes different climatic zones
for EU, ranging from three zones (Ciscar, 2009) to five zones (Tsikaloudaki, 2012).
Both of these reports group EU countries into regions, although Tsikaloudaki (2012)
takes into account both the heating and cooling energy needs (i.e., in degree days,
DD) of each specific location, regardless of the country. While an analysis of the
number of climatic zones required for modelling the EU is outside the scope of the
present work, it should be noted that the countries considered in this thesis belong to
the regions considered in the above-mentioned different climatic zone proposals for
the EU.

Figure 5.1 shows the average U-values of the buildings in each country for residential
(SFD and MFD) and non-residential buildings, as obtained from the archetype
description in this work. In general, the U-values are lower in the colder climate zones
and higher in the warmer zones, with Spain and Sweden having the highest and lowest
average U-values, respectively, for all the building types investigated. Eurostat reports
the number of annual degree-days of reference (DDn/yr) for EU countries as follows:
Spain, 2136; France, 2250; UK, 3164; Germany, 3749; and Sweden 3806. However,
in spite of the colder climate in Germany, the U-values of German buildings (i.e., 1.1
W/m?K for SFD and 1.5 W/m?K for MFD) are higher than the corresponding values
for UK buildings (i.e., 1.1 W/m?K for SFD and 1.2 W/m°K for MFD). MFD buildings
in the UK have on average surprisingly low U-values, perhaps due to the fact that
residential buildings constructed before 1985 have an average U-value of around 1.3
W/m?K, as reported previously (cf. Arababadi [2012] for a summary of the U-values
reported in [Johnston, 2003; Petersdorff, 2006; Firth, 2010]). In the other three
countries, the older buildings (built before 1985) have U-values >2.0 W/m’K, with U-
values up to 3.5 W/m?K in France for the oldest Public MFDs which are not yet
refurbished. Another interesting result is that despite their similar climates Spanish
buildings have significantly higher U-values (i.e., around 1.9 W/m?K for all building
types) than French buildings (i.e., 1.1 W/m°K for SFD, 1.6 W/m?K for MFD, and 1.3
W/m?K for NR); and Swedish buildings have significantly lower U-values (i.e.,
around 0.5 W/m?K for all building types) than German buildings (i.e., 1.1 W/m?K for
SFD and 1.5 W/m?K for MFD) . Therefore, it can be concluded that U-values are not
related exclusively to climate type.
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Figure 4.1. Comparison of the U-values for the existing single-family dwelling (SFD), multi-
family dwelling (MFD), and non-residential (NR) buildings of the five countries investigated

(Paper II).
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Table 4.3. Annual net energy demand (TWh) in the reference year for the different countries
studied.

Country France Germany Spain Sweden UK

Heating 263.2 854 560.6 1019 31.2 65.5 279.8 293
Hot water 69.7 16.8 47.7 25.6 1.8 8.8 95.9 54
Electricity* 1042 84.1 76.0 350 59.0 17.7 101.8 46.7
TOTAL 437.2 186.3 684.2 1784 919 91.8 4729 814

'(*,\;frt]‘i;”'oor”ea 22606 7583 3260.8 12941 3149 537.8 23607 432.1

* Electricity for electrical appliances, lighting, hydro pumps, fans and air conditioning.
R, Residential; NR, non-residential.

Furthermore, the modelling itself allows characterisation of the energy usage in the
existing building stock by providing modelled data. For example, data on net energy
by end-use (Table 4.3) is not currently available from existing databases of statistics
on building stocks, and it can serve as a basis for other modelling analyses.

4.2 Technical potential energy savings and associated CO,
emissions avoided

The technical potentials for energy savings and associated CO, emissions have been
investigated for Swedish R buildings (Paper I11) and for Spanish R and NR buildings
(Paper V). This chapter presents the results in an aggregated form for the residential
and non-residential buildings in each country, even though Papers Ill and V give the
results for the different building types according to subsector.

4.2.1 Individual ECMs

Effects on net energy demand per end-use

The modelling facilitates investigations of the effects of the ECMs on all energy end-
uses in the building. Some ECMs influence only a single end-use (e.g., space heating
or hot water), whereas other ECMs, such as the installation of heat recovery and
increased efficiency of lighting and appliances (ECMs 5-7), exert effects on the net
energy demands for both space heating and electricity.

Table 4.4 shows how the installation of mechanical ventilation with heat recovery
(ECM 5) decreases heating demand, although in both the Swedish and Spanish R
buildings it also increases electricity use due to operation of the fans. Nevertheless, in
NR buildings, the implementation of ECM 5 would involve replacement of the
installed ventilation systems with heat recovery systems*°, which would only result in
decreased space heating demand. When the electricity demand for lighting and
appliances is reduced (ECMs 6 and 7), so is the heat released from the lights and
appliances to the indoor air. Thus, the demand for space heating increases (the

%0 |t is assumed that both systems are exhaust-only, although one includes an air source heat pump that
recovers energy from the exhaust air.
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negative values in Table 4.4). However, the application of ECMs 6 and 7 results in
overall energy savings.

Table 4.4 Effects of selected ECMs on net energy demand reductions by end-use (TWh/yr) in
the Swedish residential (R) buildings, and in the Spanish R and non-residential (NR)
buildings.

Measure End-use Sweden - R Spain - R Spain - NR
Installation of Heat Recovery Space Heating 221 8.1 6.1
systems (ECM 5) Electricity -0.5 -3.3 0
Total 21.6 4.8 6.1
Increased efficiency of lighting Space Heating -15 -5.9 -16.4
(ECM 6) Electricity 1.8 12.1 314
Total 0.3 6.2 15.0
Increased efficiency of appliances Space Heating -4.3 -4.1 -1.5
(ECM 7) Electricity 53 8.5 3.2
Total 1.0 44 1.7
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Sweden-R
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Spain-NR
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Figure 4.2. Levels of reduction in final energy demand by fuel (% of baseline year, x-axis) for
each of the ECMs studied (y-axis) for Swedish residential (R) buildings, and Spanish R and
non-residential (NR) buildings, as obtained in the present work.
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The overall energy savings from ECMs 5-7 are listed in Figure 4.2, which combines
the results presented in Table 4.4 with the details of the fuels used in the different
archetype buildings. Thus, Figure 4.2 presents for the Swedish R buildings and
Spanish R and NR buildings, the distributions of the potential final energy savings for
the individual ECMs categorised by fuel. It is clear from Figure 4.2 that the decrease
in electricity demand that results from the implementation of ECMs 6-7 entails an
increase in the demand for the other fuels used for space heating. It is also noteworthy
from the figure that the potential reductions in final energy demand for installing solar
collectors for hot water production (ECM 11) and for replacing gas and oil boilers
(ECMs 12-13) are less substantial in the NR than in the R subsectors, owing to the
different distributions of end-uses and fuel types within these subsectors. In this
context, hot water demand in the NR sector accounts for only 2% of the total energy
demand, while it accounts for 10% of the total energy demand in the R sector, and gas
and oil consumption in the NR sector accounts for only 4% of the total energy
demand, while the corresponding value for the R sector is 42%.

Final energy demand reductions

Figure 4.3 summarises the technical potential reductions in terms of reduced final
energy and associated CO, emissions (as % of the final energy demand in the baseline
year), as derived from modelling the ECMs individually in the Swedish and Spanish
building stocks. These potential savings are calculated on the assumption that there
are no changes in the energy systems with respect to the efficiencies of the different
energy carriers.

m Sweden-R mSpain-R = Spain-NR ®Sweden-R ® Spain-R = Spain-NR
25% 40%
20% +---------mm- - B e L e EE PR LY -

25%

15% 4 ===========- = -4 -

10%

5%

0%

Figure 4.3. Potential reductions in annual final energy (in colour) and associated CO,
emissions (in grey), given as percentages of the baseline values (y-axis) for each of the ECMs
studied (x-axis) for Swedish residential (R) buildings, and Spanish R and non-residential (NR)
buildings, as obtained in the present work.
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In both countries, the different forms of envelope upgrade (ECMs 1- 4) have the
largest energy saving potentials for all buildings (5%-10% reduction for each).
However, other ECMs with significant energy saving potentials differ between the
two countries and respective subsectors. For Sweden, the measures that give the
greatest savings, in addition to the envelope upgrade, are those involving heat
recovery systems (22% reduction) and a reduction of indoor temperature to 20°C
(14% reduction). In the Spanish case, for R buildings, the modelling results suggest
that the installation of solar collector for hot water production (ECM 11) and boiler
replacement (ECMs 12 and 13) lead to reductions of 5%—7% each. For the Spanish
NR buildings, the analysis indicates that improved efficiency of lighting (ECM 6) and
the installation of heat recovery systems (ECM 5) give the largest energy saving
potentials (7%—16% each).

Associated CO, emissions avoided

The corresponding effects of the ECMs on CO; emissions for the Swedish and
Spanish cases range from a 2% increase to a 40% reduction, as compared to the
baseline year. The carbon intensities of the fuels are assumed to be the same before
and after implementation of the ECMs.

For the Swedish case, increasing the efficiencies of lighting and appliances (ECMs 6
and 7) increases the levels of CO, emissions, given that the fuel mix* for the
reduction in electricity production has a lower specific emission factor than the fuel
mix used for space heating.

In contrast, for the Spanish case, electricity is the most CO,-intensive energy carrier®.
Therefore, improvements in the efficiencies of lighting and appliances yield the
largest potential reductions in terms of CO, emissions, since these reductions
correspond directly to the reduction in electricity production. The installation of
ventilation with heat recovery (ECM 5) in residential buildings decreases heating
demand, although it also increases electricity demand due to the additional demand
for power fans. Consequently, in the case of ECM 5, there is no potential reduction of
CO; emissions for residential buildings, in spite of the potential for energy savings.
The replacement of gas and oil boilers with more efficient boilers using the same type
of fuel as used in the existing boiler (ECM 12) has a low potential for CO; reduction,
in spite of the potential for final energy saving, since the least efficient existing boilers
in the residential sector are not oil- or gas-fired boilers but biomass-fired boilers, with
biomass entailing lower-emissions that the other fuels. However, if all the gas and oil
boilers are replaced with biomass boilers (ECM 13) there will be a significant
reduction in CO, emissions (23%).

* Since this deals with reductions, the CO, emissions associated with electricity are those for the
Nordic generation mix (15 gCO,/kWh; cf. Paper I11).

*2 The value of 649 gCO,/kWh is used in this thesis for the Spanish mix (IDAE, 2009). The literature
gives alternative estimates of 457 gCO,/kWh for Year 2005 and 297 gCO,/kWh for Year 2009 (Pages-
Ramon, 2012)
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As the results indicate, the potential for reducing CO, emissions depends on the fuel
mix in the energy system, especially with respect to electricity production. This work
applies to the Swedish case the Nordic mix, and for the Spanish case, the national
electricity production mix as the basis for emission of CO, from electricity. Thus, the
potential for CO, mitigation through implementation of ECMs will vary between the
different countries of the EU-27 depending on assumptions pertaining to the design of
the deregulated electricity market and the cross-border trading of electricity.
Moreover, the degree of reduction (or increase) in CO, emissions that results from a
change in the building stock depends on whether an average or marginal approach is
considered.

4.2.2 Packages of ECMs

Figure 4.4 summarises the technical potential reductions that could be achieved by
implementing the packages of ECMs as defined in Section 3.3.2, and highlights the
different impacts the packages would have on energy and CO, emissions. The final
energy demand of the building stocks of Sweden and Spain could be reduced by about
50% by applying in a package a high number of ECMs, as studied in this work.
Specifically, the total annual energy demand of Swedish households could be reduced
by 53% by applying all the ECMs aggregated in Package A3; for Spain, the
corresponding reductions would be 55% for Package Al and 48% for Package A2. By
retrofitting only the building envelope (Package B1), the energy demand could be
reduced by about 33%. Improved ventilation and supply from RES (B2-B4) would
each give potential energy reductions of slightly less than 10%.

mR-Sweden  mR-Spain NR-Spain  ®R-Sweden ®R-Spain NR-Spain
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Packages of ECMs investigated

Figure 4.4. Technical potential reductions of final energy demand (in colour) and associated
CO; emissions (in grey) for the ECMs applied in packages for the Swedish residential (R)
buildings and the Spanish R and non-residential (NR) buildings, as obtained in this work.
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Nevertheless, from a CO, mitigation perspective, improved ventilation and the use of
RES (Packages B3 and B4) appear to be as efficient as retrofitting the envelope
(Package B1). All three packages would confer potential CO, emission reductions of
20%—-25% each, albeit at very different annualised costs, as will be discussed below.
Reducing electricity demand and increasing the use of renewables are key solutions
for reducing CO; emissions in Spanish buildings. In both Spain and Sweden, the total
technical potential for CO, emission reductions represents approximately two-thirds
of the baseline emissions.

The results from the model for the Swedish and Spanish cases have been compared
with the results from previously published studies on this topic. This type of
comparison is not straightforward, mainly due to differences among the studies in
relation to assumptions made, ECM options, and the approaches used in the modelling
processes. For Swedish households, Sandberg (2007) reported a technical potential of
33.7 TWh/yr (versus 51.0 TWh/yr in the present study). However, Sandberg used a
top-down model and applied measures that are different from those used in the present
work (e.g., reduced indoor temperature was not included). In addition, Sandberg used
an interest rate (6%) that is different from the 4% rate used in the present work. In
addition, the previous investigation (Sandberg, 2007) was based on a description of
the Swedish buildings as they existed in Year 1995 (NBHBP, 1995), whereas the
present work is based on the Swedish buildings as they existed in Year 2005 (NBHBP,
2005). For Spain, the potential reductions in final energy demand of 33% achieved by
retrofitting the envelope (Package B1) obtained in the present study for the entire
building stock is close to the 37% reduction estimated by Andimat (2009). The
technical potential reduction of 40% reported in this thesis for the residential
buildings is intermediate to the estimates made by Ecofys (2005) and WWF Espafia
(2010), which reported potential savings associated with retrofitting of the envelope
of 16%-26% and 66%, respectively. While the potentials estimated by Ecofys and
WWEF Espana differ significantly from each other, as well as from the values derived
in the present work, it is difficult to deduce based on the information provided by
these sources the reasons for these discrepancies. Possible explanations include: 1) the
different baseline years used [Year 2005 in the present thesis, Year 2000 in Ecofys
(2005), and Year 2008 in WWF Espafa (2010)]; and 2) disparities in the U-values
considered for the existing buildings, which unfortunately are not specified in the two
previous studies (Ecofys, 2005; WWF Espafia, 2010). In summary, comparisons of
the estimates of technical potentials provided in this thesis with the estimates
presented in the literature are difficult, given the differences in assumptions and
scopes (or lack of information thereof) between the previously published data and the
results of the present work.
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4.3 Cost assessment

Cost-related model outputs include investments at the building-stock level, annualised
investments per building type and ECM or package, and net unit costs for energy
savings and CO, abatement. The costs associated with the technical potentials
presented in Chapter 4.2 have been investigated for the Swedish R buildings (Paper
IV) and for the Spanish R and NR buildings (Paper V). As in the previous section, for
comparative purposes and interpretation from the EU perspective, the results for both
countries are here presented in an aggregated form for R and NR buildings.

4.3.1 Investments

Investment levels in the Swedish and Spanish cases

Table 4.5 presents the investments for the Swedish and Spanish building stocks as the
annuity or EAC*®, which is the cost per year required to implement the ECM during
its lifespan. It is clear from the table that the EACs for Sweden are generally higher
than the corresponding values for Spain, even if the EACs are seen as specific values
and it is taken into account that the average Swedish residential building is larger (266
m? of heated floor area) than the average Spanish residential building (153 m? of
heated floor area). Since the lifespans and interest rates considered for Sweden and
Spain are identical, the annuities are higher in the Swedish case simply because the
investment costs assumed for the ECMs are higher. For instance, for retrofitting of the
envelope, the costs for Swedish households are taken directly as annuities from
NBHBP (2009) and are in the range of 5-10** €/m? a. The costs for Spanish
households are taken as the total investment cost* and are also in the range of 5-10
€/m? (Paper V), possibly because they do not account for the installation and labour,
as well as that the standard of living is lower in Spain. In summary, choices made as
to cost assumptions, such as taking the full or marginal cost or adopting the tenant or
the building owner perspective, are of high relevance for the results of the cost
assessment.

In the Swedish residential sector, the sum of all the annuities for all the buildings
gives as €5.7 billion* the total required investment to achieve an aggregated technical
potential reduction in energy use of 53%*". An annual investment of €0.5 billion is
required to meet the Swedish target for Year 2020 (i.e., a 20% reduction in energy

* EAC as defined in Eq. 11.

* Exchange rate used is 1 € = 10 SEK.

*® Parameter C; in Eq. 11.

“ Billion is used in the sense of 10°. Exchange rate used is 1 € = 10 SEK.

*" These are only indicative values obtained by adding in increasing cost order (Mattsson, 2011) the
potentials for the individual ECMs; therefore, the synergies between the ECMs are not taken into
account.

35



use, as compared to the level in 1995*). Moreover, a total of €3.5 billion would have
to be invested annually to achieve the 2050 target (i.e., a 50% reduction in energy
use). The annual investments represent, 0.2% and 1.2% respectively, of Sweden’s
GDP, which in Year 2005 was €298 billion (EC, 2010a). For the 2020 target, the
investment would correspond to €2 per m? and year, i.e., for a dwelling of 100
m?, €200 would have to be invested annually until the year 2020. To meet the 2050
target and for the same dwelling, €1000 would have to be invested annually from now
until the year 2050. No corresponding results for Spain are given in Paper V.

Table 4.5. Comparisons of annual investments (EAC) required (€/yr) for the different ECMs

in the average Swedish residential (R) building, as well as in the average Spanish R
building and non-residential (NR) building.

EAC

ECM Sweden-R Spain-R Spain-NR
ECM 1 Improved cellar U-value 1241 13 15
ECM 2 Improved facade U-value 1086 67 42
ECM 3 Improved roof U-value 212 36 40
ECM 4 Window replacement 444 315 203
ECM 5 Ventilation with heat recovery 823 35 162
ECM 6 Efficient lighting 0 40 133
ECM 7 Efficient appliances 0 311 1673
ECM 8 Reduced hot water demand 197 n.a. n.a.
ECM 9 Efficient water pumps 120 n.a. n.a.
ECM 10 Reduced indoor temperature 111 n.a. n.a.
ECM 11 Solar collectors for hot water n.a. 390 98
ECM 12 Efficient gas and oil boilers n.a. 297 478
ECM 13 Gas/oil boilers replaced by biomass n.a. 297 478

n.a, Not applicable.

Effects of interest rates and energy prices

Figure 4.5 shows the sensitivity analysis of the effects of applying different discount
rates on the net annual costs of ECMs for the Swedish R buildings. The chosen range
of discount rates is 1%—6%, with the lowest rates representing policy actions aimed at
facilitating ECM investments by offering low interest loans, and 6% representing the
additional discount rate*® recommended by the EC for financial calculations of the
EPBD-related reporting of the cost-optimal levels of energy performance (NBHBP,
2013). As shown in Figure 4.5, discount rates have a strong effect on the net annual
costs of the ECMs. Therefore, policy actions that facilitate the financing of ECM
investments may promote the adoption of ECMs. The effects of reasonable increases
in energy prices on the net annual costs (NAC in Eqg. 1) of the ECMs have been
assessed in a sensitivity analysis. In Figure 4.6, the NAC per heated floor area is
shown to allow comparisons of SFDs and MFDs. The justification for this price range
Is that the largest 5-year energy price increase seen over the period 1970 to 2005 was

*8 The current goals for the specific energy use in Sweden are expressed relative to the reference year
of 1995. In the current work, Year 2005 has been used as a baseline year because energy use in the
residential sector in 1995 was almost the same as that in 2005 (EC 2011).

* In addition to the 4% rate, which has been used in the Baseline calculations in this paper.
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8%. The results presented in Figure 4.6 show that the net annual costs have very low
sensitivity to increases in energy prices. This means that an increase in energy prices
may not be sufficient to increase significantly the adoption of energy saving measures.
This conclusion is in agreement with O Broin et al. (2011), who propose that
increasing energy prices per se is not likely to lead to significant savings in space and
water heating demand for Swedish households.
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Figure 4.5. Sensitivity analysis of the effects of variations in discount rates (1%, 2%, 3%, 5%
and 6%, baseline rate is 4%) on the net annual costs (NAC; x-axis) and the final energy
demand (y-axis) after ECM implementation for Swedish residential buildings (Paper V). The
ECMs are indicated by number; detailed descriptions of the ECMs are provided in Table 4.5.
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Figure 4.6. Sensitivity analysis of the effects of increases in energy prices (2%, 4%, 6%, 8%
and 10% above the baseline energy prices) on the net annual costs (NAC; x-axis) and the
final energy demand (y-axis) after ECM implementation for Swedish residential buildings
(Paper 1V). The ECMs are indicated by number; detailed descriptions of the measure are
provided in Table 4.5.
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4.3.2 Cost-efficiency of the ECMs and packages of ECMs

Cost for energy conservation

In this thesis, the cost efficiency of the individual ECMs and packages of ECMs is
defined as the net unit cost per energy saving® (CE; in €/kWh saved per year) and the
net CO, abatement cost® (AC: in €/tCO, emissions avoided per year). These units
incorporate the value of the energy savings obtained, as well as the investments
required to realise these savings. Figures 4.7 and 4.8 present the CE and AC in
incremental cost order for the technical potential of reductions obtained in the present
work for the ECMs applied individually to the Swedish R buildings and the Spanish R
and NR buildings. As explained in Paper IV, a negative value indicates that the cost of
the energy saved is higher that the investment required, i.e., that the ECM is profitable
or cost-effective.

For both the Swedish case and the Spanish case, installing efficient lighting (ECM 6)
is a cost-effective measure (see Figure 4.7). The present work assumes that only in the
Spanish case does efficient lighting entail a higher investment cost than a less-
efficient alternative; in the Swedish case, no corresponding cost is assumed as
incandescent light bulbs are no longer sold. Nevertheless, the energy saving potential
is rather low and could be difficult to attain, since the lifespan of this ECM is only 1-
3 years and, at least for R buildings, the operation of lighting is subject to user
preference. Efficient lighting may be of greater importance for (Spanish) NR
buildings, where not only are the potential savings larger, but also operation of the
lighting is easier to control (e.g., centralised purchase of lighting equipment,
controlled switching according to schedules or detectors). Another feature that these
two countries share is that the installation of ventilation systems with heat recovery
(ECM 5) is associated with both a low cost (<0.05€ /kWh a) and a large potential for
energy saving.

The installation of efficient appliances (ECM 7) appears as a cost-effective measure
for the Swedish buildings, as no supplementary cost was assumed for this ECM. In
contrast, for the Spanish buildings, this is the least-cost-effective ECM, as the cost of
the electricity saved does not compensate for the investment and the increased
demand for space heating that is needed to off-set the heat gains from the appliances
(as explained in Section 4.2.1). However, the high investment costs for replacing the
appliances may be attributed to the approximate description of the use of appliances
(i.e., expressed as average constant electricity demand in W/m?) in the NR buildings,
which in turn is a consequence of the scarcity of complete data for the NR sector.

%0 Defined in Eq. 14.
5! Defined in Eq. 10 in Paper I.
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a) Swedish R buildings
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Figure 4.7. Average net unit costs for energy savings (EC) for the ECMs (y-axis) for the
technical potential energy savings obtained through modelling individually each ECM (x-
axis). The results shown are for the Swedish residential buildings (a; adapted from Paper
IV®?), and the Spanish residential (R) and non-residential (NR) building stocks (b; adapted
from Paper V°*).The ECMs are indicated by number; detailed descriptions of the ECMs are
provided in Table 4.5.

In the Swedish case, reducing the indoor temperature to 20°C (ECM 10) appears to be
a profitable ECM. However, decreasing the indoor temperature, despite its strong
potential for energy savings, is difficult to implement in less-energy-efficient
buildings. In these buildings, the increased air temperature compensates for other
factors in the operative temperature (i.e., high air velocity due to infiltrations or low
radiation temperatures from the envelope surfaces). Furthermore, if, for example,
thermostats are not used as intended, this might lower its performance, thereby
increasing occupants’ dissatisfaction levels, as reported by Glad (2012).

52 The original figure appears in Paper IV and is adapted here such that the y-axis is rescaled to
facilitate comparisons with the corresponding figure for the Spanish buildings.

5% The original figure appears in Paper V; here, the y-axis is rescaled to facilitate comparisons with the
corresponding figure for the Swedish residential buildings.
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Retrofitting the building envelope (ECMs 1-3) appears to be cost-effective for the
Spanish case but not for the Swedish case, owing to the different costs used as inputs
to the modelling, as discussed in Section 4.3.1. Since only the marginal costs are
accounted for in the present work (cf. Papers IV and V), the cost efficiency of these
ECMs can only be interpreted in the sense that retrofitting the building envelope with
insulation is more cost effective than retrofitting the envelope without insulation. This
is in line with the finding reported by the EC that retrofits of facades and roofs are the
most cost-efficient ECMs for European residential buildings (CEC 2006). Higher
costs are associated with window replacement (ECM 4) in the Spanish case than in
the Swedish case because: 1) full costs and not only marginal costs are taken into
account (cf. Paper V); and 2) NR buildings are included, which typically have larger
windows than R buildings. Furthermore, the window of opportunity is a key issue
here. Since the 30-40-year lifespan of ECMs 1-3 is the longest of the ECMs
analysed, the technical potential savings may be lost if energy requirements are not
considered when the building undergoes refurbishment.

From the data shown in Figure 4.7, it is evident that in the Spanish case, boiler
replacement and installation of solar collectors (ECMs 11-13) have significantly
higher costs than the other ECMs. It should be noted that subsidies for RES that might
lower the costs of solar panels and biomass boilers have not been included in this
analysis. The results indicate that factors other than the purely economic ones will
need to be appraised for the Spanish building sector to facilitate the introduction of
on-site supply from RES, such as solar collectors and biomass boilers (as in ECMs 12
and 13).

In summary, based on the comparisons of the results obtained in this thesis for the
Swedish and Spanish cases, as well as on the comparisons with results in the
literature, as presented in Papers IV and V, it is concluded that profitable ECMs differ
between EU countries, and that no ECM can be identified as being profitable for all
the EU countries. However, before any conclusions can be drawn as to how large the
differences are in ECM cost effectiveness between the building stocks of the EU MS,
more countries should be investigated individually. In any case, it should be borne in
mind that the promotion exclusively of the adoption of individual ECMs, even if they
are profitable, could lock-in the potential for achieving further energy reductions in
line with current European targets.

Cost for CO, abatement

With regard to CO, abatement, Figure 4.8 shows that the cost-effective ECMs for
each country are the same as the ECMs presented above as being cost-efficient from
an energy savings perspective. For Swedish households, since the CO, emissions
associated with the energy savings presented in Figure 4.7 are very low (10% of the
total emissions of the country, corresponding to just 4.9 MtCO;; cf. Paper Ill), the
resulting costs are very high (1400-7300 €/tCOy). It is clear that CO, abatement is not
the driving force for energy conservation measures in the Swedish context. Rather, the
profits gained from ECMs and indirect effects, such as reduced dependency on
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electricity (which may give indirect reductions in terms of CO, emissions), are potent
motivations for implementing the ECMs. Therefore, this thesis does not give
prominence to CO, emissions in the Swedish buildings, which means that CO;
abatement costs have not been calculated in Paper 1V. The situation is different for the
Spanish building stock, since the energy system is very emissive (as discussed in
Section 4.2.1), which means that most of the ECMs (ECMs 1-3 and ECMs 5 and 6)
represent cost-effective opportunities to achieve large reductions in CO, emissions
(3.5-20.0 MtCO,lyr).

a) Swedish R buildings
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Figure 4.8. Average CO, abatement costs (AC) for the ECMs (y-axis) in the Swedish
residential (R) buildings stock (a; Mata et al. 2010b>*) and the Spanish residential (R) and
non-residential (NR) building stock (b; Paper V) for the technical potentials for CO,
emission reductions obtained from modelling individually each ECM (x-axis). The ECMs are
indicated by number; detailed descriptions of the ECMs are provided in Table 4.5.

** The original figure appears in Mata et al. 2010b and is adapted here such that the y-axis is rescaled to
facilitate comparisons with the corresponding figure for the Spanish buildings.

% The original figure appears in Paper V and is adapted here such that the y-axis has been rescaled to
facilitate comparison with the corresponding figure for the Swedish residential buildings.
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Cost-optimal packages of ECMs

The cost efficiencies of the different packages of ECMs have been described in Paper
V for the Spanish R and NR buildings. Figure 4.9 presents the annualised costs of
renovation per building® (y-axis) for the different renovation packages (with the
individual ECMs included for comparison) and the corresponding final energy
demands after applying the ECMs (x-axis) for the building types, as obtained in the
present work. The results presented in Figure 4.9 indicate that the lowest levels of
final energy demand can be achieved at low cost or cost-effectively only by applying
packages of ECMs (filled symbols; shaded area in plot). As shown, application of all
the ECMs with or without RES options and improvement of the building envelope
and ventilation system (Packages Al, A2, B1, and B2, respectively) are the most cost-
efficient packages for all the building types analysed. Therefore, it is advantageous to
undertake as many ECMs as possible when a building is being retrofitted, not only
from an economic point of view, but to exploit the opportunities mentioned above.
The importance of taking advantage of the window of opportunity has been identified
in the literature, and the savings potential that may be lost if the energy efficient
solutions are not implemented concomitantly with major renovations are referred to as
the lock-in effect of the energy savings in the building sector (Urge-Vorsatz et al.
2011).

E‘ 3000
w
‘é 2000 OSFD Individual ECMs
= >MFD Individual ECMs
= ONR-C Individual ECMs
2 1000 +NR-L Individual ECMs
) X NR-O Individual ECMs
p ANR-X Individual ECMs
g 0 ®SFD Packages Al-B4
S & MFD Packages A1-B4
2 -1000 BNR-C Packages A1-B4
L + NR-L Packages A1-B4
k) XNR-O Packages A1-B4
g() -2000 ANR-X Packages A1-B4
pd

-3000

50 100 150 200 250 300 350

Final energy demand after renovation (kwh/m?)

Figure 4.9. Net annual costs of ECMs per building® for all building types (i.e., investment
minus cost of energy saved; y-axis) and the corresponding final energy demands after
renovation (x-axis) obtained in this work for ECM packages Al to B4, for the Spanish
building stock. The results from modelling the ECMs individually are included for
comparison (open symbols) (data from Paper V).

*® Investment minus cost of energy saved, NAC, as defined in Eq. 10.

> For MFDs, the costs are provided per dwelling rather than per building, so that they are comparable
to those shown for SFDs, bearing in mind that the average MFD in Spain has 11.8 dwellings per
building (Medina Benejam, 2011).
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Figure 4.9 also shows that the specific energy use that can be achieved by applying a
high number of ECMs in the packages studied in the present work is in the range of
100-150 kWh/m? for the NR buildings and 50-70 kWh/m? for the Spanish R
buildings. These levels of specific energy demands are limited by the fact that in the
present work the building envelope is retrofitted to the standard of the current building
energy code, whereas higher insulation levels are required to achieve the additional
energy demand reductions required for passive housing or almost-zero energy
standards.

4.3.3 Techno-economical and market potentials

Techno-economical potentials

Figure 4.10 summarises the techno-economical potentials associated with the different
ECMs for Sweden and Spain, showing the cost-effective ECMs (i.e., the negative
values in Figures 4.7 and 4.8) together with their potentials for energy saving and
associated CO, emissions. The latter values are shown as percentages of the baseline
year, to facilitate comparisons between the countries and subsectors. The figure shows
no values for some of the ECMs (i.e., ECMs 9, 11, and 12) because there are no cost-
effective potentials for these ECMs.

For Swedish households, Paper 11l reports that applying ECM Package A3 yields a
total techno-economical potential reduction of 50%, for the final energy demand,
which corresponds to a 60% reduction in CO, emissions®®. As can be seen from
Figure 4.10, the bulk of the reduction in CO, emissions arises from the installation of
heat recovery systems (ECM 5) and reduction of indoor temperature (ECM 11), i.e.,
from reducing space heating demand for which the fuel mix has higher emissions than
the electrical mix, as discussed in Section 4.2.1.

For the Spanish R and NR buildings, Paper V shows that the application of ECM
Package Al yields a total techno-economical potential for reducing the final energy
demand by 33%, which corresponds to a 37% reduction in CO, emissions. The
potentials arise from a combination of retrofitting the envelope (ECMs 1-4),
ventilation with heat recovery (ECM 5), and installation of efficient lighting. In
addition to these measures, the CO, emission level of the Spanish R sector could be
reduced by 34% in a cost-effective way by replacing gas and oil boilers with biomass
boilers (ECM 13)°.

%8 In Paper 1V, lower overall potentials are given. These are only indicative potentials, as they
correspond to the sum of the potentials for the individual ECMs and therefore do not include synergies
between ECM:s.

% This means that Figure 4.9 masks the difference in the results between the R and NR buildings. Thus,
it should be of interest (for the updated Paper V) to plot the subsectors separately.
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Figure 4.10. Techno-economical potential reductions in final energy and associated CO,
emissions, given as percentages of the baseline (y-axis) for each of the ECMs studied (x-axis)
for the Swedish residential (R) and Spanish R and non-residential (NR) buildings, as obtained
in this thesis.

Effects of energy price developments

Three different price scenarios have been investigated, so as to analyse alternative
scenarios for future developments in the energy system. These scenarios include: 1) a
Baseline (BA) scenario, which assumes that the current trends in energy prices will
continue; 2) a high-price-increase (HPI) scenario; and 3) a low-price-increase (LPI)
scenario. The resulting energy prices for the different scenarios are listed in Paper 1V.
Although the extent of the increase is likely to differ across energy carriers, the
following annual weighted average increases in energy prices are assumed: for BA,
0.37%; for HPI, 0.47%; and for LPI, 0.44%. These average increases are postulated to
yield energy prices for HPI and LPI in Year 2050 that are 40% and 28% higher,
respectively, than for the BA scenario.

The three price scenarios give similar cost-effectiveness rankings for the ECMs
investigated, average net unit costs for energy saving, and levels of techno-economic
potential energy savings. The techno-economical potentials up to Year 2050 for
reduced energy demand in the Swedish residential buildings are 19.9 TWh for the HPI
scenario and 19.5 TWh in the LPI scenario compared to the potential of 16.7 TWh in
the baseline scenario®®. Despite the energy prices in Year 2050 being on average 10%
higher in the HPI scenario than in the LPI scenario, the techno-economical potentials

% To be compared to an annual demand of 97.7 TWh in reference Year 2005.
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are almost the same. However, the HPI scenario results in lower net costs, i.e., the
average annual net unit cost over the period 2010-2050 is 0.047 €,00s/kWh for the
HPI scenario, as compared to 0.051 €,005/kWh for the LPI scenario. These results are
of course influenced by changes in energy prices; thus, the ECMs show highest
profitability in the HPI scenario. In summary, for either the HPI scenario or the LPI
scenario, regardless of the development of energy prices, there will be economically
feasible retrofitting options.

Expected implementation of the potentials

The market potentials, i.e., the ECMs that can be expected to be realised, are
estimated using private discount rates. Private discount rates represent implicit
discount rates that include consumer preferences, which reflect consumer willingness
to make investments related to ECMs in their homes. According to the literature, the
private discount rates are: 18%—-308% in Newlon and Weitzel (1991); 50%-80% in
Bailie et al. (1996); 20%-65% in ERG (1998); and 34.7% in Jaccard (2009).
Therefore, for the sensitivity analysis, the market potentials have been approximated
for Sweden (Papers V) and Spain (Paper V) using discount rates up to 80%
(disregarding the outlying value of 308%).

Figure 4.11 presents the estimated market potentials for the Swedish and Spanish
buildings, which are substantially lower than the above-reported techno-economical
potentials. This implies a need for strong policy measures if the techno-economical
potentials identified in this work are to be implemented. In addition, Paper 1V shows
that for the Swedish residential buildings, the average unit cost for energy saving for
all ECMs (i.e., for the entire technical potential energy saving of 63.2 TWh/yr) will
increase almost linearly from -0.011 €5005/kWh (at a 4% discount rate) to 0.731
€200s/KWh over the range of discount rates investigated.
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Figure 4.11. Estimates of the total market potentials for the private discount rates given in the
literature (grey shaded area). The techno-economical potentials obtained in this work are
shown for comparison.
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5 Conclusions

The first part of this thesis (Papers | and Il) presents the development of the
methodology in terms of modelling tools and data aggregation, based on case studies.
Using this methodology, in the second part of the thesis (Papers I11-V) individual
ECMs and packages of ECMs are used to assess for selected building stocks the
energy demands, associated CO, emissions, and costs. The cases for the building
stocks aggregation using archetypes are the R and NR buildings in France, Spain, and
the UK, as well as R buildings in Germany. The cases for which the opportunities and
costs for ECMs are further investigated are Swedish R buildings and Spanish R and
NR buildings.

In the course of this thesis, it has become clear that for the EU countries investigated
there are datasets available regarding the size, physical and technical structure, and
dynamics of the existing building stock to form the basis for an assessment of reduced
energy use and associated CO, emissions, although data for the NR sector are fewer.
Nevertheless, these data are neither empirical nor consistent, and ownership and
access issues arise. Therefore, there is a need to quantify and analyse the robustness of
key parameters, and to understand their roles in a long-term transformation of the
building-stock that balances divergent social, environmental, and economic
objectives.

Numerous tools are available for building-stock modelling. The challenge remains to
define the resolution levels that allow a better understanding of the linkages between
the different scales, from issues within buildings’ boundaries to the interactions
between markets and policy. The building-stock modelling approach used in this
thesis represents a framework that allows a combination (or choice) of different
assessments at a reference-building level to be extrapolated to the building-stock level
for a different combination (or choice) of outputs. The assessment at the building
level currently includes indoor air environment, energy use, technical building
systems, and some on-site generation based on RES. The variety of outputs is tailored
for investigations of indoor environment, energy system issues, climate change
mitigation, and policy targets.

In the present work, large technical potential reductions in energy use (50%—-60%) and
in associated CO, emissions (60%-70%) are identified for the Swedish R building
stock and the entire Spanish R and NR building stock. However, the individual ECMs
that have significant potentials and their cost efficiencies differ between these two
countries and their respective subsectors. In any case, the technical potentials increase
when packages of ECMs that target simultaneously net and final energy demands and
CO; emissions are applied. Furthermore, the packages are more cost-effective than the
individual ECMs. Therefore, there is much to be gained by applying as many ECMs
as possible during the retrofitting of a building, with respect to not only monetary
savings, but also because general repairs and renovation activities are usually
undertaken only every 25 years.
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Whereas the application of ECMs in most instances reduces CO, emissions, the
specific ECMs that would reduce electricity use for lighting and appliances would
increase demand for space heating. Thus, in this case, the levels of CO, emissions
reflect whether the saved electricity production is less or more CO,-intensive than the
fuel mix used for space heating. Furthermore, these ECMs have a short lifespan and
are strongly dependent upon behavioural preferences. In summary, these ECMs
should be assessed comprehensively in terms of final energy and associated CO,
emissions for the entire energy system, as well as in terms of implementation issues.

A total techno-economical potential reduction of the final energy demand of 20%-
30%, corresponding to a 40%-55% reduction of the associated CO, emissions, is
identified in this thesis for the Swedish R building stock and the Spanish R and NR
building stock. It should be noted that the levels of emissions from the Swedish
building sector are already low, so allocating the costs of the ECMs to reduce CO;
emissions gives high abatement costs. Therefore, emission reduction is not likely to
provide the main impetus for introducing ECMs in the Swedish context. In the costs
assessment, the resulting net annual costs are highly influenced by specific
assumptions, such as adopting the perspective of the tenant or building owner,
considering the full or marginal cost for the ECM, and the interest rates used.
However, future energy price developments are likely to have less impact on the net
annual costs for the ECMs. Therefore, increases in energy prices per se may not
promote energy conservation, and other policy actions, such as low interest loans, will
be necessary to influence the taking of positive decisions in relation to building
energy retrofitting. Furthermore, the market potentials for ECM implementation,
estimated using the implicit discount rates reported in the literature for households
regarding home energy-retrofitting, are substantially lower than the techno-
economical potential reductions in energy use and CO, emissions identified in the
present work. This underlines the need for strong policy measures to influence
stakeholder actions and participation, if the techno-economical potentials are to be
realised.
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6 Prospects for further studies

Further work is required to complete the assessment of the building stock of the entire
EU. The hypothesis is that France, Germany, Spain, UK, Sweden, Italy and Poland,
which represent about 70% of the total energy use in buildings within the EU-27, are
sufficiently representative of the EU building stock for the purpose of modelling
energy use in the building stock. The building stocks of Italy and Poland remain to be
aggregated through archetype buildings. To analyse the data from these countries, the
methodologies used for describing and modelling the building stock may need to be
further adapted to account for region-specific traits. Furthermore, additional work is
needed to determine whether dividing the EU into only three to five climatic zones, as
suggested in the literature, instead of the fifteen described in the present work, gives a
valid estimate of the energy use of buildings.

Future analyses using these modelling and building stock data are likely to elucidate
the potentials and costs for energy savings and associated CO;, emissions in the
building sector. Since the potential to avoid CO, emissions is dependent upon the fuel
mix in the energy system, especially in the case of electricity production, it varies
among the different EU-27 countries in relation to the design of the electricity market
and cross-border trading of electricity. Thus, it will be of interest to assess the extent
of the reduction (or increase) in CO, emissions afforded by ECMs in the building
sector with respect to the use of an average or marginal approach. Thereafter, the
investment costs for the different countries and subsectors could be further developed
following homogenous assumptions from either an EU perspective or a national
perspective (e.g., including all the singularities of the building-retrofitting context in
the country, such as policies in force and relevant stakeholders). An additional
determinant of the future energy demand of buildings involves the estimated changes
in climate; further investigations are needed to establish the influences of climate
uncertainties on the design of strategies for the long-term development of the building
sector.

With respect to model development, from the application of the modelling
methodology to the non-residential sector it can be concluded that, since the energy
demand in the non-residential sector is dominated by electricity, more emphasis
should be placed on allowing more detailed modelling of the lighting, appliances, and
heat pump systems that includes a detailed description of the equipment and its hourly
patterns of use. Such detailed modelling of electricity usage would increase
understanding of the electricity demand and its interactions with space heating
demand and would facilitate investigations of demand-side management options in
the building sector. The energy demand for cooling purposes should be included in
this analysis. Furthermore, hot water demand warrants detailed characterisation, since
in the residential sector it corresponds to 9%-20% of the total final energy demand for
the five countries investigated.

48



More research is needed to gain a better understanding of the optimal approach to
implementing the ECMs, so as to achieve the technical potentials identified in this
thesis. First, the approach used in this thesis of using private discount rates to derive
market potentials could be further developed, and different discount rates could be
used for each ECM. This, since the implicit discount rates can be empirically
measured, using for instance choice models of consumer durable goods or stated
preference. Second, the global cost suggested by the EPBD could be used, thereby
including a societal perspective via the GHG costs. Third, the additional cost
associated with implementing policy measures required to introduce the ECM could
be added to the direct cost, since each measure requires the application of a policy for
the purpose of achieving one or more actions that are necessary to implement the
measure. Recent studies that have measured and reported energy savings are
promising and will help to quantify the costs associated with successful policies. The
direct costs can also be complemented by other additional costs that reflect the various
factors, e.g., implementation costs, intangible capital costs, perceived private costs,
expected resource costs, and transaction costs. The assessment could be expanded to
include co-benefits associated with energy conservation.

In the broader context, research is also needed to determine how the inclusion of the
construction and demolition phases might change the magnitudes of the potentials and
the associated costs presented in this thesis. Although the current work focuses on
Europe, where turnover of the capital stock of buildings is rather low, the inclusion of
demolition and construction parameters is of importance for applying this analysis to
estimate long-term changes in energy use in the building sector. Furthermore, in the
case of the existing stock, the implementation of ECMs results in an increased use of
materials and requires the disposal of the replaced materials. As the energy for
building operation decreases, the relative importance of the energy used in the
production phase increases and influences the optimisation process aimed at
minimising the life cycle energy use. Therefore, it will be important to extend and
refine the modelling methodology developed in the work of this thesis, so as to
include, for example, life cycle assessments, as well as demolition and construction
dynamics.
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