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ENGLISH SUMMARY

The majority of the existing building stock is aged and energy-inefficient.
Considering that buildings are the single largest contributor to greenhouse
gasses and energy use, renovation of the existing building mass is crucial for
meeting future energy efficiency and environmental targets.

With the implementation of the Energy Performance of Buildings Directive
recast (EPBD) in 2010, there has been a solid legislative drive towards
transforming existing buildings into nearly Zero Energy Buildings (nZEB). The
EPBD required the Member States of the European Union (EU) to specify and
implement definitions and metrics for national nZEB standards. While recent
reports on the status of nZEB implementation show considerable progress
across the EU, a drawback of the initiatives set by the EPBD regarding nZEB
demands is the primary focus on public buildings. Moreover, the most significant
ambitions in the EPBD are related to new buildings.

A more recent Directive 844/2018 required the Member States to develop
national long-term renovation strategies for a cost-effective transformation of all
buildings into nZEB. Moreover, a new version of the EPBD expected in 2021 will
likely strengthen the focus on renovation even more. Legislations, regulations
and demands stipulate renovation from the “top-down”. The EU has also
committed to supporting the uptake of deeper renovations from the “bottom-up”
by several initiatives from Renovation Wave communication, published in 2020.

Because of the strong drive towards nZEB uptake, a number of techniques have
been developed to assess renovation projects and find a favourable strategy
respecting pre-defined objectives. A literature review on existing methods for
assessing renovation identified that in most cases, an “optimal” renovation is
quantified by multiple evaluation criteria integrating cost and energy savings as
a minimum. Despite the wide range of available methods, a central focus in the
reviewed literature is evaluating package solutions. Overall, the review found a
shortage in the optimisation procedure for selecting the contents of renovation
packages. In addition, the need for decision support in the distribution and
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balance between investments in energy-saving and energy-producing measures
was identified.

Based on literature review findings, the motivation for the PhD project is to
develop and exemplify a flexible assessment method that respects regulatory
frameworks, building specifics and local conditions. The target users of the
method are stakeholders in the early stages of the renovation process, dealing
with the selection of “what to renovate and to what extend.” For instance,
professional building owners, practitioners and renovation experts. The method
has been developed and applied to residential buildings as those attain the most
significant share of the total building stock (>75%).

Contributions:

e A targeted literature review determined the need for a structured
approach that evaluates contributions from individual renovation
actions and a systematic selection of the contents of the renovation
package.

e Aproposed generic assessment method for arriving ata final renovation
solution with a nZEB goal. The main contributions of the method are the
least-cost approach for the selection of the contents of a renovation
package. The approach involves a preliminary step to LCC calculations
based on a proposed cost-effectiveness parameter (CEP). The CEP
accommodates an individual assessment of measures before assessing
renovation packages.

e Aflexible method that does not need to involve specific tools for deriving
assessment criteria or specific nZEB requirements. This allows the
method to be suited to specific buildings and MSs targets for nZEB,
which is then analysed by tools of choice by the user.

e Integration of the method in an online assessment platform that
combines and handles results from different renovation assessment
tools. The platform allows the selection of preferred ranking criteria for
single actions such as total cost, total energy savings, cost-effectiveness,
COz-effectiveness or LCA-effectiveness. The creation and comparison of
renovation packages are made quickly and interactively.

e Atest of the robustness of the method’s results and investigation of the
relationship between output and input in the LCC calculation model. A
definition of the sensitivity of the output for every input parameter and
the combined effects of the most sensitive parameters.



DANSK RESUME

Stgrstedelen af den eksisterende bygningsmasse er forzeldet med store
energiomkostninger. Taget i betragtning at bygninger er den stgrste bidragyder
til drivhusgasser og energiforbrug, er renovering af den eksisterende
bygningsmasse afggrende for at na fremtidige energieffektivitets- og miljgmal.

Med implementeringen af direktivet om bygningers energimaessige ydeevne
(EPBD) fra 2010 har der veeret en solid lovgivningsmeessig drivkraft mod at
omdanne eksisterende bygninger til neesten nul-energibygninger (nZEB). EPBD
kreevede, at medlemsstaterne i Den Europaeiske Union (EU) specificerer og
implementerer definitioner og mal for nationale nZEB-standarder. Selvom nylige
statusrapporter for nZEB-implementering viser betydelige fremskridt i hele EU,
er det primere fokus pa offentlige bygninger en ulempe i de initiativer, som
EPBD har sat vedrgrende nZEB-krav. Endvidere er de mest betydningsfulde
ambitioner i EPBD relateret til nye bygninger.

Et nyere direktiv 844/2018 kraevede, at medlemsstaterne udviklede nationale
langsigtede renoveringsstrategier for en omkostningseffektiv transformering af
alle bygninger til nZEB. Endvidere vil en ny version af EPBD, der forventesi 2021,
sandsynligvis styrke fokus pa renovering yderligere. Lovgivninger, forskrifter og
krav kraever renovering fra "top-down". EU har ogsa forpligtet sig til at stgtte
optagelsen af stgrre renoveringer fra "bottom-up" ved flere initiativer fra
Renovation Wave-kommunikation, der blev offentliggjorti 2020.

Pa grund af den steerke drivkraft mod nZEB-optagelse er der blevet udviklet en
raekke teknikker til at vurdere renoveringsprojekter og finde en gunstig strategi,
der respekterer foruddefinerede mal. En litteraturgennemgang af eksisterende
metoder til vurdering af renoveringer identificerede, at en "optimal” renovering
i de fleste tilfeelde kvantificeres ved flere evalueringskriterier, der som minimum
integrerer omkostnings- og energibesparelser. Pa trods af den brede vifte af
tilgeengelige metoder er et centralt fokus i den gennemgaede litteratur at
evaluere pakkelgsninger. Samlet set fandt gennemgangen en mangel i
optimeringsproceduren for valg af indholdet i renoveringspakker. Desuden blev



behovet for beslutningsstgtte i fordelingen og balancen mellem investeringer i
energibesparende og energiproducerende foranstaltninger identificeret.

Baseret pa fund fra litteraturgennemgang er motivationen for dette ph.d.-projekt
at udvikle og eksemplificere en fleksibel vurderingsmetode, der respekterer
lovgivningsmaessige rammer, bygningsdetaljer og lokale forhold. Malgruppen for
brugere af metoden er interessenter i de tidlige faser af renoveringsprocessen,
der beskeeftiger sig med udveelgelsen af "hvad der skal renoveres og i hvilket
omfang." Dette er eksempelvis bygningsejere, praktikere og
renoveringseksperter. Metoden er udviklet og anvendt pa beboelsesejendomme,
da de optager den stgrste del af den samlede bygningsmasse (> 75%).

Bidrag:

e En malrettet litteraturgennemgang som fastslog behovet for en
struktureret tilgang, der evaluerer bidrag fra individuelle
renoveringshandlinger og et systematisk valg af indholdet i
renoveringspakken.

e En foresldet generisk vurderingsmetode til at opnd en endelig
renoveringslgsning med et nZEB-mal. Metodens vigtigste bidrag er den
"feerrest omkostninger”-tilgang til wvalg af indholdet i en
renoveringspakke. Fremgangsmaden indebeerer et indledende trin til
LCC-beregninger baseret pa en foreslaet
omkostningseffektivitetsparameter (CEP). CEP'en rummer en
individuel vurdering af foranstaltninger, fgr renoveringspakker
vurderes.

e En fleksibel metode, der ikke forudseetter at specifikke veerktgjer
benyttes til at udlede vurderingskriterier eller specifikke nZEB-krav.
Dette muligggr, at metoden passer til specifikke bygninger og MS-mal
for nZEB, som derefter analyseres ved hjelp af valgfrie veerktgjer af
brugeren.

e Integration af metoden i en online vurderingsplatform, der kombinerer
og handterer resultater fra forskellige vaerktgjer til vurdering af
renoveringer. Platformen tillader valg af foretrukne rangeringskriterier
for enkeltaktioner sdsom samlede omkostninger, samlede
energibesparelser, omkostningseffektivitet, CO2-effektivitet eller LCA-
effektivitet. Oprettelse og sammenligning af renoveringspakker
foretages hurtigt og interaktivt.

e En test af robustheden af metodens resultater og undersggelse af
forholdet mellem output og input i LCC -beregningsmodellen. En
definition af outputtets fglsomhed for hver inputparameter og de
kombinerede effekter af de mest fglsomme parametre.

VI
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papers [1] to [5]. This format is selected to present the research, contributions,
and findings without having to read the papers first.
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This paper-based thesis consists of the following collection of papers:

Paper [1] “Development of energy renovation packages for the Danish
residential sector”
Pomianowski, M. Z., Antonov, Y.lI, Heiselberg, P.K
10th International Conference on Applied Energy — Hong Kong,
China; Energy Procedia 2019
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1

INTRODUCTION

The building industry is the single largest contributor to global emissions. On a
global scale, 38% of the emissions and 35% of the final energy are building-
related. Residential buildings alone contribute with 22% of the total energy and
17% of all emissions. [6]. On a European level, the Union targets reducing
greenhouse gas emissions by 55% by 2030, compared to 1990 levels and
becoming climate neutral by 2050 [7]. As a significant contributor to emission
and energy use, buildings are essential in achieving future environmental
targets.

This is reflected in the strong legislative drive in the European Union (EU)
towards more efficient and socially responsible buildings. Perhaps one of the key
EU directives, well-known within the industry, is the recast of Energy
Performance of Buildings Directive (EPBD) [8]. This required Member States
(MS) to develop and adopt national regulations for minimum energy
requirements for buildings and national definitions for nearly Zero Energy
Buildings (nZEB). Furthermore, the EPBD stipulates that all new buildings after
2020 and publicly owned and occupied buildings after 2018 must be nZEBs. Even
though the EPBD has been amended since its publication in 2018 [9] and another
revision is due by the end of 2021[10], the general definition of nZEB remains
unchanged:

“

1 1
i “..a building that has a very high energy performance, as determined in |
i accordance with Annex I The nearly zero or very low amount of energy i
' required should be. cove{'ed to a very significant extent by energy frolm !
' renewable sources, including energy from renewable sources produced on-site !
\ or nearby;” '
i |
1 1
1 1
1 1

Article 2(2) [8].

Every Member State was further obligated to provide national definitions, limit
values for nZEB classification and specifications of renewable energy integration.
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Although the ambitions for new buildings in the EPBD are high, the renovation
of buildings is considered to a much smaller extent. The only provisions
regarding existing buildings as stated in the EPBD are to ensure minimum energy
demands for the building or its renovated part in the case of major renovations.

A recent status report on the implementation of national nZEB definitions,
legislation, numerical indicators and the demands for new buildings [11] reveal
considerable progress in meeting the different deadlines with the objectives
above as set by the EPBD. With that said, it should be noted that there are still
MS that lack nZEB legislation (3), primary energy indicators (6) or clearly
defined renewable energy requirements (12) [11]. Nevertheless, a comparison
of the selected limit values for primary energy for single-family buildings in the
different MS (shown in Figure 1) reveals a wide variation in the selected limit
values. The observed variation can be partially attributed to varying climates and
thereby, distinct heating and cooling needs. In practice, the limit value IS based
on additional socio-economic and political factors, along with the ambition level
of the country.
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Figure 1 “nZEB kWh/m? per year values for single-family homes in the EU”
Source: [11]

While there has been significant progress in developing standards for new
buildings, requirements related to the renovation of exciting buildings are still
lacking. Compared to existing buildings, new buildings require considerably less
energy for operation [12]. Furthermore, considering that most of EU buildings’
stock has aged [13] and is far from meeting current energy requirements [12], it
is evident that the renovation of residential buildings is crucial for reaching EU
climate and energy targets. Directive [9] and the recently published Renovation
Wave initiative [13] increase the focus on renovation with specific implications.
This is discussed further in the next section.
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1.1. BUILDING STOCK CHARACTERISTICS

Providing common characteristics of the relatively broad and diverse research
area of building renovation requires a differentiation between the different types
of buildings. When the buildings’ function is considered, reports show that 75%
of the total building stock has a residential function. The remaining 25%
constitutes offices, public buildings and other buildings types [13].

In addition to their large share, the age of residential buildings amplifies the need
for additional efforts in the area. Figure 2 shows an estimated breakdown of the
construction period of residential buildings in the EU and United Kingdom [13].
In atleast half of the EU countries, Figure 2 shows that around 80% of residential
buildings were constructed before 1990. This is before implementing ambitious
energy efficiency standards, which can be used as a good indicator of the overall
efficiency of the building stock in each country [13].

H<1945 ®1945-1969 m1970-1979 = 1980-1989 m1990-1999 m2000-2010 m=2010
100% -

80% A
60% A
40% A
20% A
0% -
SS S g RS SHSEPLESTLOY LTS g MY P
g.mggaﬁc:mcga'—Hﬂﬁg“'“%gﬂEgEﬁ"
© = E e o0C o= & 8 ZF =8 = o 58
= = © g = =oSan .-m,co.—'vg;-F"Em"Dcu
EEZ3548 2BEEEOREEECETTEES
2% %48 g :
‘. £
O

Figure 2 Breakdown of residential building stock by construction year. Adapted
from [13].

Considering the facts above, transforming existing residential buildings into
healthy, energy-efficient entities is essential for reaching upcoming EU targets.
This is also evident from Directive 2018/844 [9], which strongly focuses on
renovation. The Directive calls upon MS to prepare and submit cost-effective,
long-term strategies for converting the inefficient, existing building stock into
nZEBs. Directive [9] elucidates that reaching the future efficiency and
environmental targets requires 3% of existing buildings to be renovated each
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year. However, a report published in November 2019 by the European
Commission on the activities and uptake of nZEBs regarding energy renovation
exposes alarmingly low renovation rates [14]. The report considers the following
four qualitative parameters for evaluating the progress and uptake: renovation
rate, primary energy savings, investment costs and the number of constructed
nZEBs for 2016-18. The report findings are alarming as the average weighted
renovation rate for residential buildings spans 0.4-1.2%, depending on the MS.
Furthermore, renovation rates for deep renovations (>60% primary energy
savings) are in the range of 0.1-0.3% [14].

The EU’s Renovation Wave strategy also underlines the need to accelerate deep
renovations of existing residential buildings, with a strong focus on tackling the
worst performing buildings, energy poverty, social housing and decarbonising
heating and cooling [15]. The main objective of the Renovation Wave is to (at
least) double the current renovation rate in residential and non-residential
buildings by several financial, legislative and non-legislative instruments [15].
This clearly shows the intention of the EU to stimulate renovation from “all sides”
(from the “top-down” by legislations and regulations; from the “bottom-up” by
financing support for owners and actors in the renovation process). This calls for
a need for combined efforts from all actors involved in the renovation process.

1.1.1. SINGLE- VERSUS MULTI-FAMILY BUILDING RENOVATION

Residential renovation is a complex process, with many aspects and actors in
play. Firstly, the complexity stems from the wide variation of residential building
types - detached, townhouses, large apartment buildings, student
accommodation, social housing, etc. Secondly, there is a significant variance of
motivation and barriers in a residential renovation. Finally, the increasing and
changing regulations do not help the process from a practical point of view.
Differentiation between residential building types is necessary to evaluate the
differences in motivation and barriers in the wide variety of residential
configurations.

The motivation, barriers and contextual parameters are project-specific and
dependant on a number of behavioural characteristics that influence the
homeowner's decision to renovate [16]. Some of these parameters are the
building type, location, owner-occupant configuration, owner ambition etc. In
general, regardless of the building type, an occupant that owns the property and
has decided to renovate would consider the associated costs and desired
benefits/improvements. However, studies have shown that energy savings are
often not a priority for single-family building owners, but some of the priorities
may lead to energy savings [17]. This is also confirmed by a study investigating
Dutch homeowners’ behaviour towards energy renovations [18]. The study
found that actions improving the quality of life are often the primary motivators.
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At the same time, the cost of the different energy-saving measures is a common
implementation barrier.

The situation with multi-family buildings is quite contrasting. An essential
prerequisite for discussing renovation for this segment of building stock is the
type of owner-tenant configuration, e.g. owner-occupied or tenant-occupied
dwelling unit in the multi-family building in question. Indeed, any homeowner
directly influences any undertaken renovation at their property, compared to a
tenant. However, this is more suited for detached houses rather than dwellings
in a multi-family building configuration.

In multi-story dwellings with owner-based occupants, renovations to the
individual dwelling units are very often limited to internal works. Even if the
primary motivation in such improvements (applied to a single dwelling unitin a
multi-story, multi-family building) is energy savings, the overall impact on the
total energy demand of the building is somewhat limited. Thereby, the
renovation of single dwelling units within multi-family buildings is not
considered in this thesis.

Multi-family buildings that are owned by a real estate company, public housing
associations, or any other constellation capable of initiating and setting global
renovation targets for the whole building, have a much greater energy-saving
potential. Firstly, the efficiency is higher because the renovated floor area is
much greater when the project contains the whole building rather than an
individual dwelling unit. Also, costs per renovated floor area can be reduced due
to the scale of the project such as through the repetition of specific tasks or
purchasing and handling large quantities of building products.

While the renovation of existing buildings is not a new topic, recent
developments in legislation and stricter requirements pose challenges in
selecting the optimal building parts to renovate to satisfy the legislative
requirements and fulfil the building owner's goals. The process and number of
actors are highly dependent on the type of residential building in question. An
optimal solution can be determined based on either a single- or multi-parameter
assessment. Various methods for assessing and selecting “optimal” renovation
solutions are readily available. Considering that there are many different reasons
to renovate and many ways to achieve renovation targets, such methods vary
greatly in approach, evaluation parameter(s), target audience, required skill set
and time.
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1.2. RENOVATION ASSESSMENT METHODS

In order to position the work of the thesis, literature streams and legislation on
the topic of residential renovation assessment have been checked periodically.
This section presents an overview of relevant references used for defining the
PhD project.

Since residential renovation is a broad research area with diverse topics and
considerable developments in regulatory requirements, review articles have
shown that the available literature concerning the topic is extensive [19,20]. The
more recent study [20] reviews 234 references on multi-family building
renovations and identified the need for an in-depth analysis of contributions
from different renovation measures. The study also pointed out a gap between
in-depth and broader RAMs.

In that regard, the literature review presented in Paper [2] focused on
characterising RAMs found in the literature concerning the renovation phase,
building scale and type, evaluation criteria and renovation level. Table 1 presents
the study results where the following paragraphs include a short recap of the
scope and findings for each studied topic. A list with the complete method
characterisation areas is available at the bottom in Table 1.

The reference number (Ref.) depicted in the first column of Table 1 corresponds
to the reference list in Paper [2]. To make things easier for the reader, citations
concerning Table 1 respect the original numbering in the study. To distinguish
these from citations of this document, they are placed in parentheses and marked
in grey in the following way: (i).

The renovation phase that methodologies support is differentiated by a
preliminary stage thatincludes activities up until the physical implementation of
renovation on the building. In contrast, the post-renovation stage includes
activities after the execution of renovation. All reviewed methods in Table 1
support the pre-renovation stage, while only three (14,21,22) address works
post-renovation.

The building scale in Table 1 refers to whether the respective method is applied
to a single building, a collection of (a few) buildings or a large building stock on
a regional or national level. Findings in this regard show that the majority of
methods assess a single building selected as a reference for a large share of the
building stock. Concerning building type, Table 1 depicts public, office and
residential buildings where single- and multi-family buildings (SF and MF) are
indicated separately. The results in Table 1 clearly show that the multi-family
building type is the most common in the studied sample; however, all building
types are represented in the referenced methods.



Table 1 Literature study on renovation assessment methodologies.

INTRODUCTION

corresponds to the reference list in the Source [2]

Ref. number

Building Building Evaluation Criteria Renovation
Ref Phase
Scale Type SOC ECO ENV Level

[8] Pre Single MF CO, NPV PE Single spec. and Package
9] Pre Multiple MF cO PE Single spec. and Package
[13] Pre Single MEF IC, ARE PB, NPV CO2, PE Single spec. and Package
[14] Pre / Post - - -

[15] Pre Single MF IC, ARE PB, INV CO2 Single spec. and Package
[16] Pre Single MF OB. LCC CO2 Single and Package
[17] Pre I_S,ﬂ:ltilcek MEF LCC CO2 Single spec.and Package
[18] Pre Single ME PB, NPV PE Single spec. and Package
[19] Pre Lb Ttil:k MF CcO PE Single spec. and Package
[20] Pre Public PB COy, PE  Single spec. and Package
[21] Pre / Post Public PB, NPV COo, PE Single and Package
[22] Pre / Post Single ME IC -

SF, MF,
[23] Pre Multiple Office, co PE Package
L. stock . 8
Public

[24] Pre L. stock Public co PE Single and Package
[25] Pre I\L/Iujgc’f SF, ME co PE Single and Package
[26] Pre Single Office LCC CE;,AI;E Package

[27] Pre MEF LCC LCA Single and Package
[28] Pre L. stock MEF CcO CO, PE Package

[29] Pre Multiple MF CcoO COo, PE Single and Package
[30] Pre Multiple MEF, Public Cco COy, PE Single and Package
[31] Pre Single MF IC CoO PE Single spec. and Package
[32] Pre Single MF OB NPV Package

[33] Pre Single MF IC INV PE Single spec. and Package
[34] Pre Lélzifk MF ICARE  LCC con Single and Package
[35] Pre Single SF LCC Package

[36] Pre Single Office PE Single and Package
[37] Pre Single ME LCC Single and Package
[38] Pre sl;ilfk MF CcO PE Single and Package
[39] Pre SF LCC Single and Package
[40] Pre Multiple MF PB, NPV PE Single spec. and Package
[41] Pre L. stock MF CoO PE Single spec. and Package
[42] Pre Multiple ME, Public IC, ARE cO PE Package

Building type: Single-Family (SF); Multi-Family (MF).
Criteria: Social (SOC)—Indoor climate (IC); Occupant behavior (OB); Additional renovation effects (ARE); Economic (ECO)—Cost-
optimal following EU method (CO); LCC not strictly following EU cost-optimal method (LCC); Simple payback (SP); Investment

cost (INV); Environmental (ENV) —Life Cycle Analysis (LCA); Reduction of CO2 (COz); Primary Energy(PE).
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Even though most of the reviewed methods are applied to a single building, a
generalisation for the total building stock is often applied. While such
generalisations are powerful for estimating the global potential for renovation
(in terms of energy savings, cost, CO2 reduction etc.), those result in generic
renovation solutions incapable of addressing case-specifics challenges.

Paper [2] categorised evaluation criteria applied in the reviewed RAMs with
respect to the domain of the considered indicator(s), i.e., social, economic and
environmental (see bottom of Table 1). The analysis shows that many reviewed
methods integrate multi-criteria to determine an “optimal” renovation solution.
The EU’s cost-optimal comparative methodology has been widely applied to
various building types (8,23-25), both strictly following the framework from [21]
(indicated as “CO” in Table 1) and in combination with additional indicators such
as COzreduction (28-30), Life Cycle Analysis (LCA) (26,27), thermal comfort (31)
and qualitative co-benefits (30) [2].

Authors have also applied multi-criteria methods as an alternative to the EU cost-
optimal method. Methods considering evaluation criteria in all three
sustainability domains are (13,15,16,32-34). As noted in Table 1, such methods
integrate indoor comfort, architectural or occupant-related criteria in the social
domain. These are often combined with economy-related criteria such as the
payback time, net present value(NPV), investment cost, or Life Cycle Cost (LCC),
although not strictly following the cost-optimal framework in [21]. In addition,
the reviewed methods integrate environmental-related indicators such as
primary energy demand, COz reduction or LCA [2].

Another review goal in [2] was to gain an insight into available approaches for
compiling energy renovation packages/scenarios. In other words, to find the
selection process for which building parts to include in a renovation package. To
gain insight into this area, the last column in Table 1 divides the methods into a
“Single specific and package”, “Single and package” and “Package”. Here,
references denoted with “Package” include an analysis and evaluation of
renovation packages only, whereas “Single Spec. and Package” denotes methods
analysing and presenting contributions from individual (single) energy-related
renovation actions and packages [2].

Nearly all referenced methods deal with the contribution from individual actions
to some extent; however, none of the methods applies those results for
“compiling” the studied renovation packages. While individual contributions
from different building parts regarding energy and cost are often determined,
they are not actively used to decide on the composition of the renovation
packages [2].

In theory, the well-known cost-optimal method [21] can evaluate individual
contributions from different building envelope elements and systems. However,
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in practice, there is a shortage of methods of doing so. Paper [2] points out that
in practice, the decision of “what to renovate and to what extent” is the result of
an iterative process between the building owner and designers; more often
based on a short-term investment cost (payable at the end of the renovation
process) than a long-term LCC. In addition, a LCC is yet to become common
practice in the construction industry.

Paper [2] merely reviewed 32 methods; however, the findings align with those
identified in [20]. In respect of the evaluation criteria, most RAMs consider
economic and energy efficiency indicators to find a cost-optimal solution. A great
deal of these methodologies stem from requirements in the EPBD for a cost-
optimal definition of national energy efficiency requirements and the resulting
comparative methodology [21].

Taken together, the results from the literature review of RAMs in Paper [2]
revealed alack of:

e Structured methods for evaluation of the cost-benefits of separate
building elements and systems.

e Common approaches for deciding which building parts and systems to
include in a renovation package. Moreover, the distribution of
investments between energy efficiency and energy production.

e Practical methods that target specific buildings.

From the time of the literature review in Paper [2], additional, periodic literature
searches allowed the discovery of newer research papers and unintentionally
overlooked publications. These studies are discussed closely in the relevant
appended papers, whereas key developments are briefly mentioned in the
following two paragraphs.

Itis worth mentioning that there is an increased focus on renovation with a nZEB
target [22,23]. In their study, Qu et al. [22] proposed an EPC-based RAM, with a
stronger emphasis on exploring interconnected and coupled impacts of energy
retrofit measures, based on the: “...difference between primary and renewable
energy consumption in the extreme cold winter and hot summer months.” [22].
Teréz et al.; propose a cost-effective method for building renovation at a district
level [23].

A comprehensive study on the uptake of nZEB in EU MS during the period 2012-
2016 [14] found a rising trend in nZEB, more so for new buildings than
renovations. The study also identifies an energy performance gap between cost-
optimal and nZEB solutions. The gap between cost-optimal and nZEB solutions
is also recognised in studies looking to quantify or reduce it [24-26]. Moreover,
despite the increasing trend in nZEB uptake, [14] identifies annual renovation
rates for deep renovations (>60% primary energy savings) to be just 0.2-0.3%
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across the EU. Further efforts in the research topic are needed considering that
the stipulated renovation rate of 3% (Directive 2018/844 [9]) and goals of the
EU Commission are to (at least) double the renovation rate by 2030 and
accelerate deep renovations [27].

1.3. RESEARCH OBJECTIVES AND SCOPE

As pointed out in the preceding section, a number of Renovation Assessment
Methodologies (RAMs) exist. This research aims to support the uptake of nZEB
renovations and increase the renovation rate by:

1.

Investigating the essence and scope of existing RAMs. Identify if any of
these methods have established frameworks for a cost-balance
between energy renovation measures and investments in renewable
energy.

Proposing a flexible assessment methodology for the least-cost
renovation of existing residential buildings to nZEB; targeted to reach
practitioners, renovation experts, professional building owners and
builders.

Testing the robustness of the method and obtaining a better
understanding of the relationship between input and output
parameters of LCC calculations.

The scope of the PhD project is limited to cost and energy savings as indicators
for the assessment of renovation alternatives. Additional indicators that can be
applied are discussed and noted through the targeted literature review in Paper
[2] and Chapter 5.

Key research questions for the PhD project include:

* What is the most cost-effective way to reach nZEB, considering different costs
for the renovation of building elements, systems and energy-producing
technologies?

¢ Which renovation actions provide the greatest energy savings? What is their
investment, life cycle cost and life expectancy?

* How should single refurbishment actions be prioritised and combined into a
cost-optimal scenario while complying with nZEB requirements for multi-
family apartment buildings?

¢ What are the existing options for renewable energy production? What are
their investment and running costs? How do those costs compare to envelope
and system-related costs?

10
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* What is the magnitude of the uncertainties related to the required energy and
cost calculations?

1.4. THESIS OUTLINE

Chapter 1 presents the background and challenges of the research area,
including the objectives of the PhD project.

Chapter 2 defines the approach applied to reach the objectives. The chapter
positions the thesis within the field of residential renovation assessment with
respect to the literature review and the identified gap between the evaluation of
packages and individual (single) renovation actions. As defined in the objectives,
the method is targeted at multi-family building(s). Moreover, the chapter
provides an overview of the applied approach for accomplishing the PhD project.

Chapter 3 describes the proposed assessment methodology originating from
Paper [1] and further developed through Paper [2] and Paper [3]. In addition,
the chapter summarises the key observations and findings from developing and
applying the method to the case study buildings.

Chapter 4 discusses the robustness and uncertainties associated with costs
when applying the proposed method investigated in Paper [4].

Chapter 5 provides an example of the practical application of the method in a
newly developed online platform for the assessment of residential renovations.
The chapter describes the integration level of the method in the platform and
exemplifies the application with an alternative to cost parameters.

Chapter 6 concludes on the main findings and highlights areas for possible
further exploration within the topic.

11
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2

RESEARCH DESIGN

To accomplish the objectives of the PhD project, the research was centred around
designing a flexible assessment methodology for the least-cost nearly Zero
Energy Building (nZEB) renovation with practical implications.

2.1. POSITIONING

Positioning the method within the framework of residential renovation is
accomplished by using work by Janda et al. [28]. They define a framework for
societal change with respect to where the change is initiated - Figure 3 [28]. In
this schematic framework, a “top-down” influence entails rules, regulations,
directives and so on coming from bodies with regulatory power. On the contrary,
“bottom-up” relates to individuals (homeowners, tenants, landlords) or tools
and activities that assist in complying with the regulations coming from the top.

EU, National legislative agencies; Directives, national building regulations

Calculation tools,
funding, grants,
info campaigns,

Home and building
owners, designers,

renovation experts,
practitioners Bottom up guidelines

Figure 3 Directions of influence. Adapted from [28]
The developed method falls within the “middle-out” section of the framework

shown in Figure 3 as it is aimed to support actors from the “bottom” while
respecting national regulations from the “top”.

13
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The flexibility refers to the broad target audience with various national, local,
private or commercial tools for evaluating a renovation project's cost and energy
savings. The practicality is built around integrating the method into an online
refurbishment assessment platform.

Considering that renovation is a broad area with multiple possible solutions for
a given building, many methods presented in the introduction are optimisation-
based. However, in practice, optimisation is performed on a single (or a
maximum of a few) solution(s) rather than the entire solution space. This can be
explained by the additional time required for optimising a renovation problem.
In practice, it is common to select proven solutions and optimise these to reach
the desired targets or requirements to save time and ensure quality.

In light of the considerations made above, the Least-Cost Method (LCM)
developed in this project is not optimisation-based. An intention for the method
from the start was to allow its user to evaluate and select renovation alternatives
tailored to the specific project in hand by using available standard methods and
evaluations for renovation.

2.2. APPROACH

The overall approach applied throughout the PhD project is shown in Figure 4.
Initially, a structured literature study on existing RAMs was performed to
identify gaps in the renovation decision process. As presented in section 1.2 and
more detail in section 2.1 in Paper [2], the literature study identified a need for
a method that compares alternative renovation options and selects a renovation
package with the least cost from the building owners’ perspective.

method
development

Iitsctl;?c%l/rc 3 < > —> robustness
application

Figure 4 Approach and main aspects in the development of the least-cost method
(LCM).

The development of the method was a main activity throughout the PhD period.
It consisted of identifying well-known concepts within the practical decision
process of what to renovate and to what extend. Following the identification of
commonly used criteria (investment cost for renovated parts, energy savings
and lifetime of products or parts), a simplified parameter linking those and
representing the cost for achieved savings is proposed and applied to a single-
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family building in Paper [1]. Further, the proposed indicator was tested with a
higher number of energy-saving renovation actions concerning envelope and
system improvements, as well as the integration of mechanical ventilation with
heat recovery for a multi-family residential building (Paper [2]). In addition,
Paper [3] tested the parameter on several different energy supply systems and
compared it to Net Present Value (NPV). The reliability of the parameter for
decision support in selecting which elements to include in a renovation package
and the balance between energy savings and renewable energy production was
also studied in Paper [3].

The application of the method was considered alongside its development in two
distinct domains. The first is by applying the method to actual building case
studies where iteration back to the development phase is performed after each
application. Secondly, the method was integrated into a novel online assessment
platform developed alongside the PhD project as part of the RECO2ST project.
The integration and practical application of the method within the platform was
also the main activity during two external stays abroad in 2019 and 2020,
respectively.

Considering that the method targets practitioners and building owners, verifying
the robustness of the procedure is deemed essential for the future application of
the method. This was performed on two separate occasions and proportions.
Firstly, by comparing the proposed economic indicator with NPV and observing
any changes in the hierarchy of investigated renovation actions. Secondly, a
targeted and structured study investigates uncertainties in renovation-related
costs and the resulting variance of the final results. The results from both
robustness checks are summarised in Chapter 4, while a complete description of
analyses is part of Paper [4].

The LCM aims to identify the least-cost renovation for nZEB. Therefore, it is
necessary to specificity the definition and the related costs for different
renovation measures. As noted in the introduction, the nZEB definition is
country-specific. In Denmark, nZEB is defined by a maximum limit value of
primary energy demand. Therefore, it is used as the main evaluation criteria
besides cost. For residential buildings, primary energy includes heating, cooling,
domestic hot water (DHW) and electricity for the operation of the building. As
illustrated in Figure 1, the Danish limit value is the most ambitious of all EU
countries.

The costs are also country-specific. The starting point of the method is Danish
cost databases. However, the desired flexibility should allow the use of the

methods or sources in other countries besides Denmark.

The cost of individual measures is used to test the proposed approach for
compiling the least-cost renovation packages. The approach is intended to select

15
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renovation measures and renewable producing systems and balance their
investment while respecting the nZEB ambition and intended practical
application.
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RESIDENTIAL ASSESSMENT METHOD

This chapter presents the proposed residential assessment method and outlines
the main stages in its development. The last section of this chapter presents the
case studies used throughout the development of the method.

3.1. DESCRIPTION OF THE LEAST-COST METHOD

The least-cost method (LCM) developed throughout the PhD project is derived
from the research presented in Papers [1-3]. This section summarises the main
parts and functions of the LCM and links their development to the respective
papers.

A flowchart published in [29] and originating from the comparative EU cost-
optimal method [21] inspired the expression of the LCM. The referenced
flowchart is shown in Figure 7 and consist of two initial steps before evaluating
energy and economic performance separately. The first step defines the
reference buildings of the analysis, whereas the second step defines the
renovation packages applied to the reference buildings.

The intentions for a flexible and practical application while striving towards
nZEB categorisation resulted in the schematic representation shown in Figure 5.
This representation guides the user in the activities and analysis necessary to
evaluate single renovation actions and combine these in renovation packages.

Figure 5 presents the final version of the LCM as presented in Paper [3]. As
observed in Figure 5, the method includes three main stages; the first and last
stages are compatible with the cost-optimal method in [21]. The project
definition stage includes activities related to the definition of the renovation
project, including characterisation of the building (energy demand, age,
condition, function), energy audit, setting requirements, performance analysis of
the existing condition of the building in question. In essence, securing all
required data for the energy and economic analysis performed in the next stage
of the LCM.

17
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Figure 5 Least-cost renovation assessment method. Source [3].
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The second stage of the method accommodates the energy savings and cost
analysis for renovation actions deemed relevant to the renovation project. As
defined in [2,3], the implementation cost involves all costs required to
implement a renovation measure, including the removal and disposal of replaced
buildings parts, salaries and equipment rental. Energy savings can be calculated
by a context-suited (building type, location, targets) energy analysis tool. For
example, Paper [2] illustrated two compliance tools for energy demand
calculations, BE18 for the Danish and CECB for the Swiss case study. The cost
used in the analysis is obtained from a cost database for the Danish case. In the
Swiss case, renovation costs are estimated by a tailored tool for the cost analysis
of renovations.

The second stage of the LCM consists of the computation and evaluation of single
renovation actions and renewable energy-producing systems. In addition, the
second stage of the method combines the single actions into a cost-effective
package. The second stage of the LCM has developed through groundwork
presented in Paper [2] and [3].

Paper [2] focuses on efficiency improvements related to building envelope
elements, the distribution system and the addition of mechanical ventilation
with heat recovery. The main contribution of Paper [2] to the development of
the method is the testing of a proposed cost-effectiveness parameter (CEP),
essential in the second stage of LCM. The investigation of the applicability of the
CEP to renewable energy-producing systems is presented in Paper [3]. The
paper also explores the suitability of CEP as a ranking parameter in selecting the
contents of a renovation package.

Moreover, analysis in Paper [3] determined the cost-optimality of the
investigated individual and package solutions. Balancing investments in energy
efficiency and renewable energy production is determined by examining the
individual and combined contributions of the systems in the same manner as
energy-saving actions - by calculating the CEP with the same units (€/kWh) but
for produced instead of saved energy.

The third and last stage of the method is the evaluation of renovation packages,
which includes primary energy demand and LCC calculations. Renovation
packages are evaluated in a cost-optimality plot as illustrated in Figure 5. The
maximum primary energy limit for obtaining nZEB classification is depicted on
the plot to identify the packages fitting (or closest to) the limits. At last, if a
satisfactory renovation package fulfilling all requirements and targets is found,
the detailed design of the renovation can be initiated. Alternatively, in a case
where a suitable package is not found, the user can take a step back to optimise
the analysed packages (either in terms of cost or project-specific parameters). In
addition, if none of the investigated renovation packages come close to the
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targets, the user can create new packages by revisiting the previous stage of the
method.

3.2. PROCESS

To begin with, the method in Paper [1] proposed a calculated indicator based on
the implementation, cost, lifetime and saved energy of individual renovation
actions. The indicator is termed “cost-efficiency” in Paper [1] and changed to the
cost-effectiveness parameter (CEP) in Paper [2] and [3]. Essentially, the CEP
represents the relationship between the implementation! cost and energy
savings during the lifetime of the measure at hand or, in short, the cost of
achieved energy savings. Because the focus of Paper [1] was an occupant-
owned, single-family house, the criteria for selecting a renovation alternative is
the total investment cost for the owner. In this early stage of the development
process, the methodology consisted of the following three steps:

“1) Select the most cost-efficient option as presented in Table 31 [9]

2) Check the investment cost of the selected technology in Table 32 [9]

the package.”

3) Compare the cost of the technologies with the available amount of funds in i
Paper [1] |

Table 31 and Table 32 in reference [9] (c.f. Reference list of Paper [1]) contain a
list of CEP and total investment cost for all considered solutions in Paper [1],
respectively. The CEP is expressed as:

. Investment cost €
“Annual investment cost = — 8 — [_]

! 1
1 1
: Lifetime year :
I :
1
| . Investment cost per year € kWh B |
Cost Efficiency = [— er saved er ear] !
: ﬁ Y Saved energy year p m2 pery :
I :
! 1
1 Paper [1] :
1

The concept of applying CEP as a selection criteria for ranking renovation
alternatives was expanded in Paper [2], but with few minor adjustments to
terminology and representation. As noted above, the term “Cost Efficiency” used
in [1] is revised to “Cost-effectiveness”. This decision was taken as
“effectiveness” represents the parameter better than “efficiency”. In addition, the

! The cost for all required products, activities and materials to implement a renovation measure,
including salaries and machinery.
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representation of the unit of the CEP in Paper [2] is simplified to show the total
energy saving throughout the lifetime of an element or system for the building
under consideration by integrating the heated floor area (m2) and lifetime

RESIDENTIAL ASSESSMENT METHOD

(years) in the calculation as:

Paper [2]

In addition to the adapted terminology and unit of CEP, the method in Paper [2]
is extended to seven steps for ranking energy renovation actions shown in Figure

6.

Step

“Cost — ef fectiveness |

__ Annual investment [€/y] ,,

Main Task

saved kWh:|

(1)

Acquaintance
with the project

Building
inspection

Calculation of
single actions

Single actions
results & processing

Build up of

scenarios

Calculation of
scenarios

Fulfillment of
criteria?

Source [2].

The steps and activities depicted in Figure 6 reflect the required practical
process for building up renovation scenarios based on CEP. The methodology is

PN

Saved energy [kWh/y]

Sub-tasks

- Project history
- Drawings
- Budgets

- Energy audit
- Building evaluation
- Building measurements

- Energy Savings
- Investment costs
- Calculation of cost-effectiveness

- Sorting according to cost-effectiveness
- Sorting according to energy savings
- Sorting according to investment costs

- Selection of single actions based on defined criteria
- Combination of single actions in different scenarios

- Energy Savings
- Investment costs
- Cost-effectiveness/Cost-optimality

- Owner criteria
- Budget
- Regulations

— —>Detail Design

Figure 6: Seven-step methodology and activities associated with each step.
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applied to two case study buildings in Paper [2], presented in the next section.
This is considered a “bottom-up” approach as the project activities and analysis
is based on the specific conditions and requirements. As noted at the beginning
of Chapter 3, the method was inspired by the comparative framework for
calculating cost-optimal minimum energy efficiency demands in the MS of the EU
[21]. In particular, the representation of the cost-optimal method is included in
[29] and shown in Figure 7.

Definition of reference buildings
(new buildings and existing stock)

Definition of packages of energy performance measures
(current requirements and beyond)

Framework conditions: Framework conditions:
climate, geometries, system performance etc. investment costs, interest rates, energy price etc.
Calculation of energy performance for set of packages delivered Calculation of financial performance for

(current requirements and beyond) energy set of packages

cf=c o3 Sl -r, 0]

(31 CEN standards for EPBD) (Net Present Value)

if

Ecomomic *

Overview energy performance ~ Optimum

Overview financial performance
of packages of measures

of packages of measures

Pt s gt 1

Comparison

Improvement of framework
Comparison Environmental Targets New Target  conditions (e.g. soft loans)
(e.g. for 2020 of NZEB)

- . Update L .
Current minimum requirements New minimum requirements

Update/
reporting cycle

Figure 7 “Comparative methodology - flowchart”. Source [29]

The final version of the LCM presented in Figure 5 arose from combining the
building-specific approach in Figure 6 and the comparative cost-optimal
methodology in Figure 7. The final version of the LCM expanded the flowchart in
Figure 7 by including a pre-step for evaluating individual renovation actions,
renewable energy systems and the selection of the entities in a renovation
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package. Furthermore, key aspects and activities in the project definition stage
are characterised and structured respecting the target application of the
building-specific renovation assessment.

The proposed LCM provides an overview of the renovation process and can serve
as a roadmap for communication between the targeted users in the early stages
of renovation. Investigations in terms of the method's robustness are described
in the next chapter. In addition, Chapter 5 presents the integration of the method
in an online assessment platform and lessons learned during application and
development.

3.3. CASE STUDIES

Four different case study buildings have been used to exemplify and test the
proposed LCM. Each of the case studies is applied at different stages of
development and to a different extent. The complete method is applied to one of
the four case study buildings; for ease, it is referred to as the “main case study”
in this thesis. Sub-section 3.3.1 summarises the results for the main case study
obtained after each stage of the LCM. The additional case study buildings and
their relation to the LCM are discussed in the individual appended papers.

3.3.1. MAIN CASE STUDY

The main case study is a multi-family apartment complex consisting of two
buildings located in Denmark and visualised in Figure 8.

Apartments: 48 18
Orientation: NW SW

OX2;

LT

Figure 8: Plan and orientation of the main case study (a); overview of the building
complex and its surroundings. Source [2].

The main outcomes and results from the project definition stage are detailed in
Paper [2], whereas the results from the energy audit and reference calculations
are shown in Figure 9. The figure presents measured energy from metering at
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the building and the calculated value using the compliance tool BE18. The
primary energy demand for the building was found to be 130 kWh/m?2 year and
includes energy for heating, cooling, ventilation and electricity for the building’s
operation. The total electricity (including home appliances) was also
investigated to be later compared to the potential energy production by on-site
renewable energy systems. Determining the existing energy demand and
validating the BE18 reference calculation model concluded the project definition
stage of the LCM.

250 25

2 y|

200 20

—
15
=}

15

[/ 777

=
S
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0 0

\\g&b S N Calculated - Be18  Calculated  Measured 2011

Energy consumption [kWh/m’
Energy consumption [kWh/m? y]

)

o (building operation) ~Statistics
mm Total heating [ Measured @ Appartments
Total DHW = = Measured average E Common arca

(a) (®)

Figure 9 Energy demand for the case study. Comparison of the calculated and
measured total energy demand for heating (a) and electricity (b). Source [2].

The main contribution of Paper [2] lies in the development of the sec