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Nomenclature and Abbreviation

Nomenclature

Symbol Unit Description

A m2 Area
ach - Air change rate per hour
V FR % Volume Flow Rate
n year Economic lifetime
nt year Technical lifetime
ti K Indoor temperature
to K Outdoor temperature
η % Efficiency
q m3/h Volume flow
r % Real interest rate
I DKK Investment Cost
U − value W

m2K
Heat transmission coefficient

SFP kJ/m3 Specific fan power
P Pa Pressure
ppm mg/kg Parts per million
t h time

v
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Abbreviation

Abbreviation Full Meaning

IEQ Indoor Environmental Quality
CCE Cost of Conserved Energy
LCC Life Cycle cost
BR18 (Dansih) Building Regulations 2018
DB Design Builder
PV cells Photo Voltaic cells
HV AC Heating, Ventillation, Air-condtinioning
EPS80 Expanded Polystyrene
DS Danish Standard
AHU Air Handling Unit
CAV Constant Air Volume
V AV Variable Air Volume
HS Higher Standard
MT Maintenance
EER Energy Efficient Renovations
EEM Energy Efficient Measures
NPV Net Present Value
IEQ Indoor Environmental Quality
EU European Union
PE Primary energy
SE Site energy
NZEB Nearly Zero-Energy Buildings
EPC Energy Performance Certificate
EPBD Energy Performance of Buildings Directive
SBi Statens Byggeforskningsinstitut
SFH Single Family House

Concept definitions

To avoid ambiguity and misinterpretations, the following concepts have been defined for this
thesis.

Extensive renovation
Where a majority of part of the building components and systems are renovated.

One-off renovation
Building renovation performed at once to achieve the designed goal.

Renovation Measures
Is the collective term for the followings:

• Energy Efficiency Measure (EEM)
Renovation works that decrease the energy consumption of the house or provide renewable
energy at the site

• non-Energy Efficiency Measure (non-EEM)
Functional renovations that have no energy saving benefit, but otherwise improve the
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usability or aesthetic of the house
• Maintenance works or Anyway maintenance Necessary replacement of building components

or system required to be carried out to uphold the usability of the house.

Holistic renovation
A building renovation that includes aesthetic, functional, technical, and economic considerations.

Method
A specific course of action(s) for attaining results

Methodology
Collection of methods

Co-benefits
"Co-benefits refers to all benefits (positive or negative) resulting from renovation measures related
to energy and carbon emissions optimized building renovation, besides or as a consequence of
energy efficiency increment, carbon emissions reduction or costs reduction"[61].

Staged renovation
Staged renovation is a process of renovate a building that the implementation of the renovation
measures applied over time in stages. The time period difference could vary from month to
decades.
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Abstract

To reach the 2050 goal of reduced carbon emissions in Denmark due to energy consumption,
solutions for reduction and sustainable production of energy is required. Within the building
sector, single family houses account for 22% of the country’s total energy consumption. In the
existing stock one of the largest improvements could be achieved by improving parcel houses
built between 1960-1979 due to their poor energy performance and large number.

Due to various barriers the amount of energy efficiency renovations of recent years is not sufficient
to reach the reduction goals of 2050. As suggested by other research, staged renovation can be a
viable solution to many of the common issues with energy efficient renovations. However there
is a lack of research about this, thus the goal of the thesis is to provide a better insight into the
applicability of staged renovation.

The project includes the development of a staged renovation methodology, that is designed to
overcome the mentioned barriers. The methodology was developed with a holistic approach,
focusing not strictly on energy savings, but other aspect’s that could motivate homeowners to
energy renovate and reach a low energy frame for the building in the end. The development of the
methodology was substantiated by a literature review, including several surveys about typical
renovation practices and decision making of homeowners, their financial situation and habits, and
various preferences. For testing the methodology, a parcel house was chosen, that can represent
the majority of buildings constructed between 1960-79. By determining the frequency, order and
size of the stages, a final implementation sequence prioritizing energy savings was concluded.
To substantiate the effect of this stage renovation, the following evaluations were conducted:
LCC analysis for financial application, quasi-steady state simulation for energy use and dynamic
simulation for indoor environmental quality. The results show, that it is possible to implement
the renovation measures into staged packages with a holistic view and in a order that takes
into consideration the priority of the homeowner. Performance of the building during the stages
was evaluated and improvements were concluded. The dynamic simulation are important to
investigate the house condition after renovation stages. The financial evaluation of the staged
renovation showed that staged renovation can be more beneficial in 30 years than maintain the
house in its original conditions. The comparison of staged renovation and one-off renovation
showed that staged renovation can be more beneficial when considered the house been sold.
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1 | Introduction

1.1 Background

For several years, the reduction of greenhouse gas emissions has been a priority for the EU.
Buildings and construction together account for 39% of energy-related carbon dioxide (CO2)
emissions in the EU (Global Status Report 2017). In Denmark, single-family houses constitute
a significant part of consumed primary energy (22%), according to the Danish Energy Agency.
During the period of 1960 to 1979, a large number of detached houses were built, with low
requirements of thermal insulation. The amount of these houses with poor insulation poses a
large potential target for energy savings. Since they will still be in use in 2050, their energy
efficient renovation is much needed. Technology allows buildings to be renovated to Nearly Zero-
Energy Buildings (NZEB), but to reach the 2050 goal of reducing carbon emissions, a more
widespread, acceptable and cost-efficient implementation is required [39] [51] [30].

Barriers to Energy Efficiency Renovations (EER) are mostly financial-related, but there are other
aspects, that have to be considered, in order to motivate homeowners. There is a need for new
approaches and alternative solutions to whole-house renovations and their planning, especially
for people who cannot afford the extensive investment. This is based on recent research [5] [13]
and their conclusions and suggestion, what are the basis of this thesis. People are more used to
maintaining their homes on a yearly basis, as they live in it. Their finances do not always allow
large investments, that will also create an undesirably long disruption to their everyday life. By
creating a long-term, staged renovation plan, it could be possible to remedy these issues, thus
increase the number of energy-related renovations. But current literature in this field presents
the idea of staged renovation only in a preliminary way. The focus is more on identifying barriers
and finding motivators. There is a lack of studies, investigating its applicability. Thus there are
no practical methods.

1.2 Purpose

State of the art research in the energy sector of buildings points towards over-time renovation
with a holistic considerations a possible solution to overcome common barriers that slow down
the number of energy renovations in single-family houses to increase all over the EU. However,
these indications are rather passive, without practical methods and such renovation approaches
are not well studied in Denmark. The purpose of this report is to develop and investigate the
potential of a staged renovation approach that could benefit households that cannot or would
not carry out an one-off extensive renovation. The underlying goal is to contribute to increasing
the number of energy renovations of single-family houses in Denmark, thus reducing energy
consumption, greenhouse gas emissions, along with improving human comfort. By doing this,
the project adds to the existing body of knowledge, thus filling a gap within this problem area.
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1.3 Research question

How does a holistic staged renovation needs to be built up so that homeowners would consider it
beneficial and appealing? What are these benefits?

In order for this to be answered, there is a need to ask further sub-questions. These will, later
on, guide the paper’s structure.

1. What are the barriers and motivators to energy efficiency renovations?
2. How can a staged renovation pose a solution to the most relevant barriers?
3. What needs to be considered in a staged renovation for it to be more applicable in the

context of common house renovation practices and current priorities of the homeowners?
4. How can an extensive renovation be divided up in order to form the basis of a staged

renovation? How would the stages be ordered and according to what?
5. What are the factual benefits, such as monetary value, energy consumption and increased

comfort?

1.4 Structure of the project

In order to explore recent development and shortcomings within the field of energy renovation
of houses, a literature review is carried out in chapter 2. By this, barriers and motivators to
energy renovation and suggestions for possible solutions are identified. Both theory and practice
will be examined to obtain a representative view of the problem area. The current practices of
home renovations are assessed to aid in the methodology creation.

In chapter 3, the staged renovation is developed. First, considerations for the methodology
creation is presented and alter the methodology resulted from the considerations is presented.

To investigate the applicability and theoretical potential of the staged renovation methodology
created, in chapter 4, the methodology is applied in a case building. First, a evaluation of
renovation measures that is not part of the staged renovation methodology is made to compile
the energy improvement solutions of the building components and systems. Second, the found
renovation solutions are then combined as an extensive renovation. Third, the methodology is
applied to the extensive renovation. The staging process is presented step by step to a scenario
where the implementation order of the renovation measures prioritizes energy efficiency. However,
the result of the staging process prioritizing other aspects is also presented after. Finally, the
staged renovation created is by LCC analysis.

In chapter 5, the application of the methodology and the methodology itself is discussed.

Finally, in chapter 6, the conclusion of the project is presented.

1.5 Delimitation

During the literature review, several barriers and motivators of energy renovations are identified,
but not all will be dealt with later on in the project. The main focus of the thesis revolves around
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the following aspects:

• Energy consumption for room heating
• Economy of the renovations
• Maintenance of homes
• Certain Homeowner characteristics (capital, income, wishes)
• Indoor environmental quality

The extent of the thesis is delimited by the followings, which are not part of the thesis:

• In terms of indoor environmental quality: relative humidity, acoustics, and daylight, as
these are either slightly influenced by the renovations or are not considered relevant to
improve given the context of single-family houses.

• Small, yearly maintenance of the house as this would not make a difference during the
comparison.

• Finding the most cost optimal solution as methods for this task is well researched
• Environmental pollution, e.g. greenhouse gas emissions

3





2 | Literature review

2.1 Background

According to the European Commission, there is a large need for renovation of the existing
building stock throughout Europe : "Currently, about 35% of the EU’s buildings are over 50 years
old and almost 75% of the building stock is energy inefficient, while only 0.4-1.2% (depending
on the country) of the building stock is renovated each year" stated by the Energy Performance
of Buildings Directive (EPBD) [1]. At the most, construction of new buildings in Denmark
accounted for only 1% of the whole building stock, and in 2014 it was 0.55%, which means the
overwhelming majority of buildings are existing and will still be in use in 2050.

The share of primary energy consumption in total, for Danish single family houses is 22%,
moreover, they account 51% of the primary energy consumption for heating in the existing
building stock, as visible on figure 2.1.

Figure 2.1: Distribution of primary energy consumption for heating in the different sectors of buildings
in Denmark. Source: Strategy for energy renovation of buildings, May 2014, Danish Government

For this reason, there is a great potential in the energy retrofit of single family houses in
Denmark [52] [41], moreover within detached houses built between the 1960’s and 70’s, for
which a minimum, but rather low insulation standard was required by building regulations in
1961 (Chapter 8, Varmeisolering), that was only significantly tightened in 1979.

According to Stastistics Denmark data from 2018 [2], there are a total of 1,036,915 detached
single-family houses occupied by homeowners, and 127,803 occupied by tenants. From this total,
houses from the 1960s and the 1970s are 411,856 occupied by homeowners and 23,571 occupied
by tenants. That means that a representative part, 37%, of the total of single-family housing
stock are houses built in the 1960s and the 1970s.

Since these houses are approximately 50 years old, the first bigger renovation due to maintenance
is expected to happen around 2020. Also they are in need of modernization and to be made
functional compared to the actual life-style of its residents. For this reason, the project deals
with such type of houses, due to their potential.

For the sector of single-family houses, the state aims to facilitate energy efficiency through
incentives and regulatory requirements. The Building Regulations (BR) are constantly tightening
their mandatory requirements in terms of energy efficiency connected to new construction and
alteration, conversion or renovation of existing buildings. Also due to the EPBD, Energy
Performance Certificates (EPC) are required to be issued for each building that is newly built,
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undergone major renovation, sold/rented out to a new tenant or for public buildings with a useful
floor area larger than 250 m2. To not only assist homeowners in energy efficient renovation, but
also let them know about the benefits of comfort and energy savings, a scheme called BedreBolig
was launched. "BedreBolig is a nationwide scheme developed by the Danish Energy Agency,
which makes it easier for homeowners to renovate their homes in an energy-efficient manner"
(SparEnergi.dk).

Despite the momentum energy renovations gained in the past decade [18], the renovation of the
residential building stock is coming along rather slow [38], due to the uncertainties of economic
and non-economic aspects [18]. Based on a series of yearly surveys in Denmark [7], people have
been losing interest in energy renovations (net interest of 72% in 2012 fell to 55% in 2017).

2.1.1 General barriers and motivators

There are several barriers that hinder the progress of energy renovations. Galvin et al. [6] looks
at policy making and groups barriers into (1) informing, (2) giving incentives and (3) demanding.
Tuominen et al. [48] separate barriers based on interviews from stakeholders, into: "(1) financial
barriers (2) barriers related to information, promotion and education, (3) barriers related to
organizations and decision making, and (4) regulatory barriers.". Weiss et al. [55] exclude
regulatory (direct) aspects, thus dividing barriers into (1) Financial, (2) Communicative, and
(3) Procedural. A similar approach is followed by Wilson et al. [57], but (3) Decision-making
is used instead of procedural. Similarities in grouping show the distinctness of some barriers,
however, there is always a certain level of interrelation between them, making this a complex
problem. Based on the previous considerations, to better fit for the specifics of this thesis, a
grouping of barriers (and consequently motivators) was compiled, presented in figure 2.2. Group
(C) Context refers to the specifics of a renovation project: the homeowner and occupants, who
live in the house with certain conditions, which is located in a specific site and climate. Group
(D) are other, external institutions, companies, governmental bodies that have an influence on
renovation projects. The purpose of this division is to support and guide the future works and
to make it easier to delimit the areas of interest. Moreover, the following literature review is
addressed based on this grouping of barriers and motivators.
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Figure 2.2: Grouping of barriers and motivators

2.1.2 Financial aspects

Due to the government’s approach and current practice, the framing of energy renovations are
mainly economical, which is usually the biggest barrier to energy renovations [33] [54] [25] [21] [48]
[7]. Building regulations emphasize the need for payback of energy renovation (profitability) and
thus treat renovation works as investments. Most homeowners, however, do not possess capital
to carry out such investments. This is supported by an extensive and international review of
literature that was carried out in 2014, concluding that "people may not have the necessary
financial resources and are unwilling or unable to raise a (further) loan" [18]. Also people would
rather gather savings by themselves than to ask for a bank loan [47].

This does not mean renovations are non-existent, only that larger ones are seldom carried out.
In Denmark in 2016, according to a survey of owner occupied detached houses [7], 12% of the
respondents spent at least 90.000 DKK on energy renovations that year, whereas 69% used only
a maximum of 30.000 DKK. From this can be concluded that the extent of renovation works are
rather small and only a smaller portion of homeowners invest larger sums.
As said before, homeowners might wish to upgrade their houses, but lack the finances to do
so. Even those that are engaged in the decision making progress of energy renovations might
still lose interest, after seeing the large sum of money that is required to be payed for extensive
renovation of the house [22] [40] [5] [6]. Payback time can also act as a discouragement since
energy renovations are long-term investments (more than 15 years) [22], and people in general
see short-term rewards more beneficial [35]. Renovation measures should be appropriate to the
characteristic of the homeowner (along with their financial capabilities) so it is possible to achieve
the determined goals [22]. At the meantime, those with a larger budget should be challenged to
reach higher standards of energy renovation.

Financial savings are related to the energy conservation (or production) a certain renovation
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can achieve. These calculated savings are based on different assumptions and variables that
are difficult to predict. Suggested by [43] for the acceptance of energy efficiency renovations,
reliability is a key characteristic. Unfortunately, homeowners have distrust in the expected
savings as in practice these are lower then calculated [18]. One reason for this is the "prebound"
and "rebound" effect. Calculations are based on comfort temperatures (usually 20◦) throughout
the whole building, whereas buildings with poor thermal insulation are not heated up to comfort
levels, moreover not all rooms are heated. This creates a gap between calculated and actual
consumption, and as a consequence in assumed and real savings. The same is true in case of
buildings with high performing thermal envelopes, where occupants may create higher indoor
temperatures (better comfort) compared to assumptions, thus consuming more than predicted
[46]. Other factors that are crucial to the accuracy and amount of savings that can be realized
are the assumptions towards future energy prices and price elasticity [18]. This unpredictability
is a big issue, since reducing running costs of the home is a significant motivator [49] [60] [34] [7],
but due to its previously described nature, it is not enough when it comes to decision making.

In their survey and study, C. A. Klöckner and A. Nayum [33] categorized the stages of decision-
making for a house renovation. These are:

• Stage 1, Not in decision mode
• Stage 2, Deciding what to do
• Stage 3, Deciding how to do it
• Stage 4, Implementing decision

For the three transition of stages (e.g. from 1 to 2) barriers and motivators were identified and
their relevance was assigned. From their work, it is understood that some barriers and motivators
are predominant at specific stages. For example, homeowners’ evaluate their economic capacity
when they are about to enter stage 3, deciding how to renovate. Information about renovations
also comes to be questioned at this stage, further discussed in the following subsection.

2.1.3 Information

Barriers and their solutions are going to be addressed in terms of the Motivation-Opportunity-
Abilities (MOA) model proposed by Ölander and Tøgersen (1995).

Lack of knowledge is one of the core issues, since if people do not know there is a problem, they will
not want to invest in a solution. Homeowners, in general, are not aware of their consumption, thus
they do not consider savings to be substantial [6] (motivation). Framing high energy consumption
as a waste or being morally wrong can instigate energy efficiency renovations [33] (motivation).
By showing homeowners their consumption in relation to other buildings and current standards,
they will begin to realize the possibility for savings [7] (opportunity). Also they do not know
in what ways they can reduce their energy consumption [40] [7] [60] (ability). To ensure better
outcomes for savings, the homeowners need information not only about renovation possibilities
but also in terms of how their everyday practices could facilitate decreased consumption [53].
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2.1.4 Context

In current literature there is an increasing focus on the non-financial side of energy efficiency
renovations. Homeowners have a need, not only to lower operation costs, but also to cater to
the "needs of comfort, convenience and belonging" [60]. These factors have been systematically
understudied [33] [10] [58], but are found to be highly desirable and motivating, and can be even
more so than economy [33]. This is pointed out in [36]: "Our findings indicate that people’s
motivation to carry out refurbishment was not so much to save energy but rather the desire to
improve comfort and the need to repair." A survey of homeowners around the Northern area
of Copenhagen, proves that after energy renovation, the improvement of comfort and Indoor
Environmental Quality (IEQ) can be clearly experienced by the occupants [34].

Functional or comfort improvements, such as a new kitchen or terrace for the garden, do not
involve economic benefit, yet are still a priority of home renovations [25]. Contrary to this, energy
related renovations are still addressed in terms of feasibility (considering pay-back), instead of
approaching it as comfort investment [6] [15]. Research emphasizes the importance of non-
financial, co-benefits that relate to energy efficiency improvements [57] [29] [24] [43] [58] [15].
These have an impact on not just comfort, but environmental and social aspects (such as: health
benefits, job creation, energy security, impact on climate change) [15]. These co-benefits create
a solid ground for argumentation and motivation.

It is more likely to renovate if the building is old and IEQ is low [M11] Thus Bolius survey [7]
was used to identify the common indoor climate issues experienced by homeowners:

• Most of the participants (55%) have not experienced indoor discomfort, but those who
have, say mostly: Draft (17%), Cold walls (14%) Mould (12%)

• In general, comfort improving measures are: Increase venting (41%), Avoid smoking (34%),
Increase insulation (32%), No action (22%), increase temperature (19%)

• Only 17% of people experience discomfort "always", 11% "monthly", 24% many times a
year, 23% once ore even less times a year and 25% do not know.

These results are gathered from homeowners occupying different privately owned single family
houses from various year of construction. Thus it is not possible to conclude directly in terms of
the parcel houses the project deals with. Nonetheless it can be seen that most issues are related
with thermal discomfort and air quality. Thus these will be prioritized in the later parts of the
project.

Energy retrofit should be part of everyday life and not highlighted or separated from it [57] [25]
[10] and solutions should be readily available to couple energy savings to minor renovations [43].
This connection of energy savings and maintenance work are emphasized by other sources [5]
[6] [14], pointing towards the shift in emphasis, that are currently addressed as mainly (or even
solely) energy related. As argued by Tim Ingold (2013), houses are not just buildings, but homes,
that continuously evolve and change in response to its occupants and other external influences
[19].

Survey results [25] showed how renovations happen throughout the years of occupation of the
house. If components are changed before their lifetime expires (due to a one-off renovation),
a higher environmental impact may be the consequence [14]. With extensive renovations, the
disturbance of everyday life is greater, and there is also the possibility of having to move out for a
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longer period of time. Also, if energy improvements are addressed as one-off events, homeowners
might simply procrastinate and feel the "right point in time has not come yet" as showed by
Klöckner et al. 2013 [32]. Shown in this and the previous paragraph, small step taken throughout
the years can be easier to adapt and less demanding to carry out.

The experience of renovation depends very much on how the homeowner(s) and occupant(s)
relate to any kind of renovation in general, but also on the improvement itself. As seen on
figure 2.3, Gram-Hanssen [25] puts renovation works and thus homeowners’ attitude into the
perspective of Project vs Product, whether it is - respectively - desirable to work on the house
or is it just the outcome that is relevant. As a second axis, there is also the question of whether
the work is connected with Life Style, being part of the identity of the people or solely Wear and
Tear that is a must and usually a burden. Seen on the figure, the worst for energy renovations is
to be at the bottom left corner. Anything, that will motivate people to change their perception
and move toward the upper right area, is a solution worth exploring.

Figure 2.3: Attitude of the people towards renovation works, source [M07]

2.1.5 External influences

It is possible to target homeowners and educate them through communities and networks
[31]. A study [27] evaluated the effect and success of municipal initiatives and argue that
practical example show their success and effectiveness in terms of energy savings. These can
be smaller steps and thus a gateway to larger investments and projects and therefore should not
be overlooked [19].

One of the main means of the state to overcome the barriers for energy retrofit have been
through the Energy Performance Certificate (EPC) for buildings, required by the EPBD. It is
to calculate and evenly compare the energy consumption of buildings. Even though, within this
document there are information and suggestions on how to renovate one’s building, it is not
enough to motivate homeowners [9] [26] [54] and can also backfire, leading to misunderstandings
[6]. Moreover, it is allowed to issue it without on-site visit, based on plans, documents and
historical data of the building, making renovation suggestions too general. It is suggested by
Christensen et. al. [9] to broaden the purpose and applicability of EPCs as it is not sufficient in
its current form.
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It was seen in Germany that policy making within this field to incentivize high standard for
renovations can actually be an issue [46] [22]. Small, cost efficient renovations cannot be carried
out if they do not meet the minimum requirements, for which more expensive solutions will no
longer be cost efficient.

In Denmark this issue is addressed in terms of "profitability", which requires the energy renovation
of a component to satisfy the minimum U-value and to pay itself back within 3/4 of its lifetime.
Exceptions from this are:

• if there is a complete replacement of the building element (7.4.1(2))
• if damage due to condensation or health issues due to mould could occur
• if complex solutions are not profitable, smaller renovations (below minimum requirements)

can be carried out if their profitability is proven.

This financial approach to energy renovations firstly makes people to observe the minimum
requirements once they are deciding to carry out the renovation. However, even if a measure
would be deemed profitable, it can still have an excessive cost, which the homeowner is unable
to cover.

Currently in Denmark, subsidies are indirectly available, through tax reduction, in case if the
renovation is done by a craftsmen (Handvaerkerfradrag); or for renewable energy provision
(“Energiselskabernes Energispareindsats” (EE) [the Energy companies’ Energy-saving initiative]),
including heat pumps. Nonetheless, these are too low and help almost nothing in relation to the
expenses extensive renovations demand [5].

In Denmark, some barriers are being addressed through a scheme, launched in 2013, called
BedreBolig, that is an initiative from the Danish Energy Agency. “The idea behind the scheme
is to offer better advice to house owners when it comes to energy renovation. This is done by
educating advisers, craftsmen and other relevant actors to provide more holistic counselling and
to enable them to create a renovation plan for the house. The scheme is based on the One-Stop
Shop concept, where the house owner can get all services from the same company, from initial
advice and planning to execution and follow-up on their renovation project. Once they have the
initial plan for the house, they can, for example, use it as an instrument to get a loan from their
bank or collect quotations from craftsmen.” [6]

Since the initiative is very recent, there are not many reports evaluating it, but three recent
reports carried out by EnergiTjenesten on behalf of three Danish municipalities showed its effects,
and how it has been received by the local homeowners. The survey shows that "75% of the
respondents decided to implement one or more of the improvements suggested. Out of the total
number of the suggested improvements, 31% have been or are about to be implemented, 32%
might be implemented, and 37% will probably not be implemented” [5]. All three municipalities
offered a subsidy for having a BedreBolig-plan made, and 66% of the respondents said that
they would not have requested a plan had it not been for this special subsidy provided by the
municipality. These results illustrate that external advice is well received, with three quarter
willing to implement the suggestions, but only a small fraction actually does so. The BedreBolig-
scheme is solving issues related to information and communication barriers of energy retrofits,
but there is still room for improvement. For example, their service is focused on one renovation
at the time, and long-term considerations are not addressed.
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2.2 Staged renovation as a solution

As previously presented, homeowners experience many obstacles that prevent them from energy
efficient renovations. High costs and lack of financial capacity being the most apparent. Judging
from this, in order to enable homeowners to energy renovate, a break-down of the works is
required. Consumer Focus (2012) [16] analyzed a variety of British low carbon retrofit case
studies; one of its conclusions suggests: ”a whole house retrofit model can work, but that a more
staged approach may be more attractive for consumers as it spreads the cost and disruption over
time.” Moreover, with a staged renovation plan the homeowners are able to perform renovations
not only right after an expert advisement, but also later on in the future, when they are capable
or willing to.

There are many benefits of a stage renovation. According to Tina Fawcett by prolonging
the total time of doing retrofits, disruption and cost to householders is spread over time. It
could also occur as a natural process along the years. Because of this it has the potential
to be a more planned process, with work undertaken piece by piece according to the plan,
as funds, willingness or opportunity allows. [13] Contrary to one-off renovations, that require
larger investments and thus longer time period for savings, staged renovations over time can
decrease initial investments, activating people to start renovations sooner. By this, immediate
improvements are experienced by the homeowner and his/her energy bills. This motivates them
to begin a constant process of improvements, allowing householders’ enthusiasm to grow as they
learn about energy improvements. In addition, this renovation approach can take advantage of
opportunities that arise, for example maintenance or wish to extend and enhance the house.

An additional benefit of staged renovation is that it can be arranged in different ways, to better
fit both the requirements of the house and need of the homeowner. This flexibility allows the
combination of maintenance and energy improvements, thus reducing the partial costs of energy
improvements. Also, Tina Fawcett [13] presented studies showing that homeowners are involved
in a constant cycle of improvements of their homes, in average doing major improvement works
each five years and even more frequently maintenance work and repairs. From the Bolius survey
(2017) 74% of respondents carry out maintenance as an ongoing process, and 59% of people carry
out energy renovations in connection to general maintenance. Thus, applying renovations that
improve the parts of the house that need maintenance is a more natural and straightforward
process.

An SBi report [44] gathers existing knowledge in practice and research within energy renovation
in a local and international context, also supplementing this with further recommendations that
can promote energy renovation efforts in the future for single-family houses in Denmark. The
report presents Fawcett’s investigation as argumentation for current renovations. The report
emphasizes her finding that "for some homeowners it will often be more attractive to renovate
continuously and argue that there are no energy or environmental down-sides doing this" [13].The
report points out also a second article from Gram-Hanssen, based on Danish data, and it shows,
among others, that the longer the time people have lived in their house the more likely it is that
they have renovated:

• 0-5 years of residency: 35% have done renovations
• 5-10 years of residency: 58% have done renovations
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• 20 or more years of residency: 80% have done renovations

The article also points out that it is more kitchens and bathrooms that are renovated rather than
energy-efficient renovation solutions, such as after insulation [23]. These could also be arranged
with energy improvements in a staged renovation plan.

2.3 Typical practices of renovation of SFH

Studies and surveys present current practices of single-family house renovations and its drivers.
Studies in Denmark, UK, and other EU countries, point out that current policies are promoting
energy renovation of detached houses through a technical-economic and rational approach,
combined with individual behaviour of homeowners [5]. However these policies are not as effective
as expected. Recent research indicates that it is because too little attention is given to social
aspects which is claimed to be drivers of house renovations (Judson & Catfish, 2014). The
authors concludes through their studies that refurbishment is closely interwoven with other
everyday practices of the dwelling. Decision in terms of renovation works is made based on how
the family occupies the home and how they will use it in the future. It is common for households
to include environmental and energy related considerations, but they are not drivers for starting
a renovation process. Drivers for renovations are life-style related, often involves functional
improvements and making their home more comfortable by, for example, an extra bathroom,
which probably leads to greater energy and resource consumption (Judson et al, 2014; Judson
& Catfish, 2014).

House Renovation processes are commonly addressed in three groups: Maintenance, Functional
Improvement, and Energy Improvement. Maintenance includes works done to upkeep the
functional conditions of the house and it includes minor works for conservation, but also major
works, such as replacement of worn out building elements or installations. These works extend the
usable lifetime of the house and, per definition, does not improve the house in other ways. They
are not done because of householder wish, but rather due to necessity, since the deterioration of
material is inevitable.

The second group, Functional improvements, are works implemented because of households’
wish and/or need. It includes adding new rooms, rearranging internal layout, new kitchen and
bathroom, and aesthetic measures. These improvements are connected to occupants’ life events
or wishes and the requirement for the house to fit to their life style. These works do not expand
the house life span, neither improve energy efficiency, but are often motivators to start a house
renovation.

Energy efficiency has the greatest governmental interest. The purpose is to reduce the
energy consumption of the house for both electricity and heating. When well planned energy
improvements often lead to improved indoor environment. The energy efficiency of a house
can be improved in two ways, reducing energy demand of the house or by improving the
energy production (e.g. higher efficiency or renewable sources). While the first kind may
bring improvements for the house itself, by improving indoor environment and house component
quality, the second only reduces the strain on the energy grid. Measures that reduce energy
demand can be coupled with maintenance works, in order to incentives homeowners to carry
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them out and reduce the environmental [40] [13] [5] [21] [3].

2.3.1 Common renovation measures in the last years

Several surveys have been carried out in the last years to identify common behaviours of
households relating to house renovations. The surveys identify which building components
and house parts have been renovated and how often this occurs. Bolius surveys performed
between 2014-2018 demonstrate which parts of the house have been renovated via a large house
refurbishment. This is shown in figure 2.4. Windows are what are mostly changed, which is
due to their ease of installation. However, functional renovations are the most frequently done,
such as kitchen, terrace/balcony. A new floor stands for the covering, which is an aesthetic
improvement, same as a new roof.

Figure 2.4: Percentage of surveyed participants who carried out larger refurbishments and planned to
do so in the next year, source: Bolius Boligejeranalyse 2014-2018

A similar survey was carried out by AAU [40], but considering only maintenance and energy
efficiency works. The results are presented in figure 2.5 below. The areas for improvements show
the same conclusions as the previous survey results. What is different is the insulation of the
attic is included which is second highest after the windows, again, most likely due to ease of
installation and cheap price.
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Figure 2.5: Chart showing the percentage of participants who either carried out or planned
renovations in terms of maintenance and energy efficiency in the years 2010-2015

More detailed analyses are presented for each component according to the groups of maintenance,
energy efficiency, and functional improvements.

Maintenance works

Roof
Seen on figure 2.5 roof coverings were changed the most in terms of maintenance. According to a
survey carried out by COWI in 2012, investigating the reason of renovation deficits and lagging,
roofs are in the worst conditions, as shown in figure 2.6.
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Figure 2.6: Condition of specific building components, conditions 3 and 4 require renovation. survey
source: COWI Rapport om vedligeholdelsesefterslab - Ejendomsviden August 2012.

Outer walls
Maintenance of this component is less frequent, as seen on figure 2.5, where outer wall related
maintenance are only performed by approximately 5% of the participants. This is due to the
construction, as most of the single-family houses, including parcel houses, have brick facades.
This is also concluded from the COWI survey, presented in figure 2.6: 1% of brick outer walls are
reported to be in bad condition. In case of walls that are plastered, painted or are wooden facades
7% are reported to be in bad condition, but also 50% have been renovated (or maintained) in
the past 9 years. Also people do not wish to change or have a new facade as only 6% wished
to have it done [40]. This component requires and thus receives the least attention in terms of
maintenance.

Windows
Reported in the COWI survey, most of the windows are 1-9 years old (25%), though there are
almost as much between the ages of 30-39 years (20%) and 40-49 years (16%) There are still
some windows and doors from the 1960’s and 70’s that have not been renovated, but the number
is not as much as for roofs and walls. Windows are widely reported to be the component most
renovated and changed [7] also seen from previously presented sources.

Energy Efficient Measures (EEM)

According to the Bolius surveys (2013-2018) people have been carrying out less energy related
renovations and their interest towards them also decreased.

Windows
Due to the smaller service life of windows, these are the components that are more frequently
changed. In the past 5 years, 54% of the surveyed participants have conducted a window
replacement, which is also considered to be at the top level of their wish-list (with 35.5%)
[40]. It is also not uncommon to change the window size as 10% of participants have done so in
the past 5 years.
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Roof
Insulation of the attic was carried out by 30% of the surveyed participants in the last 5 years
[40] and the highest number of people have considered to do so in the upcoming years (22%)
compared to any other measures.

Walls
It is found that walls are the least renovated building components, compared to other envelope
measures. Seen on figure 2.5 only 3% of the participants have externally insulated their facade,
although 6% have done so internally. This is possible due to the nature of the work, which is
easier to carry out.

Renewable sources
Many have considered to install solar cells (17%), but only a very small percentage of people
actually did so (1%). This shows the general popularity of them, which many would like to adapt,
but only a few actually invests. Installation of geothermal heat source was not done by any of
the participants and only 3% considered it in the past 5 years. Thus these are the measures least
sought and implemented.

Non-energy efficient measures (non-EEM)

Kitchen and Bathroom
Seen on figure 2.4 a large percentage of people have been both planning (approx. 4-5%) and
carrying out (approx. 7-8%) refurbishments of their kitchen and bathroom . These measures
are also relatively more desirable according to [40] since 34% have it on their wish-list, whereas
improving IEQ and comfort is only 18% and 16% respectively.

Gardens, terraces
Gardens and terraces have a relatively higher priority than energy renovations according to
Bolius 2017, whereas when asked in the AAU survey (2015) people wished for reducing their
energy consumption the most, 44%, and Gardens and terraces were only at 19%. To give a
better account of actual conditions, according to the Bolius surveys (from 2014 to 2018) terraces
and balconies are renovated by 10% of the people, but gardens are only at 4%. This shows how
wishing for energy reduction can be strong, but actual EEMs performed is a lot lower, instead
people work on parts of the house that give a stronger sense of improvement and have more
connection to how the home is used, like terraces and gardens.

Sub-conclusion

It can be concluded that in reality, people have a strong wish for energy efficiency, but the
amount of EEMs carried out does not reflect this need. According to Bolius surveys since 2014
to 2018, the top activities in terms of energy efficiency has been (in order): Change of window to
more efficient one; Replacement of thermostat; Change of door; Insulation of roof; Insulation of
heating pipes; Change of boiler. These are carried out by approximately 6-12% of the surveyed
participants, as of 2018. Works that are easier to implement (because of installation and more
knowledge available), are done by relatively more people. These measures are connected to
improving the lifestyle of the occupants and how the home is used throughout the everyday life.
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These renovations are carried out mostly due to necessity and are not planned out to reflect
future considerations and possibilities.

2.3.2 Risk of lock-out

Carrying out either energy related or just functional renovations can be great for the present
moment, but can cause issues in the future. This is defined as "Lock-out", that usually happens
due to incorrect or lack of planning, or due to dissatisfied customers. If the needs of the
homeowner is satisfied, even though it is not to energy improve the house, it is more likely
for them to later on continue in renovations, emphasizing energy efficiency this time.

A lock-out can occur due to renovating components that does not allow or limit the improvement
of other components. It is also possible that due to a shallow energy efficient renovation the
homeowner will be reluctant to further improve the same component. When planning a house
renovation these risks must be considered.

These issues are addressed by Urge-Vorsatz, Petrichenko, & Butcher [50], who suggest when a
building is renovated without considering deep renovation, it locks-out potential energy savings,
since the measures applied will remain there for 20 to 40 years until another renovation takes
place. This evaluation, though, is done for commercial buildings, but as Fawcett [13] argues,
this ‘locking-out’ risk also applies to residential buildings. The analysis shows that sub-optimal
measures with long lifetime, prevent other, better solutions, that save more energy to be applied.
Her study gathers the measures that do not have any lock-out risk and those that are impossible
or costly to upgrade once installed, shown in table 2.1. It is well presented that renovations
that are extensive and costly will cause lock-out, such as renewable systems or high performing
windows. If the solution is simple to carry out and market availability is high, there is no
potential for lock-out.

Table 2.1: Potential of energy-efficient measures to cause lock-out
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By considering a renovation in stages, and extensive renovation can be consider and planned to
a building to achieve low energy consumption. Doing so, the risk of lock-out by implementing
low energy saving measure is avoided. All the measures chosen to be implemented, together will
make the building in the end of the process have a very low energy consumption. (this paragraph
goes to sub-conclusion below)

2.4 Existing Methodologies used for renovation over-time

Some research point to renovation methodologies that can be applicable for staged renovation,
and consider a holistic approach, where measures besides energy improvements - such as
maintenance, functional improvements, and architectural works - are taken into consideration.
These methodologies are focused on planning a holistic house renovation with cost optimum
solution, or improve the communication between advisor and homeowner, rather than present
a way to break down an extensive renovation in several parts to diminish overwhelming costs
or disruption. However, a staged renovation must be fully planned before teared in parts that
best suites the client. For that reason, this chapter will be presented methodologies that can be
combined to a staged renovation planning.

Holistic methodologies were developed, to support experts and actors throughout the decision
making process or to guide actors to reach higher levels of social, economic, and environmental
performance. One of these are multidisciplinary decision support methods, such as EPIQR,
or more simple methods, such as the ones applied in green building rating schemes. These
methods have strengths and limitations. Wilson C. et. al. considers that a better integration of
humanistic disciplines could be beneficial for these type of methods, as well as more openness from
the engineering and economic disciplines [56]. While other methodologies that come from health
and social areas lack technical practices to better integrate directly into the holistic renovation
design [59].

Arabaci, U. et al. [61] present a methodology for planning house renovations that emphasizes
homeowner and house needs (maintenance) in terms of functional and necessary renovations
while energy improving. The methodology compere the homeowner’s economy and the total
renovation cost to evaluate whether is better to perform the renovation or tear down the house
and build a new modern one. The results of the evaluation is presented to the owner to make
it clear the gains by renovating or building a new house in terms of: financial gains by reduced
cost of energy use and expected gain on property value, improved indoor climate, comfort, and
life quality.

In its process, the author uses an Excel based program called “CCE-Calc2” that can quick and
easily choose the most optimal solution for each house component and by consequence for the
whole house. The choice of the best optimal solution is based on the lowest annual costs, based
on the cost of conserved energy (CCE), the energy prices, and the expected energy use. This
analysis depicts how much it costs the chosen solution compared to how much energy there is
saved.

After the optimal solution for renovation has been found, it is assessed the expected property
value gain when the energy-mark (EPC) of the house is improved. Finally, based on a developed
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excel calculation called “Nybyg vs. Renovering”, it is determined whether is most profitable to
renovate or replace the old house by a new one.

Nicolas Galioto [20] has developed a method called Integrated Renovation Process for Homes
(IRP4homes) that supports, informs and reassures householders to decide on sustainable
renovation of their home. According to him the decision making process of energy renovation of
SFH is defined as a semi-structured problem with both quantitative attributes and qualitative
values based on verbal difference judgments.

Galioto assures that by using the method the homeowner gets the best of the associated benefits
of the improvement works and a more adapted house to his lifestyle. That is done by the
qualitative evaluation process that assess the client personal values and wishes, personalizing
it, and increasing the chances of making the right decisions on selecting the best solutions.
According to the author the method is constructivist because “existing knowledge is modified
while new knowledge is created and exchanged between all the project stakeholders”.

His methodology’s focus is on enhance the communication between adviser and client. Though
at the same time he creates a powerful methodology that evaluates the homeowner priorities of
the benefits of the home improvement, helping the advisor decide which work should be done
to improve his house. Nicolas minds that “can be costly and difficult to achieve renovations of
buildings to very low primary energy use”. Having the owner priorities ranked, it can be used
to select the implementation order of the works to best suit his aspirations, thus improving the
experience on house retrofit.

Simpson, S. et al. [43] in their research paper “Energy-led domestic retrofit: impact of the
intervention sequence “ investigate the implications of installing a series of retrofit measures
in different sequences, over several years for a case study dwelling, representative of a English
solid-wall semi-detached house. The investigation focused on the total savings on the building’s
energy consumption and CO2 emissions over 25 years. The method utilized to create different
retrofit sequences was by developing ‘archetype’ personas based on interviewees experience of
home improvements. This personas represent actual rather than notional intervention sequences.
The selection of the personas were based on identified drivers for domestic retrofit. The results
of energy consumption and savings were gathered from dynamic simulations of a case study
dwelling.

This article is very advantageous to demonstrate that staged renovation can be undergone in
many different approaches to home renovation, and that energy efficiency is not often a main drive
of renovation. The research is delimited to compare the cumulative CO2 emissions and savings
between the different sequences created by the archetypes and one-off renovation (undergone at
the first year) over a 25 years period. The work presented which sequence has the best potential
to reduce CO2 emissions and save energy in long term.

2.5 Sub-conclusion from the literature review

From the literature review it is understood that there are many barriers to energy renovation of
private houses. Many of them are being addressed to varying degree and with varying success,
thus improvement existing and development of new solutions are needed. Stage renovation was
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suggested, but its application was not well developed.

For a stage renovation to be successful, it needs to be developed, considering many aspects of
home renovations. These are:

• Being coupled with the present and future maintenance needs of the home
• Making it financially feasible to carry out over the long-term, without too high capital

costs
• The homeowner being included in the process of decision making, and allowing for non-

energy efficiency renovation works
• Informing the homeowner about the benefits of staged renovation and its EEMs, mostly

the co-benefits, such as improved comfort and usability of the home
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3 | Development of staged renovation
methodology

This chapter describes a methodology to stage an extensive renovation and provide a holistic
assessment in order to achieve the best fit for the homeowner needs and financial capacity. The
end of the renovation process aims to achieve energy frame Renovation Class 1 for Br18.

The purpose of the methodology is to build an easy-to-use tool that can be used by an energy
consultant when advising a homeowner. The methodology for staged renovation is created as
a complementary process to be coupled with existing methodologies of planning an extensive
renovation. The methodology will help to make important decisions, to break down the extensive
renovation in stages and place it on time in an economically responsible manner. It is also tailored
to suit current practices of house renovations, as reported by research and surveys [13] [40], to
be more appealing for homeowners and to eliminate their doubts about the benefits of energy
efficient renovations.

It is not considered in this project, that a staged renovation can be better than a one-off approach.
It is known that a one-off renovation, in principle, can offer a cheaper solution than a staged
renovation approach. Instead, it is presented as another option for homeowners, which suits
better those who prefer not to take a loan to renovate their house and that prefer to do it
peace-meal, more as an integral process of living in the home.

To provide an overview of the methodology, different steps in the construction were created.
They are as follows:

• Step 1: Mapping phase (Auditing)
• Step 2: Creation of holistic renovation and budget

– Selection of renovation measures
– Evaluation of renovation measures
– Presentation of whole renovation and budget

• Step 3: Assigning staging data to renovation works
• Step 4: Staging the extensive renovation
• Step 5: Life Cycle Cost assessment

Comprehensive analysis of different possibilities and proposals for individual renovation measures
has not been carried out. There are currently several methods that can be used to find the best
renovation measures according to different requirements; the one used depends on the energy
consultant’s preference and/or expertise.

Step 1 of the renovation method comprises of auditing activities that complement the standard
practices for planning an extensive renovation. In this step, further information about the
homeowner and house is collected that are needed for the staging process. Due to the long-
term nature of the staged renovation, future functional renovations desired by the homeowner
are included in the renovation plan, as well as necessary future maintenance of the house.
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At step 2, the renovation works are assessed. EEMs are selected and evaluated based on their
related savings and cost of installation. In order to create the whole renovation package with a
long-term holistic view, functional renovations (desired by the homeowner) are included. After
all measures are collected, the final proposal is compiled and the final budget is calculated. The
budget for Anyway Maintenance (and wished works) is also calculated to serve as a comparable
baseline in contrast to energy efficiency renovations.

At Step 3, additional information required for the staging process are assigned to the individual
renovation measures. This includes the energy savings of the individual EEMs and co-benefits
of all renovation measures.

Step 4 is where the proper staging takes place; it is formed of many sub-steps to create renovation
packages for the stages with an implementation order that reflects the homeowner’s priorities.
Moreover, in this step, another implementation sequence is also created with an implementation
order that prioritizes energy improvement. That is also a baseline that will present to the
homeowner the benefits of prioritizing energy improvement in the implementation order of the
stages.

In step 5 the staged renovation is financially evaluated using the life cycle cost analysis.

Before the methodology is presented, first it’s creation will be discussed.

3.1 Considerations for staged renovation

The staged renovation method is intended to be created in such a way, to overcome some barriers
that prevent energy renovations in the residential sector to rise. For that reason, the methodology
has a holistic approach, which means it aims to achieve high energy savings to avoid lock-outs,
assess the financial capacity of the homeowner, clearly present the benefits and co-benefits, and
clearly present financial evaluation of the house renovation. These will be addressed in the
following subsections. Moreover, when considering a renovation to be implemented in stages,
three questions suddenly appear. What are the cost constraints for each stage? How frequent
should each stage occur? And how many years should the whole renovation process take?
Considerations about these topics and questions are developed on the following part of this
section.

3.1.1 Holistic approach of renovations

For the Swedish association of architects and engineers, a holistic view includes aesthetic,
functional, technical, social, environmental and economic considerations [37]. This project will
deal with aesthetic, functional, technical, and economic considerations.

As literature review showed that current renovation works are approached in a piece-meal
manner, either for functional renovation, energy efficiency, or maintenance. Homeowners usually
renovate, once a necessity appears (maintenance), and these procedures repeat for many times
along the house ownership period. This common path, however, has many drawbacks because of
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the lack of planning. It can lead to lock-outs for future improvements, higher costs for the given
benefits, or renovation solutions that are not the best for homeowner desires.

Moreover, the typical practices of the renovation of SFH show that the common drivers to start a
renovation are often others than energy efficiency. Because of this to include renovations related
to lifestyle improvements (functional and aesthetics) is a key point to make homeowners active
in energy renovation.

The holistic planning has the potential to avoid or solve these problems. The final result of
holistic planning often brings solutions that were not thought at the beginning of the process.
Craftsmen and consultants are normally specialized in one specific area, lacking knowledge for
holistic thinking or to better combine renovation solutions [17]. Combined solutions have the
potential to decrease the overall cost of a renovation and also to achieve better client satisfaction.

Because of the presented reasons, the staged renovation will first be planned as a one-off
renovation that includes renovation works predicted to be performed in the long-term, for
only after be divided in stages. Moreover, the staged renovation methodology will be planned
to achieve high energy savings to avoid lock-outs and include works not related with energy
efficiency.

3.1.2 Energy efficiency aim for the end of whole renovation process

The staged renovation happens over-time, for this reason, we consider that it has the potential
to achieve great energy improvement at the end of the process. That is because "small"
energy improvements can be implemented in each renovation stage and the sum of the small
improvements can become a great one. Therefore, to investigate the potential of the staged
renovation, we fix an ambitious target. Achieve energy efficiency Renovation Class 1 in Danish
BR18, at the end of the renovation process, meaning an annual primary energy consumption
lower than 65.6 kWh/m².

3.1.3 Financial capacity of homeowners

The household financial capacity for staged renovation is assessed considering the annual income
in the long term. The staged renovation method does not consider to take a bank loan to make
the renovation. That is because, as presented in the literature review, homeowners have no
interest in committing themselves to a debt that must be paid over a long period. Instead, the
homeowner saves a specified amount annually to renovate the house. To do not compromise too
much the household budget it is suggested that the annual savings should not be more than 15%
of the total household income. Attention should be taken to the fact that because the staged
renovation methodology already considers the large maintenance works of the house, these will
not be an extra cost on the household budget. The limit of 15% of the household income will
rule the total time of the staged renovation process. That is because the renovation only can
be concluded after the total money saved is the same of the total cost of the renovation. For
example, in a house that the total income is 400,000 DKK per year, the maximum savings for
house renovation is 60,000 DKK. If the total renovation cost is 900,000 DKK, the minimal total
time to conclude the renovation process is 15 years.
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3.1.4 Assessment of co-benefits

The concept of co-benefits assessment to renovation measures was introduced by Ferreira M.
[15] to refer to the benefits that arise from building renovation that is not energy efficiency and
carbon emissions reduction. His objective was to present benefits that justify solutions beyond
cost efficiency and energy reduction. He tried to include in the notion of co-benefits all the
benefits that arise from a renovation project besides direct benefits identified from homeowner
surveys, interviews, and expert contributions. Therefore, the co-benefits can arise from the
implementation of energy improvements, directly or indirectly (e.g., less exposure to energy
price variation or less outside noise), or from renovations not related to energy improvements
(e.g., better house aesthetic because of new painting on the facade). His study includes benefits
that impact at the private level and/or at the society level.

Because the introduction of this concept aims to aid on the staging process and demonstrate
the co-benefits to the homeowner, we will focus on the private level impacts. Therefore, the
categories of co-benefits for the society level from Ferreira method will be disregarded. Below is
presented the categories (or typologies) of co-benefits identified by Ferreira for the private level
with its definitions.

26



3.1. Considerations for staged renovation Aalborg Universitet

Table 3.1: Typology of co-benefits from M. Ferreira’s work [15].

To evaluate the co-benefits of the specific renovation measures, Ferreira has developed a matrix of
the relationship between co-benefits and renovation measures, using the matrix, the author argues
that owners and promoters can be aware of the co-benefits. The evaluation of the renovation
measure with the co-benefits is done by attributing signals of “+“ for co-benefits that has positive
impact and signals of “-“ for co-benefits that has a negative impact. The number of signals that
varies from 1 to 3 represents the relevance of the co-benefits as positive or negative. Below is
presented a simple example of the matrix from Ferreira’s work.
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Figure 3.1: Example of evaluation matrix for co-benefits from M. Ferreira et al work [15].

In this project the same method of evaluation will be used, with the difference of instead
using signals, a number will be attributed to the relation between co-benefits and renovation
measure. The number will vary from -3 to 3, to represent the relevance of the co-benefits. The
negative values represent the negative impact of the co-benefits. Moreover, the typology "Ease
of installation and reduced annoyance" will be excluded. That is because the staged renovation
methodology has already its method to evaluate the disturbances caused by the installation of
the renovation measures. Below is presented a simple example of the matrix used to evaluate
the co-benefits of the renovation measures in this project.

Table 3.2: Example of auxiliary table to identify renovation measures disturbance, predecessor, and
lifetime (The numbers has no relevance).

The co-benefits concept is introduced in this methodology to demonstrate improvements in the
house beyond energy efficiency and reduce running cost. In this way, the methodology can have a
more holistic perspective and emphasize human aspects. As presented in the Context section in
the literature review, a way to motivate house renovation in the private sector is by introducing
renovation measures appropriate to the characteristic of the homeowner and his needs. The
co-benefits analysis of all renovation measures has the potential to demonstrate to the energy
consultant and the homeowner these other improvements that comes along with the benefits
of energy improvement and diminishing running cost. This assessment will also be used as a
criterion to choose the implementation order of the renovation measures in the staging phase in
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order to reflect the homeowner priorities about the renovation.

3.1.5 Cost of a stage

The cost of a renovation stage must also reflect current practices of house renovation. That is
to have average costs that reflect common expenditure for housing in the last years in Denmark.
Thus, the stage cost should be in a range that homeowners feel comfortable to spend in their
houses and not refrain homeowner from carrying on a house renovation. As presented in
the literature review, the total cost of an extensive renovation can intimidate and discourage
homeowners to start the actual renovation works. The minimum cost of a stage should also be
considered. That is to the number of stages do not be so many that can become an overwhelming
disturbance to the occupants.

The considerations to find the cost range for renovation stages were taken from two surveys
carried out in Denmark. One carried out by AAU [40], that investigate the maximum cost that
people would be willing to pay for an energy renovation and another carried out by Bolius that
reflect average expenditures in large maintenance works.

The AAU questionnaire survey was carried out in 2015; the objective was to investigate the
barriers and motivator factors related to project economy of energy renovations of SFH from the
60s and 70s in Denmark. The survey involved respondents from four cities, Aalborg, Aarhus,
Odense, and Copenhagen. The respondents were 883 homeowners of SFH, all connected to
district heating. They were chosen to represent 440,000 households of the SFH from the 60s
and 70s. The confidence interval of the survey was calculated as 3.3%. That gives the survey
a certainty between 91.7% and 98.3%, which points out the survey results as acceptable and
trustworthy.

The survey presented to the respondents five concepts representing five different levels of energy
renovation. It was presented the required investment for each concept and their given benefits.
These concepts were done to define the economic limit when an energy renovation is no longer
interesting for the homeowners, despite the many benefits, as well as to investigate the homeowner
perspective of the prices of the five concepts compared to the obtained gains.

The concepts had prices that varied from 120,000 to 1,300,000 DKK; from one component retrofit
to an extensive renovation. The respondents were asked to evaluate the price of each renovation,
based on the given benefit, whether they consider them to be too expensive, fair price, or cheap.
The five concepts with their costs and given energy savings are presented in table 3.3. The given
benefits presented to the respondents are not included in the table because it was not shown in
the report.
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Table 3.3: Renovation concepts of the survey presented in the AAU report "Energy renovation of
Danish single-family houses Economy - barrier, motivation and limit" (Mortensen, A. et al)

The result of the survey showed that 60% of the respondents considered the three first concepts
with a fair price in relation to the listed benefits and energy savings. Concepts 4 and 5 were too
expensive to 54% and 80% of the respondents respectively, as presented by the survey graphic
replicated in figure 3.2. Hence, the survey report considered that the shift of an acceptable price
(where more than half of the respondents consider to be acceptable the price) to be between
310.000 DKK and 550.000 DKK (see figure 3.2).

However, when the respondents were questioned if they would be interested in a similar project at
their own house the acceptable price decreased. The point that more than 50% of the homeowners
are no longer interested in the investment appeared somewhere between 160,000 and 310,000
DKK, as presented by the survey graphic replicated in figure 3.2. The report concludes that
besides a project being considered with a fair price regarding the given benefits, the homeowners
are not interested in invest their money in similar projects. Thus the investment limit for the
average homeowners was considered to be below 310,000 DKK. Probably, a little more than
160,000 DKK since only 51% of the homeowners considered Concept 1 as "Might be interested".
The survey report also concluded that "the interest (in renovation projects) is affected by the
price and not only the extent of the project."

Figure 3.2: Left side - Percentage of respondents considering "too expensive", "fair price", and
"sounds cheap" in relation to the question of the price of the presented concepts for the benefits and
savings given [40]. Right side - Graphic with percentage of respondents interested on undergone similar
projects of the concepts in their own houses [40]
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When the answers of maximum investment limit were compared with respondents’ annual
household income a clear direct tendency appeared. The lower the income, the fewer people
are interested in paying more for house renovations. Thus, the higher the household income, the
larger can the investment in renovation be before it is found too expensive as presented in table
3.4.

Table 3.4: Interest in performing the renovation project of concept 3 according to the different income
groups

Using the data from the survey a correlation was created by the research between income and
investment limited for house retrofit, as presented by the table 3.5 extracted from the survey
report. The table shows by the grey cells the investment limit considered for each of the income
categories.

Table 3.5: Investment limit (marked with grey) and the evaluation of the concepts prices influenced by
income of the respondents [40]

Table 3.5 shows by the grey cells the investment limit considered for each of the income categories.
renovation. Bolius is an institute that performs, analyzes and communicates quantitative and
qualitative studies about homeowners and house in Denmark. The homeowners surveyed by
them are evenly distributed throughout the country, they are between 25 and 79 years old, and
they live in owner-occupied homes, which are either house, villa, townhouse or farm. Bolius
present annually a report that presents common practices of the housing. The interview has
minimum of 3000 respondents.
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One of the things presented in the reports is the average expenditure in large maintenance works,
which was used in this project to find values that homeowners are already used to disburse on
house works. The last four reports published, from 2014-2017, had shown that people spent on
average around 80,000 DKK per year on large maintenance works, where typically more than 25%
of the respondents have spent more than 90,000 DKK, and around 19% had spent 150,000 DKK
or more. These costs point out that homeowners would not be frightened by renovation stages
costing between 80,000 and 150,000 DKK since it would not be such an unexpected amount in
householders’ experience.

The two surveys give different perspectives; one gives the perspective of common practices and
the other wiliness to pay for house energy renovation. By the analysis of the second survey
values between 80,000 and 150,000 DKK are reasonable values for the renovation stage. From
the first survey, the maximum cost of a renovation stage would be some value between 310,000
and 160,000 DKK. Most likely, a value close to 160,000 DKK. Therefore a maximum value of
150,000 will be considered as most appealing for homeowners. However, as the AAU survey also
demonstrated, the maximum cost one is interested in paying for a house renovation can also
increase as the household income increase. That leads to another consideration. The higher
the income, the higher the cost of a renovation measure can become, because of more expensive
finishing or because larger house components, e.g., more area of external walls. Therefore, we
consider that the maximum cost of the stages should be adjusted to the price of the most
expensive renovation measure that must be executed at once, when such a measure is more
expensive than 150,000DKK. Otherwise, the maximum limit remains as 150,000 DKK.

Besides the maximum limit, it is also important to consider the minimum cost. That is to avoid
having too many disruptions by having too many renovation stages. Too much disturbance
can decrease the homeowner’s interest in continuing the renovation process. Moreover, the
break-down of the renovation in small parts leads to extra costs related to initial works such
as scaffolding, mobilization, initial installation services, and other services. Too many of these
services will become a burden for the whole renovation cost. For these reasons, service works
with considerable disturbance should not take place too often. That been said, the conclusion
for a minimum limit cost of the stages will be assumed to be 80,000 DKK.

The cost limits found in this section will not be treated as a rigid restriction, but as a suggestion
to help with the process of breaking-down the extensive renovation into stages with reasonable
costs.

3.1.6 Frequency between stages

The previous section already gives an idea of problems that can occur on stage renovation related
to the disturbances because of the number of interventions in a staged renovation. Therefore,
the frequency of renovation stages is investigated in this section. There is no literature directly
evaluating ideal frequency between renovations. Thus, the evidence of common practices that
shows how often a house intervention happens in Danish houses was extracted from the Bolius
annual report. The values found in Bolius report where then supported by evidence of renovation
over-time presented by Fawcett [13].

According to surveys data from Bolius annual report, seen in figure 3.3, over the last six years
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less and fewer respondents have been performing large maintenance works (meaning renovations)
and the percentage for "Not considered" increased. That can be because people have already
performed the large maintenance in their houses, meaning they are not in need of it anymore.
However, every year there is at least 20% of the participants carrying out extensive maintenance.
Thus, if the results from the last six years are stretched for a longer period, e.g., 20 years, and also
assumed that for every year the major number of interviewees are the same, it can be assumed
that the current time interval between house works is 4 to 5 years, based on this information
only.

Figure 3.3: Distribution of larger maintenance works between respondents in respective years of survey

This assumed value is also confirmed by Fawcett’s work, that explores the time dimension of
house retrofits, in UK [40]. The article investigates the continuous cycle of house improvements
that householders are involved. The study points out, on average, major improvement works are
undergone on homes every five years. There is already acknowledgments of similarities between
English and Danish homeowners behavior by SBi studies [45].

In the staged renovation process, other types of renovations will also take place besides major
maintenance works, such as energy improvement, aesthetics, and functional works. That
suggests, in the staged renovation project, interventions will happen more frequently than every
four to five years. The staged renovation process will try to implement the house improvements as
soon as the financial capacity of the homeowner allows. That can mean interventions happening
between 2 or 3 years, for example. A so frequent intervention, if not managed well, can harm
the households experience about house renovation throughout the process. For this reason, we
considered that it is necessary to manage the disruption caused by the interventions. The result
of the assessment should be an arrangement of the renovation works that disturbs the households
as less as possible, or if the disturbance shown to be too disturbing find new solutions for the
renovation itself.

We suggest estimating the disruption caused by the renovation measures in two ways. The
first, by the place where the intervention occurs, if the renovation work is done inside (occupied
heated rooms) or outside of the house - Unheated unoccupied areas, such as crawl space and
attic, are considered outside spaces since the work done in these places will not disturb the
usage of occupied rooms. The second, by the amount of disturbance, which it evaluates if the
intervention caused is low, medium or high disturbing. Table 3.4 shows a definition created for
the disturbance categories.
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Figure 3.4: Definition of disruption location and level

The usage of such evaluation happens when renovation works are being clustered together to
become a staging package. To arrange them in a way that disturbs less, e.g., works done inside
can be included in the same stage and work done outside in another one. Likewise, it is possible
to evaluate if two stages with high disturbance are next to each other in a short time interval,
causing too much disturbance to the occupants. It is suggested this evaluation to be qualitative
rather than quantitative. Even though it is possible to assess quantitatively, throughout the
time required for execution, the assessment of the location of the work and nature of disturbance
is more comprehensive when considered by qualitative analysis. The perception of the level of
disturbance in a qualitative analysis can be different from person to person. For that reason, we
suggest after the energy consultant has done his evaluation of the intervention disturbances the
assessment should be submitted to a second assessment by the house occupants to agree or not
with the considerations of the level of disturbances.

In conclusion, the renovation stages will probably take place more often than current housing
practices, which leads to the need of managing the disturbances. That is for the process do not
repel the homeowners from keep performing the renovation project. The management of the
disturbance is suggested to be done according to the intervention location and the potential of
upsetting the occupants. The result of the evaluation should be a rearrangement of the renovation
measures, or a change of the measure itself, to diminish the disruption to a level that would not
harm occupants experience throughout the process. Finally, the final decision of solutions to
avoid disturbance should also be discussed together with the homeowner for a final arrangement.

3.1.7 Time-frame of the whole staged renovation process

There was no available literature with a total time-frame for house renovation over-time in
Denmark. The total time-frame of the whole staged renovation process in the methodology, as
said before, is dependent on the total income of the households. That means that houses with
low total income would need a long total period to conclude a renovation process, while a house
if high total income can conclude the process in a short period.

Consider a short total period for the staged renovation process is not totally advantageous. That
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is because of the holistic approach, future maintenance works and wished works are included in
the process, which ultimately has the potential to aid the process of housing in the long term.
In this way, considering a short period, for example, 8-10 years, it will leave out of the planning
maintenance works that would be necessary after 8-10 years. That would diminish the potential
of a holistic consideration of the house. Moreover, the target of energy improvements, functional,
aesthetic, and maintenance works make the whole renovation process a costly project - especially
considering the condition of SFH from the 60s and 70s. Therefore, there we consider that would
not be reasonable considering a total time-frame of a staged renovation less than 15 years.

On the other hand, renovation projects in houses with low income has the potential to elongate
for many years to a horizon that is neither accessible nor appreciated. For example, in a house
with a total income of 200,000 DKK, the maximum annual income for house renovation would be
30,000 DKK. For a renovation project for 900,000 DKK the minimal time-frame to conclude the
project is 30 years. Present a renovation project for the next three decades for a homeowner are
probably not appealing to them. In this case, the extent of the works and energy efficiency to be
reached should be decreased, which is not investigated in this project. In a macro perspective,
the maximum time to be considered to a staged renovation in order to contribute to the EU
Energy Reduction Goal would be 30 years. However, from a micro perspective is not feasible.

That been said, we assumed that a reasonable time-frame for the staged renovation to be 20
years. That will involve probably large maintenance works of all house components. Moreover, a
period larger than 15 years allows a larger proportion of SFH owners to be included as potential
users of the staged renovation methodology. Otherwise, the low limit of household income would
be higher. Moreover, finally, the total time will be within the time-frame to contribute the 2050
EU Energy Goal.

3.1.8 Financial assessment of the staged renovation

The staged renovation is a process that happens over-time. Therefore the financial assessment
of a staged renovation must be done using a method that has a dynamic consideration in time.
For this reason, there was chosen the Life Cycle Cost (LCC) analysis as a method to financial
evaluate the staged renovations.

The LCC analysis has some variations, the so-called approaches. The approach select to evaluate
the staged renovation is the “Full cost approach.” As presented by Citherlet S. et al. [12], to
evaluate the cost and economic efficiency of building renovation related to energy efficiency, it is
essential to define a reference case. In this way, it is well determined the effects of a renovation
with energy improvement in relation of energy use and costs. The costs included in the analysis
is the full costs of renovation and costs for running the building (energy costs and maintenance
costs of building components related to energy efficiency).

The reference case consists of maintenance works needed to maintain the building in its original
functional conditions, without upgrading the energy performance of the building. It is a scenario,
with no EEMs carried out. For this reason, the costs included in the analysis of the reference
cases will be the full cost of maintenance considered for the future 20 years period and running
costs (energy costs related to heating).
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Because the "Full cost approach" compares costs that are different between the cases, the
approach suggests that the costs that are the same in all cases can be omitted from the
calculations.[12] These costs are the ones related to building systems and components that do
not influence the energy efficiency or performance of the building, e.g., wall painting, internal
wall, garden, etc. However, because of the holistic approach used in the staged renovation
methodology, renovation measures that are not related to energy improvement, but are included
because of homeowner request, will be included in the LCC analysis. The omission is optional
and is done for simplification. For this study, small maintenance costs are not accounted for, even
though they can differ from case to case, but these costs are not predictable, and the differences
are considered irrelevant for single-family houses.

Basic concepts of the LCC analysis

The basic concept of the LCC analysis is the value of money on time, called “time value of
money.” The value of money on the present day is not equal to the money spent in the future.
The variation of monetary value on time is due to inflation and opportunity cost. Inflation
decreases the purchasing power of money over time. For this reason, money spent in the future
in various years must be brought to the same year to be comparable, which is the Present Value.
Below, the formula of present value is presented:

PV =
FY

(1 +DISC)y
(3.1)

Where:
PV: is the present value, in year 0 [DKK]
FY : is the value in year Y [DKK]
DISC: is the discount rate [-]
Y: is the number of years in the future [-]

The discount rate used in this project is the average discount rate of the last 20 years in Denmark,
1.929%, informed by Danmarks Nationalbank.

The basic formula of LCC is as follows:

LCC = C + PVRECURRING − PVRESIDUAL−V ALUE (3.2)

where:
LCC: is the life cycle cost [DKK]
C: is the construction cost in year 0 [DKK]
PVRECURRING: is the present value of all recurring costs [DKK]
PVRESIDUAL−V ALUE : is the present value of the residual value at the end of the study life [DKK]

The estimation of future costs based on today’s price must also be corrected. Some goods and
services do not change their price at the same rate as inflation or the considered discount rate
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— for example, the price of gas oil or district heating. In this way, the energy costs must be first
corrected to its predicted future price using the escalation formula, to then bring it to present
value based on the discount rate. Below is presented the formula to calculate future cost:

COSTY EAR−Y = COSTY EAR−0 · (1 + ESC)Y (3.3)

where:
COSTY EAR−Y : is the cost at year Y
COSTY EAR−0: is today’s cost (at year 0)
ESC: is the escalation rate
Y: is the number of years into the future

3.2 Methodology to create a staged renovation

In this section the staged renovation methodology will be presented. The steps of the
methodology will be presented and described in the same sequence presented in the beginning
of this chapter. In some steps, simple examples will be presented to exemplify the outcome of
the step and facilitate understanding of the explanation.

3.2.1 Mapping phase

This section explains about Step 1 of the methodology, which gathers information from the
homeowner and assesses the current house conditions - information needed for the staged
renovation. The following list gives an overview of these:

• Energy audit of the building

– Building components’ structure
– Building components’ condition and remaining lifetime
– Building systems and their condition

• Future improvements wished by the homeowner

– Aesthetic
– Functional renovations (e.g. kitchen)

• Indoor environmental quality

– Perception and opinion of the homeowner
– Desired improvements

• Financial capacity of the homeowner

– Current capital equity
– Possible future savings

As stated before the staged renovation methodology has a holistic approach. Therefore, more
information than the usual for an energy renovation is required. This section focuses on this
additional information, rather than common information for energy renovation (that is dependent
on the energy renovation approach chosen by the energy consultant). The additional information
comprises of functional and aesthetic improvement wished or needed by the homeowner in
the next 20 years; also if there is any requirement when these should be implemented. The
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information about the homeowner’s perception and desire to improve the indoor climate should
also be gathered (if the standard auditing method used does not already include it). Finally,
homeowner’s financial capabilities is also collected, meaning: the already available capital (or
equity); household income; possible yearly savings.

The assessment of the house conditions for energy renovation inevitably includes knowing the
building components and systems, knowing the house energy consumption and measure the
indoor conditions. For the staged renovation, it should also include evaluating the conditions of
the house components (service lifetime expectancy) with a prediction for necessary maintenance
in the next 20 years.

One way to evaluate the energy consumption of the house, some energy consultants use the actual
energy consumption informed in the energy bill and heating consumption. However, energy
consumption is affected by household behavior. Therefore, using actual energy consumption is
not appropriate to compare energy consumption before and after renovation. The assessment of
current consumption should be done using Be18. The energy frame of the building should be
calculated in accordance with the Danish Building Regulation and connected Danish Standards.
This way, the house energy consumption found by using the program can be compared with other
houses in Denmark (calculated by the same program), and the building can be energy labelled
according to the EPC scheme [5].

A positive side of Be18 program is that it is a simpler and faster program to be used than
Dynamic simulation programs. However, the drawback is that the program simulates using a
single-zone model, losing accuracy of the energy estimation [51]. For this reason, in the Study
Case chapter, the study case house will be simulated using Be18 and the dynamic simulation
program Design Builder and the results of energy consumption for heating will be compared.

3.2.2 Creation of a holistic renovation and budget

This section explains about Step 2 of the method, which plans the house renovation and estimates
its cost. In this step, the house renovation is planned as one-off renovation, to then, in step 4,
be divide into stages.

This step is divided into two parts — the first, where the house renovation is planned as one-off
renovation. Maintenance works and non-EEMs are included in the energy renovation plan, which
the energy renovation into a holistic renovation. The second part, the budget of the renovation
is estimated, as well as the budget of executing maintenance works needed for the house in the
next 20 years. As said before, this second budget is used as a baseline that demonstrates real
cost to energy improve the house when maintenance and non-EEMs are subtracted.

First part

The energy renovation is planned using the method that the energy consultant prefers. There are
many methods used to select the best EEMs set. One of the most common ones is by calculating
the CCE (Cost of Conservative Energy) for the solution options in order to find the most cost
efficient one. Independent of the adopted method, to serve the purpose of the staged renovation,
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the energy improvement must be designed to achieve energy efficiency "Renovation Class 1". The
energy renovation must also consider a minimum standard for the indoor environment quality
(IEQ). Consequently, to be used in the staged renovation the IEQ should be designed to have
comfort level Class 2 (also called "B"), according to the DS/EN 15251:2007. Dynamic simulations
can be used to simulate the post renovation conditions.

Furthermore, the energy renovation must be connected as far as possible with the maintenance
needs of the house and functional and aesthetic improvements. For that reason when selecting
building components to be energy improved it is essential to prioritize the ones that were
predicted to have their service lifetime ended in the period of 20 years. Also, when it is possible
the functional and aesthetic improvements should be connected with EEMs.

The result of this part of the methodology is an extensive renovation plan, with a house that
achieves energy efficiency Renovation Class 1, with minimum indoor quality Class 2. That also
includes large maintenance works predicted to be implemented within the next 20 years, and
functional and aesthetics improvements desired by the homeowner within the next 20 years.
Thus, a holistic house renovation project planned as one-off renovation. The result of this phase
will be called in this methodology "the extensive renovation".

Second part

Once that the extensive renovation is planned, as the second part of the step, the budget of
the renovation is estimated. The costs are estimated for each of the renovation measures and
presented individually in the budget. Professional labor is considered in the costs - even though
the homeowner would prefer executed some of the renovations works himself. That is to be
able to compare the renovation costs with the maintenance costs presented in the second budget
estimated in this step. After that, a second budget is drawn up considering only the cost to
perform the large maintenance need for the house in 20 years. This budget will present to the
homeowner the cost that he will need to spend anyways even though he decides not to perform
the renovation. Because the maintenance need considers 20 years, the intention is to show that
the cost to maintain a house in its original condition, in the long-term, is significant. In step
5, this budget is needed to be used as a reference case to make the LCC analysis of the staged
renovation, as presented in the Methodology Considerations.

3.2.3 Assigning staging data to renovation works

This section explains the step 3 of the methodology. This step is a preparation to the staging
process. A series of data is attributed to the individual renovation measures that will be used
on the implementation order of the measures and the creation of the stage packages.

The data that are attributed to the individual renovation measures are the remaining lifetime
of the existing building component or system, the individual cost, the energy saving, and the
co-benefits. The measures are also assessed according to their disturbance potential, as presented
in the Methodology Considerations. Finally, an evaluation of related and predecessor measure is
made. The explanation of data attribution and measure assessment is explained in the following
part of this section.
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After having the total energy saving of the renovation, the individual energy savings of each
measure is calculated using Be18 program. The energy savings considered is primary and
the actual energy (building energy demand). The remaining lifetime of the existing building
component and systems, that was estimated in step 1, is attributed to the renovation measure
that will replace it. Finally, the cost of the renovation measures are attributed to them.

Next, the co-benefits of each renovation measure are evaluated, using the evaluation matrix,
as presented in the Methodology Considerations. They are also evaluated according to their
disturbance potential, based on the presented method. Lastly, it is assessed the relationship
between renovation measures, that evaluates if any measure is a predecessor of another or if
measures are related. Predecessor measures are renovation works that must be executed before
their successor because of technological or execution restriction. That means that predecessor
measures must be implemented in a previous stage or at the same stage of the successor measure.
Measures related means that there is not an order established between them, but there is a
physical connection that executed together can bring benefits, e.g., lower cost or lower linear
heat loss at their connections.

The result of this step is three tables. A table that has all the renovation measures with
their, cost, energy savings, and co-benefits, and attributed remain lifetime, called " Measures
Summary"; a second table that describes the disturbance of each measure according to its location
level of disruption, called "Disruption Evaluation"; and a third table that presents related and
predecessor relation between renovation measures, called "Ordering Restriction". Below, it is
presented a simple example of the layout suggested to the tables:

Table 3.6: Example of table presenting disturbance consideration of renovation measures
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Table 3.7: Example of table presenting predecessor and relation between renovation measures

Table 3.8: Example of table data attributed to the renovation measures (Measures Summary). The
co-benefits values should not be considered as proper evaluation

3.2.4 Staging the extensive renovation

This section explains the step 4 of the methodology. In this step, the extensive renovation is
divided into renovation stages, and it is ordered in a sequence that tries to reflect the homeowner
preferences about the renovation.

This step is divided into two parts. In the first part, a series of values are calculated that will
serve as a reference for the staging process. This part is called "Mean Values" of the staged
renovation. In the second part is where the staging process takes place. The process has many
sub-steps that will be presented one by one. The staging process is an iterative process where
the sub-steps take place as many times as needed until the best implementation order and stage
packages are found.

Mean values of the staged renovation

This section is about calculated values for the staged renovation that will guide the energy expert
to plan the staged renovation.
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The values help the building expert with reference values to find the number of stages, the time
interval between stages, the earliest year of implementation of the stages, and the average cost
for the stages. Moreover, the minimum number of years to complete the whole staged renovation
project is also presented here.

Having reference numbers already in this phase is essential to guide the energy consultant on the
staging phase. The values calculated in this section will be called the "Mean Values". Without
these numbers, the energy consultant has no references to divide the extensive renovation into
stages, or even reference of time for implementation of the stages. The Mean Values are not a
restriction or an obligation that rules the staging process but guiding values that facilitate the
process given the complexity of considerations due to the holistic approach.

The total period of the renovation is dependent on the total renovation cost and the household
financial capacity or amount of yearly savings for the house renovation, as presented before.
The average cost for the stages, or Mean Stage Cost, is the average between the minimal and
maximal limits for the stage costs, as presented in the section 3.1.5. The number of stages,
or Mean number of stages, derives from the division of the total renovation cost and the Mean
Stage Cost. The time interval between stages, or Mean time interval between stages, is the result
from the division of the minimum number of years to complete the whole project and the Mean
number of stages. The earliest year of implementation of the stages is the next year after the
total amount of a stage cost have been saved by the yearly savings. This calculation is made for
all stages.

Below is presented a simple example of the tables that present the mentioned calculated values.
The tables give an overview of the calculated numbers for an example where the annual saving
is 50,000 DKK, and total renovation cost is 900,000 DKK.

Table 3.9: Tables that present example of calculated "Mean Values" (left) and earliest implementation
year of the stages (right)

Ordering implementation measures

The method presented here to order the renovation measures attempts to implement the
renovation measures in a sequence that best reflect the homeowner priorities to the renovation
project. However, the holistic and long-term consideration (20 years) of the stage renovation
method imposes some restrictions over the implementation order. Therefore, the final
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implementation order will hardly be the one, where the first measure to be implemented is
the most desired one and the last ones to be implemented the least desired ones. There are
some aspects of renovation projects that cannot be scheduled or avoided. An example of these
aspects is maintenance needs that cannot be postponed to beyond the end of the lifetime of the
existing components or because of the restriction on the implementation order due to precedence
restriction.

For this reason, the implementation order is first arranged to consider the homeowner priority for
the renovation project. After that, the order is modified considering the precedence restrictions
and maintenance need. When the best order is found the measures are divided into stage
packages. The process of ordering and creating stage package is explained below.

Household wishes and needs

The homeowner priority is reflected in the renovation measures by the benefits and co-benefits
expressed by the "Measures Summary". For this reason, the arrangement of the implementation
order is made using the Measures Summary table. Measures that have more of the benefit or co-
benefits considered as priority by the homeowner is placed in the uppermost part of the list (the
measures placed at the top of the list are implemented first). An example of this arrangement
is if the homeowner priority is improving the Thermal comfort - using the Measures Summary
table - renovation measures that have 3 points for Thermal comfort (in the co-benefits table) are
placed at the top of the list. Followed by renovation measures that have 2 points and so on.

Precedent and related works

The analysis of predecessor works and related works is done using the table created in step
3. Measures that are the predecessor of another measure are placed just above its successor,
and related works are placed next to each other to be executed in the same renovation stage.
Programs, such as MS Project, have embedded tools to arrange these connections and precedence
between works automatically, that can be used to facilitate this work step.

Need of maintenance

The next revaluation of the implementation order considers the lifetime of the current building
components. The renovation measures are rearranged a second time. Renovation measures with
restriction in the latest year of implementation because of the remain lifetime of the existing
component are brought to a higher position to be implemented before the remain lifetime year.
This arrangement is made with the assistance of the "Mean Values" tables that presented the
earliest implementation year of the stages and mean cost of the stages. Using these values a first
prediction formation of stage package and the year of implementation of the stages can be done.
This step of the ordering must be reevaluated after the stage packages are made as part of the
iterative process.

Presenting stage packages

The arrangement of stage package is made with the help of the “Mean values” too. The
formation of renovation packages also affects the implementation because of cost and disturbance.
Consequently, after having the stage renovation package created a reevaluation of the previous
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steps of implementation order is done to ensure that restrictions are not broken. The creation
of the stage packages is not a straightforward task but an iterative as mentioned before. The
stage renovation packages should preferably have costs within the suggested limits mentioned in
the 3.1.5 section. It is desired to have internal or external renovation works grouped in a same
stage as much as possible. Also, if it there is renovation measures with high disturbance, which
means that the occupants need to leave the house to the renovation take place, it is the best to
place these measures in the same package. In this way, it decreases the number of times that the
occupants need to leave the house.

The result of the implementation order and stage packages is a suggestion of implementation order
and stage packages and there is not only one solution that represents the homeowner priority.
Therefore, more than one suggestion of staged renovation can be created to be presented to the
homeowner.

After the staged renovation considering the homeowner priority is created a another staged
renovation package and order is created, as mentioned before. This staged renovation scenario
prioritize primary energy and it will be used as reference case in the financial assessment, in the
next step. Therefore, this staged renovation scenario has the best arrangement of implementation
order and stage packages in relation to primary energy savings. This scenario must also respect
the restriction of precedent works and maintenance need.

Earliest Implementation Year of the stages

With the stage packages created the energy consultant can have the cost of each stage. By that,
he can calculate the earliest year of implementation of the stages based on the annual household
savings. The earliest implementation year of a stage is the next year where enough money is
available to pay for the stage. After this step, the staged renovation scenarios are planned and
can be implemented in the Life Cycle Cost of the staged renovation.

3.2.5 Life cycle cost assessment

This section explains the step 5 of the methodology. In this step, the staged renovation is
financially evaluated considering the Life Cycle Cost of the project. The staged renovation is
also compared with the two reference cases.

The financial evaluation of the staged renovation has the purpose of presenting to the homeowner
the economic aspects of his house renovation, in a life cycle perspective. The life cycle cost
analysis is presented for 30 years. Moreover, to be simple to understand by the homeowner,
the results of the financial analysis of the staged renovation will be presented with the two
reference cases. One reference case is the one suggested by the "full cost approach" (presented
in Methodology Considerations) that represents the cost that needs to be spent anyway by
the homeowner even if the renovation is not performed. This reference case is called in this
methodology "Anyways". The other reference case is the hypothetical staged renovation scenario
created in step 4, where primary energy savings is prioritized. This reference case is called
"Energy Priority".

The idea of the reference "Energy Priority" is to demonstrate to the homeowner that prioritizing
energy efficiency in the renovation process brings financial advantages. That is because by
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prioritizing energy efficiency the house energy consumption decrease earlier in the renovation
process, which means lower energy bills.

The life cycle cost analysis considers the costs spent for the renovation and the cost for running
the building. The running costs are the cost of energy for the space heating and electricity
used by the building systems. The same ones considered by Be18. In the running costs, it
is consider the reduction of energy consumption after implemented each stage. Therefore, the
energy consumption of the building after each stage is taken using Be18 program. The costs of
renovation are collected by the annual savings, which means that it is collected every year until
sum the total cost of the renovation.

The annual energy cost of the building is calculated for each year. The annual energy
consumption is the actual annual energy consumption of the building multiplied by the energy
price of its energy source. The energy price of each energy source varies differently in time, thus
the annual running cost for each year must be corrected to its predicted future price using the
"future cost" formula presented in the Methodology considerations.

The "future" annual energy cost is summed with the annual savings to become the annual
recurring cost. To the recurring costs is applied the NPV formula. Finally, the Life Cycle Cost
of the staged renovation project is found by summing all recurring costs corrected to the present
value.

In order to present better the life cycle cost of the project in time, the annual recurring costs
corrected to the present value are plotted in a accumulative chart with the two reference cases.

The same procedure is done for the two reference cases. For reference case "Anyways" the
cost for renovation is the costs for performing only maintenance works, calculated by the second
budget in step 2 of the methodology. The cost of each maintenance work is accounted in the year
that it takes place, not by regular savings. That is because generally homeowner do not keep
programmed saving for long period to perform house maintenance. The energy consumption
used to calculate the running costs is calculated by the Be18 program, calculated in the first step
of the methodology for the existing condition of the house. Some maintenance works can bring
some energy reductions because of the Building Regulations restrictions; these reductions in the
house energy consumption must be accounted when calculating the running costs.

The costs for the other reference case, Energy Priority, is accounted exactly in the same way
accounted to the staged renovation made for the homeowner - the costs for the renovation
are accounted by the annual savings. The total renovation cost should be the same as the
staged renovation made for the homeowner since only the implementation order of the renovation
measures is changed. However, the energy consumption of the building after each stage will be
different from the staged renovation made for the homeowner. Probably, there will be more
energy savings after the implementation in the first stages but the final energy consumption
should be the same.

The result of this step is the graphic that presents the Life Cycle Cost of the staged renovation
made for the homeowner. The graphic is presented along with the two reference cases — the
first that demonstrates the Life Cycle Cost of the building if the building is maintained in its
original conditions and the other that demonstrates the Life Cycle Cost of a hypothetical case
where primary energy savings are prioritized.
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4 | Application of methodology on the
case study

4.1 Introduction of the case building

Figure 4.1: Langøvænget 1, house as seen from the street in existing conditions

The majority of parcel houses built between 1960-79 are very similar to each other in terms of
form, size, layout and structure. 67% of them have a floor area between 100-199 m2 (Danmarks
Statistik). There is usually only one storey, with either a ground supported floor or crawl space.
The walls are constructed as a load-bearing inner gas concrete and outer brick facade with a
cavity in-between that is either insulated or empty. The case building, built in 1973, shares most
of these characteristics and thus is considered to represent the majority of typical parcel houses
built around this time.

The case building is located near Aarhus, in Tilst, at the address Langøvænget 1. The building
was part of a renovation project along with 3 other parcel houses. The goal of that project
was to evaluate the influence of energy efficient renovations. The compiled report and certain
measurements were available from before and after the renovations. For this thesis, it was only
relevant to see conditions prior to renovation (later on referred to as "Existing conditions"),
which is described in more detail in the following paragraphs. Due to incomplete information,
assumptions were made based on the typical solutions and characteristics of houses built at the
time. The remaining lifetime of the building components and furnishing were evaluated based
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on photos taken before the renovation.

4.1.1 Method summary

In this chapter of the thesis, the Steps described in section Methodology will be applied to this
case building. The following structure reflects the application of the methodology:

Step 1. Mapping phase

• Characteristics of the homeowner are defined
• The existing condition of the building and its components are described.
• The indoor climate of the building is described

Step 2. Creation of holistic renovation and budget

• Selection of EEMs
• Evaluation of EEMs
• Presentation of whole renovation

Step 3. Assigning data to renovation works for the staging process:

• Remaining lifetime of the existing building components and systems
• Individual cost of the renovation measures
• Energy savings given by each EEM
• The co-benefits given by each EEM

Step 4. Staging the extensive renovation

• Mean values of the case study are defined
• The iterative process of staging the renovation works according to Energy savings as a

priority
• Additional stage scenario presented according to prioritizing Aesthetics and Prestige

Step 5: Life cycle cost assessment

• LCC analysis of the staged renovation
• Financial comparison between staged renovation and one-off renovation

Simulation results of the staged renovation

• Tools used are described
• Validation of the model
• Results of thermal comfort, indoor air quality and energy consumption

4.2 Step 1: Mapping phase

4.2.1 Characteristics of the homeowner

The occupants are a married couple with a small child. During the original AAU project a
second child was born, but the newborn is disregarded in the simulations and a fix number of 3
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occupants is considered.

The total household income is not known. Therefore, the household income should be assumed.
The AAU survey [40] is used to define this amount. In the survey, respondents were divided
into groups based on their income before taxes, ranging between the numbers of 0 - 200,000
- 500,000 - 750,000 - 1,000,000 - or above. In order to test the extent of the methodology, it
would be relevant to assume the lowest income possible. Since the methodology has an ambitious
energy efficiency target and a restriction on maximum time, assuming an income from the lowest
category would not be realistic. A mean value from the second category presented, from 200,000
until 499,000 DKK is more suitable. Therefore, an income of 300,000 DKK will be assumed for
the case study.

Since interview with the homeowner was not carried out, a functional renovation measure desired
by the homeowner will be assumed. A kitchen renovation is then included in the house renovation.

4.2.2 Description of the building and its components

The building is a single story parcel house with 3 bedrooms, a full bathroom and a toilet, a
kitchen and a living room. The corridor serves as a utility room, where the boiler is located and
from here both the attic and the crawl space is accessible. The floor plan is seen on figure 4.2.
The building’s thermal envelope is summarized in figure 4.3 and is described in the followings.

Figure 4.2: Langøvænget 1, Floor plan of the house
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Figure 4.3: Summary of building components
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The heated floor area is 126.3 m2. Most of the floor is above a ventilated crawl space, with a
height assumed to be 600 mm. The floor structure is a 120 mm by 50mm wooden batons with
50 mm rock wool insulation in between and wooden planks of 2mm as finishing. Part of the
floor area has a ground supported floor with 45 mm insulation. The ground supported floor
was assumed to be in the wet-rooms (bathroom and toilet) considering waterproofing and tile
finishing requires a solid base.

The external wall is built of gas concrete blocks in its load-bearing internal part, usual to the
era of construction, used due to their cheaper overall price. The exterior layer built of bricks,
which it keeps the traditional look of Danish homes. The cavity is an insulation layer of 70 mm.
The facade bricks have an exceptionally long lifetime (100 years or more) and requires minor
maintenance, such as repairing the mortar between the bricks. The interior finishing is painted
plaster.

The foundation is the external walls of the crawl space and is made of 28 centimeters of solid
concrete, which means a significant cold-bridge.

The ceiling or attic partition has an structure of wooden joists of 100 mm by 50mm with 100mm
insulation in-between. The ceiling is wooden board and the covering is assumed to be in good
condition. There is a hatch leading up to the unheated attic, which is used for storage. The roof
is made of 150 mm wooden rafters that are in good condition judging from available photos. The
roof is pitched with only 16◦ angle and covered with fiber-cement sheets, with a short remaining
lifespan, judging from photos. Also there are no waterproofing membrane under the roofing
sheets.

An oil burner supplies heating and domestic hot water to the house. This has been changed
already to a newer model of 20 kW with a 94% efficiency. The pipes for the heat distribution
system are running in the crawl space and are insulated. The panel radiators are assumed to
have a long remaining lifetime. The DHW system is one string with only a supply to the draw
off points and no circulation. There is a 100l hot water tank located in the heated zone.

The infiltration is 0.304 l/s/m2 heated floor area under normal conditions (during occupant
hours), measured by a blower door test according to EN 13829 to be 4.4 l/s/m2 heated floor
area at 50 Pa. Thermographic images showed several cold bridges, such as ceiling hatch, wall
and roof connections, wall and window connections, boiler and ceiling connection.

4.2.3 Measurements taken in the building

The indoor environmental quality was measured by Aalborg University from January 2009 till
the end of June 2009. The measurements included indoor temperature, relative humidity and
CO2 concentration, taken in the bathroom, bedroom2, the kitchen and the living room. The
last two rooms showed similarities in their indoor climate, probably because the door is left open
between them. The bathroom is only occupied for short periods of time and the bedroom3 was
an unheated, unoccupied room. For comparison with simulated models, the living room will be
used as this is considered to be of primary importance due to its usage and location.

The hot water consumption of the family was measured as 966 l/m2/year, which is almost 4
times of the standard (250 l/m2/year) for single family houses in Be18. Due to its unusual value
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the standard consumption was taken.

Energy consumption for room heating and hot water production was measured through hot
water consumption on the distribution pipes. Judging from the measurements, heating is turned
off after the first of April in the living room and also reduced in the other rooms. Electricity
consumption was logged, but is not compared with simulated consumption. Only the electricity
need for operation of the heating system is extracted from simulation results and an average heat
gain from appliances of 3.5 W/m2 heated floor area (based on standard value in BE18) is used.

4.2.4 Evaluation of indoor environmental quality

The indoor environmental quality was defined according to DS/EN 15251 standard. To evaluate
the existing conditions, the hours and thus percentage of time within certain comfort categories
were investigated. The comfort ranges for thermal comfort are defined according to table 4.1.
Conditions are deemed within category if deviation from it is no more than 5% for the time
period. Overheating is defined as maximum 100 hours above 26◦C and maximum 25 hours
above 27◦C. Heating season is defined from 1. October until 30. April, and thus cooling season
is from 1. March until 31. September.

Table 4.1: Definition of Thermal comfort categories according to DS/EN 15251

Figure 4.4 shows the hours above and below certain temperatures, which shows that bedroom2
was unheated. Overheating is already an issue in the building since the specified hours above 26
and 27◦C are exceeded.
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Figure 4.4: Overheating and under-heating hours shown for the four measured rooms

Figure 4.5: Thermal comfort categories for the four measured rooms

DS/EN 15251 defines comfort categories as CO2 concentration above outdoor levels. Category A
<350 ppm, category II <500 ppm, category III <800 and category IV >800 ppm. This standard
is used throughout the rest of the report to define indoor air quality. Table 4.2 shows the existing
conditions based on the measurements taken in 3 rooms. As bedroom2 was unoccupied, it is not
relevant. Air quality is not up to standard requirements of any category.

Table 4.2: Thermal comfort categories for the four measured rooms
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4.3 Step 2: Creation of holistic renovation and budget

4.3.1 Selection of Energy Efficiency Measures

In case of a stage renovation, it will be required by BR18 for each individual component to
fulfill the minimal requirements for thermal transmittance, since for the whole building, the
target renovation class will be achieved only towards the end of the process. Thus, for this case
building, two approaches were investigated.

The first is to improve the building components to fulfill the minimum requirements by BR18,
along with the addition of PV cells, aiming to reach Renovation Class I in the most cost efficient
way. The second is to renovate building components to a "Higher standard", reaching lower
thermal transmittance than required by BR18, achieving Renovation Class I without the need
for renewable sources. The reason to explore the higher standard solutions is to see if it is worth
in terms of financial investment and other co-benefits.

A technical report from AAU [42] was the basis of several solutions for the BR18 standard. The
paper investigated the renovation potential and cost efficiency of packaged solutions for parcel
houses. The standard according to which the renovation packages were considered was BR15
minimum requirements. The most cost efficient solutions were taken as possible options for this
project. Finishings were not considered relevant, thus the cheapest option was chosen for all
components.
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External walls

For the renovation of the external wall, 3 solutions were considered to satisfy BR18 minimum
requirements. The cheapest solution is to leave the existing construction and add additional
insulation after the brick facade. By doing this the daylight conditions inside the house will
reduce, and construction issues with the roof overhang occur, thus such a solution was not
considered. Demolishing the brick wall is relatively cheap (compared to other items in the
budget), thus the existing insulation can be exchanged with new, thicker one, enough to reach
the desired final U-value. The external finish is assumed to be kept the same, but is cheapest if
a 20 mm thick brick tile finish is applied, whereas reconstructing the 108 mm brick wall would
require a foundation which increases costs significantly.

With these considerations, to reach BR18 minimum requirements the solution presented in
Appendix .2, figure .8 is chosen. To reach higher standards, with the same approach, the
maximum thickness of the insulation is 400 mm, presented in figure .9. What needs to be kept
in mind is the reduced daylight levels inside the building, due to the increased wall thickness.
The cost of the higher standard renovation is 10.7% higher compared to the BR18.

Besides the obvious heat loss reduction due to insulation, the surface temperature of the walls
will be increased, which will improve thermal comfort. Wall turn-ins at windows are ought
to be constructed with 50 mm insulation, as given in DS418, page 40 Table:6.12.1a to give a
value of 0.03 W/mK. Also, infiltration is reduced, but due to uncertainties the amount is only
assumed. From the original 0.30, down to 0.13 l/s/m2, the saved energy due to reduced heat loss
is divided equally between the four building components responsible for this: ceiling, external
wall, windows and doors, and floor.
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Roof and attic partition

It is considered to renovate the attic partition in two ways, either laying down insulation mats
or use granulate insulation. The price does not vary significantly between the two solutions. For
financial reasons, the cheaper solution is chosen, which is the mineral wool batts. With their
0.037 W/mK lambda value, 300 mm is required to reach a U-value 0.105 W/m2K. It is needed to
overestimate the overall thickness to compensate for the reduced height of the insulation at the
eaves of the roof. It is also important to include a vapour barrier before insulating the partition,
to prevent moisture rising from the internal space and to improve the airtightness of the building.
This solution is presented in appendix .2 figure .10, after which, the height in the attic is much
less, thus its storage function is lost.

Another solution is to increase the thickness of the rafters and by that adding more insulation
to the roof. To reach 0.12 W/m2K, 150 mm insulation between the existing rafters and an
additional 200 mm is required. For the proposed solution, an additional 360 mm of insulation
was considered to reach a lower U-value. This is much more costly as presented in appendix
.2 figure .11. The connection to the wall creates a more continuous thermal envelope (seen on
figure 4.7) than it would be in case of the attic partition (seen on figure 4.6). With this solution
the attic retains its storage function and it is possible to facilitate HVAC equipment and ducting
later on. There is also the possibility (if the homeowner wishes) to open up the attic space
in certain areas of the house, increasing interior height and also to place skylights. This is a
prime example of increased costs that are not worth in terms of economic payback due to energy
savings. It is needed to evaluate the pros and cons of such a choice and to understand the need
of the homeowner to make the best decision, considering future plans.

Figure 4.6: Detail of attic partition and wall
connection

Figure 4.7: Detail of roof and wall connection

Ground floor

In building regulations it is stated that energy retrofit of components must be carried out without
causing risk of moisture and mold. The renovation of the floor above the crawl space is possible
only to a certain extent. More than 145 mm of insulation will cause risk of condensation [8].
Due to this, the lowest possible U-value by this solution is 0.272 W/m2K, which will require a
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dispensation from the municipality. There is also a need for a moisture barrier, which is to be
fixed to the underside of floor. This will improve the airtightness of the construction as well. This
overall solution is relatively cheap, and disturbs everyday life the least, presented in appendix
.2 figure .12. In terms of floor surface temperature, table 4.3 shows the conditions calculated
via steady state conditions. Even though the floor does not directly face outside, the crawlspace
is ventilated and conditions are not far from outdoor temperatures. Existing conditions with
only 50 mm insulation were not satisfactory, and even with 150 mm it is still likely that local
discomfort of cold feet is experienced.

Table 4.3: Surface temperature of the wooden floor covering, during different temperatures, for
existing and renovated conditions

In the bathroom the floor is needed to be demolished to reach better thermal performance as it is
minimally insulated. With 250 mm EPS80 a U-value of 0.107 W/m2K is possible. The solution
is presented in appendix .2 figure .13

If a better thermal performance is desired, the floor is to be demolished and a new ground
supported floor may be constructed. The crawlspace reduces the amount of excavation required,
and for this case building, it is assumed that there is no need for that due to the height of the
crawl space. The amount of insulation gives a low U-value for the construction, 0.052 W/m2K,
shown in appendix .2 figure .14. With this solution it is also possible to establish floor heating
in the concrete slab, that is a significant comfort improvement.

Insulation of the floor joists will reduce local thermal discomfort of cold feet, but to ensure
Percentage Dissatisfied (PD) of <10% (acc. to DS/EN ISO 7730) during low outdoor
temperatures, the floor needs to be reconstructed for a ground supported floor. There is also the
issue of significant disturbance, as moving out temporarily is necessary.

Windows and Doors

To reach the required Eref for the windows, a low enough U-value of the component is needed
along with a high enough g-value. The windows presented in appendix .2 figure .15 are taken
from Velfac as reliable specification and to get a price estimate of the renovated windows and
doors, Velfac was contacted for a bid through their website. A different final price is possible due
to the specific supplier, thus the price is considered only as an estimate. Even though the light
transmittance (LT) of the existing windows are unknown, daylight conditions can be assumed
to be unchanged due to the new windows having a 0.82 LT.

A higher standard for the windows and doors are presented in appendix .2 figure .16.
Consideration in higher standard will have to be made in terms of other benefits than just
economic payback.

In terms of airtightness it can be assumed that the change of windows will contribute to the
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reduction of infiltration. It is of high importance to include a vent grill in the frame in order to
compensate for this and avoid issues of condensation. With the later introduction of mechanical
ventilation these can remain closed, reducing heat loss from the building.

Foundation

As the existing foundation is made of concrete without any cold-bridge break, improving it is
difficult and the extent is limited. Only one solution was examined, presented in appendix .2
figure .17. Excavation is needed to place 150 mm XPS insulation boards to the outer side of the
foundation. Along with this, a perimeter drain can be established to help protect the foundation
from moisture/water from the soil. The reduced linear loss for the construction is based on
DS418, table 6.13.3 and figure 6.13.2. Performing this improvement will allow a yearly 15.2
kWh/m2 savings, which is important to reach a low overall consumption in the end result.

Heating system

When changing the existing heat source of the house, by Building Regulations one is required to
change to a highly efficient condensing boiler, to connect to the local district heating system, or
change to renewable source. For the case building there is possibility for District Heating (DH)
connection. To set up a ground source heat exchanger would be much more costly [42], thus only
DH connection is examined.

The proposal is presented in appendix .2 figure .18, which would be used for both BR18 minimum
and the higher standard. Connection is made via a heat exchanger. This way the house will
not be influenced by the pressure conditions from the supply side of the system and a separate,
closed circuit is established within the house. There are compact units with DHW tanks of 100l,
circulation pumps for heating, expansion tanks and regulation valves, that is cheaper to buy and
easier to install. The change to district heating results in a primary energy consumption, but
not in the site energy reduction.

As previously mentioned in terms of the floor construction, for the higher standard, it is possible
to place floor heating into the concrete screed, which is presented in appendix .2 figure .19.
By doing this, the old radiators and distribution pipes would have to be removed. The saved
energy is 11 kWh/m2.year, because the losses from distribution pipes would significantly reduce.
Despite this, floor heating should be considered only in terms of comfort improvements.

Domestic hot water

The existing hot water tank could be replaced with a heat exchanger to avoid having heat loss
from a storage unit. This solution is not considered, since the home is used during the morning
and late afternoon, so there is time for the hot water tank to recharge during midday and in
the evening. Also the packaged unit solution for the district heating connection includes a tank,
which reduces the price. It is considered to leave the same supply only pipe system, as circulation
would result in unnecessary heat loss and there are no great distances within the house that could
cause long waiting times.
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Ventilation system

Installing de-centralized, facade integrated ventilation units is becoming more popular for
renovation projects, since there is no need to establish a duct air distribution system. In case of
this building, there is sufficient space in the attic for the duct-work, thus a centralized ventilation
solution is considered. By BR18 there is a minimum air change per hour for the whole house
of 0.5, which translates to 147 m3/h. Also there must be a minimum extraction from kitchen,
bathroom, toilet and utility room, which adds up to be 50 l/s or 180 m3/h. The chosen AHU,
presented in appendix .2 figure .20, is capable of providing this amount.

There will not be a reduction in energy consumption due to mechanical ventilation. The heat
loss due to this air change is reduced by the heat exchanger, but there is still 4.19 kWh/m2/year
that needs to be covered by the heating system. Also electricity is needed for the operation
of the AHU’s components, which is 7.43 kWh/m2/year. All together there is an increase in
Primary Energy consumption of 11.59 kWh/m2/year. Ventilation needs to be considered as an
improvement of the indoor air quality, which is most important during winter, when occupants
tend not to ventilate sufficiently.

For a higher standard, a different AHU is presented, that provides 200 m3/h as minimum and
can go up to 30 0m3/h. This is a VAV unit and there should be CO2 sensors installed in the
occupied zone. The airflow can vary depending on the need, providing higher comfort, in case
there are more people present. Also, during the day, when there is nobody at home, it can shut
off to conserve energy, if conditions allow it. There is also a heat pump for active heat recovery
from the air condensate. The solution is presented in appendix .2 figure .21. Even though it
consumes more electricity, the regulation allows to save energy, while providing the best comfort.

It can be argued that ventilation with heat recovery should be considered as saving energy, since
if the same air flow would have to be provided by natural means, it would significantly increase
heat losses. However occupants ventilate during cold periods less frequently, thus real occupant
usage does not allow for this consideration to be valid. It is considered as a comfort improvement,
above all else. For this reason, how the proposal is presented to the homeowner and understood
by them is crucial to the willingness to invest.

Photovoltaic solar system

In order to satisfy requirements of renewable energy inclusion in the site energy and to achieve
greater reduction of primary energy consumption for the building, solar PV is to be used. The
solution is presented in appendix .2 figure .22. The array should ideally be placed on the ground,
facing South, but the roof is oriented towards East and West. It is designed to be placed on the
roof towards the West, where it can provide more electricity during peak afternoon loads.

All components

Table 4.4 summarizes the solutions that were presented for both approaches.
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Table 4.4: Thermal transmittance of the chosen component solutions for the two approaches
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4.3.2 Component evaluation according to Building Regulations

For each of the components an evaluation for pay-back time will be carried out. This is generally
carried out to help choose the most economical solution. In this case, it will be used to evaluate
the components, and thus show the difference between the minimum requirements and the higher
standards. Also how maintenance costs are considered is also a large influence on the prediction
of the payback time. First compliance with BR18 requirements will be checked after which a
more accurate calculation method will be carried out.

In case of a house renovation, there is a need to fulfill the minimum requirements by Building
Regulations 18 of thermal transmittance for each component that is renovated (seen in table 4.5).
However, when renovating, if the renovation is to achieve specific energy frame (Renovation Class
1 or 2), the minimal requirement for some component can be disregarded and the total primary
energy requirement of the building becomes the precondition to fulfill. This needs to be lower
than 87,4 kWh/m2 and 65,6 kWh/m2 for Renovation Class 2 and Renovation Class 1 respectively
for this case building specifically. Also, in case there is no connection to district heating, part of
the building’s energy supply has to be covered by renewable energy.

Table 4.5: Minimum requirement for building components in case of renovation

The Regulations also state that renovation or change of building components must be
implemented to the extent that they are profitable without causing moisture damage. The
Profitability is defined as 1.33 [kWh/DKK], that is calculated according to equation 4.1.
The investment cost should only include the costs related to the energy improvement of the
component, meaning, disregarding the costs of maintenance and soft costs. More specifically
Guidelines 4.0 states: "In the calculation of profitability, only materials and labor are included
in the energy-saving work and the strict follow-up work of the energy-saving work, and not for
example: cost of roofing, scaffolding or other expenses." In case there is a lack of profitability, it
must be proven, and the profitability of a smaller conversion should be evaluated.
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Savings[DKK/year] · Component− lifetime[years]

Investment− cost[DKK]
(4.1)

Profitability of 1.33 refers to the fact that a component’s renovation should pay itself back within
75% of its lifetime. This calculation does not consider any change in price in the future, thus is
a simple and quick way of evaluation. The investment cost for each measure comprises of only
the works that are connected to the energy upgrade and excludes the finishing, as previously
indicated by the definition.

Table 4.6: Summary of the renovation proposals and their economic viability, "profitability" according
to BR18 definitions.

The two possibilities are examined. One, having the price of maintenance only and the specific
energy costs associated with each component. The other is the total investment cost of the
EEM (including finishings) and the price of reduced energy consumption due to this. For all
cases, 30 years of consumption was considered. These are compared in figure 4.8 with the exact
values showed in table 4.7 The price of oil was taken as 0.9 DKK/kWh and the price for district
heating (in Aarhus region) was taken as 0.43 DKK/kWh plus an additional yearly connection
and property fee of 1060 DKK.
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Figure 4.8: Cost of maintenance only and EEM along with their respective energy consumption. EEM
= Energy efficient measure; MT = Maintenance; BR = Building Regulations; HS = High Standard
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Table 4.7: Table showing the prices used in the previous figure of Simple Payback Time

In all cases of BR standard (except the bathroom floor) it is worth to carry out the measure
rather than only maintaining the component. With higher standards, the savings are more,
but the investment cost is too expensive. The largest difference between maintenance only
and EEM is for the heating source of oil or district heating as this was evaluated for the total
heating consumption of the home. These predictions did not consider any price variation over
the years (such as discount rate) thus are only a quick estimate. They show that BR18 minimum
renovations can be considered financially beneficial.

4.3.3 Component evaluation according to Cost of conserved energy

As said before, financial viability is only a simple calculation. Equation 4.2 was used, which
includes a yearly discount rate and also considers the actual lifetime of the component (technical
lifetime). The technical lifetime is - in some cases of component renovations - different than the
lifetime used for the profitability calculation (economic lifetime). If the component would be in
use for longer than it is economically considered, it would still result in savings. The same is
true if the component is considered economically for a longer time than it can actually last, thus
its replacement should be taken into account. This way, the investment is multiplied by their
ratio, which represents real financial costs more accurately. The technical lifetime cannot exceed
the remaining lifetime of the whole house. For our calculations this was assumed to be 60 years,
as the buildings are already 45 years old. The real interest rate is assumed to be constant 1.93%
(Danmarks Nationalbank). The lifetime of the components is based on either ASHRAE standard
[4], InterNACHI database [28] or the Molio Pricebook. Each budget item of every component
is taken from Molio Prisdata through the use of Sigma, with only a few exceptions [42]. For
the detailed description of the components, the cost of energy efficiency and maintenance, see
appendix .2.
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CCE =
a(n,r) · n

nt
· I

∆E
(4.2)

Where
CCE = Cost of Conserved Energy [DKK/kWh]
a(n,r) = annuity factor [-]
n = economic lifetime [year]
nt = technical lifetime [year]
I = Investment cost of the Energy Efficient Measure [DKK]
∆E = is the difference between the reference energy consumption and the reduced energy
consumption due to measure, taken from Be18 calculation

Annuity is calculated by:
a(n,r) =

r

1 − (1 + r)−n
(4.3)

Where
r = real interest rate [%]
n = economic lifetime [year]

Cost of Conserved Energy represents the amount of money it costs to save 1 kWh of energy,
considering the lifespan of the component. CCE can be used for different purposes. It can be
used to compare different solutions of one component with each other or only certain parts of the
structure, such as insulation. It can also be used to see the monetary advantage of each EEM
for a building as an overview. The goal with this calculation is to compare components with
different U-values and thus their associated savings. Besides this, there is the question of how
to consider the cost of "anyway" maintenance for each component. There are two approaches,
neither of which are incorrect. If the external wall is taken as an example, the followings need
to be considered: The wall would be maintained by renovating only the mortar of the brick
facade. However energy efficient renovation (EER) requires the demolition of the brick wall and
the reconstruction of new layers. (Not doing anything is not an option.) Thus there are two
ways of considering the investment cost:
1) Since the least amount of work that must be done is the maintenance of the wall, its price
would have to be payed as a minimum. If solely the price difference of proposals are considered,
the maintenance cost is subtracted from the total cost of the energy efficient measure (EEM).
The CCE is calculated with this reduced investment cost.
2) The maintenance and the EEM contain budget items (works to be done) that are not the
same. By definition this work would not have to be carried out anyway. Thus the full price of
the EEM should be taken into consideration for the CCE.
The main difference is that 1) considers the cost regardless of the work it relates to, whereas
2) considers the actual renovation work, whether or not it is carried out along with the energy
efficient renovation. The EPBD recast [11] also specifies that it is possible to omit a) costs that
are the same for all measures/packages/variants and b) costs related to building elements that
have no influence to the energy performance of the building

To show the difference, both considerations are presented in figure 4.9 and table 4.8. On the
figure, The legend is understood as follows: HS: Higher Standard; BR: Building Regulation 2018
minimum standard; with or without MT: Maintenance. MT is n/a: not applicable, if there is no
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maintenance included in the total price. All BR measures are with a black border. The dotted
line connects each measure in terms of MT included or excluded from the total price, thus the
change is visible.

To identify the worthiness of a certain renovation measure, there would have to be more energy
saved than it costs to buy it. In terms of oil for boilers, it costs around 0.9 DKK/kWh (based
on a calorific index of 10.98 kWh/l), thus the CCE ought to be lower than this in order to be
worthwhile economically (within the set lifetime of the calculation).

Figure 4.9: The difference in the CCE, if the investment cost is considered as the whole component
renovation (left graph) or if only the energy improvement costs are taken into account (right graph)
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Table 4.8: Values used for the CCE of components, shown on previous graphs

In case of the external wall, it is seen that depending on how anyway renovation is considered in
the investment cost it is either worth or not to invest in a more expensive solution. Nonetheless,
walls are one of the most expensive measure which explains why their renovation is so rarely
done.

The windows are to be evaluated (acc. to BR18) with an economic lifetime of 30 years, but the
technical lifetime of the windows are 20 years [28]. With these consideration the CCE is 1.56
DKK/kWh, which is the highest of all components. If the windows’ lifetime is taken as 30 years,
the CCE goes down to 1.04 DKK/kWh. There is no maintenance cost considered in case of the
windows. Even though their CCE is so high, they have a relatively low cost, which is one reason
why they are frequently carried out, besides their short lifetime and necessity to be changed.

In case of the foundation, the CCE is calculated subtracting the necessary maintenance of
applying bituminous waterproofing, thus the value changes from 1.58 to 1.12 DKK/kWh. This
shows that even with a higher CCE, a low cost could make it more appealing, similar to windows.
The difference is that this EEM does not have such obvious benefits as windows.

In case of the district heating the site energy consumption does not reduce, thus CCE does not
apply in this case. Nonetheless the price of the new heat source decreases, giving savings.
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4.3.4 Whole Renovation solutions

In the following there will be 3 different renovation scenarios presented: 1) Only necessary
maintenance, without improving energy performance of the building; 2) Maintenance and EERs
up to the BR18 minimum standards; 3) Maintenance and EERs with a higher standard not
including renewable energy. The components and their extent of renovation (or maintenance)
is based on the previously presented EEMs. These are gathered in a budget sheet as a one-off,
extensive renovation in Appendix .3. It is possible to compare the total price difference between
the different approaches and their final outcomes in terms of energy savings and indoor comfort.
Table 4.9 shows these final prices.

Table 4.9: Table summarizing the final cost and results of the renovation proposals

All prices are taken from Molio Prisdata using a tool called Sigma. It needs to be noted, that a
large part of the budget is to cover labour cost of the craftsmen. As mentioned in the previous
chapter of the report, homeowners often carry out maintenance work either by themselves or
through friends and family. Because of this, a real life budget of such renovation works would
be much cheaper.

Figure 4.10: Final energy consumption of all scenarios. Red line showing Renovation Class 1 energy
frame

Figure 4.10 shows the energy frame calculated by Be18. The contribution from PV cells are
also stated for BR18 scenario. Carrying out only maintenance on the building does not result in
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any energy improvement, but still has a high cost. This amount would have to be spent on the
house as a minimum, since the cheapest solution for maintenance was considered in every case
in order to show the bare minimum one is required to spend. The choices of EEMs for the BR18
approach are also the cheapest energy efficiency measures that satisfy minimum requirements.
The Higher standard would have to be justified by either better economic investment, increased
comfort, or personal preference of the homeowner.

For the following steps of the methodology (3, 4, 5) BR18 minimum is chosen for application.
The Higher standard solutions will not be considered for these steps. In terms of the Maintenance
only scenario, it is used for comparison with the staged result of the BR18 scenario. This is done
to see what are the benefits of energy renovation over mere maintenance of the house.

69



Group 1.218 4. Application of methodology on the case study

4.4 Step 3: Assigning staging data to renovation works

In this section, step 3 of the methodology is applied. Three tables are created that are needed
for the staging process. The tables are - the Measure Summary, the Disruption Evaluation, and
the Ordering Restriction.

Additional data (specifically required for staged renovation) is assigned to the individual
renovation measures in the Measures Summary table are. These are:

• The remaining lifetime of the existing building component or system, assessed in step 1.
• The individual cost of the renovation measures, estimated in step 2
• The energy saving given by each EEM, evaluated in this step
• The co-benefits of all renovation measures are also evaluated in this step

The last two points of evaluations are presented below.

4.4.1 Energy savings given by the EEMs

The individual energy savings of the EEMs are found using Be18 program. The data is found
by applying each EEM at the time to Be18 model of the house in its existing condition. After
the implementation of each EEM the new energy consumption of the house is extracted. The
difference between before and after the EEM is the energy reduction given by the EEM. This
procedure repeats until all the measures are added to the model. This procedure was applied to
all the EEM of the case building and is presented in the table 4.10. The energy extracted are
the primary and the actual energy savings.

Table 4.10: individual energy savings of the case building EEMs

The table demonstrates that for each of the measures primary and actual energy savings have
different values. The biggest difference can be seen in the energy savings attributed to the “heat
source & DHW replacement”. That is because the energy source changes from oil boiler to
district heating, changing the primary factor attributed to the house heating.
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4.4.2 Coupling planned implementation measures with their given
co-benefits

The co-benefits were estimated by a qualitative analysis of each renovation measure. This
estimation was done by the project group and is presented in the table 4.11. The evaluation
can be subjective from people to people. Therefore, in a project done for a homeowner, the
evaluation is done first by the building expert and after re-evaluated by the homeowner, after a
technical explanations of co-benefits concept from the building expert.

Table 4.11: Individual energy savings of the EEMS of the case building

The table presents the co-benefits for each renovation measure but also the sum of co-benefits
typologies from all measures. The sum of each co-benefits typology values shows the overall
potential of the renovation to enhance or diminish the quality of the home concerning the co-
benefits typology. For this project, after all stages are implemented, there will be a significant
improvement in Thermal Comfort, Aesthetics and Prestige. Most of the Thermal comfort
improvement is given by the EEMs. The housing safety and usage will also be improved.
However, the daylight and air quality tend to remain unchanged or get worse. The daylight
can get worse because the selected windows have slightly lower light transmittance and the
wall will be slightly thicker. Regarding air quality, the building will be more airtight, and the
ventilation system chosen is not demand controlled.

4.4.3 Measures Summary table

After co-benefits and energy savings by evaluated for the renovation measures, the data is
included in the Measure Summary table. Together with the cost and the remaining lifetime
of the existing building components and system. The summary table is presented in table 4.12
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Table 4.12: Summary table of the case building

4.4.4 Disturbance Evaluation

The estimation of values to the renovation measures about their disturbance location and
disturbance level were estimated by the project group as presented in the table 4.13. The
evaluation of the location is almost straightforward due to the definition of the external and
internal disturbance. However, the evaluation of disturbance level can be subjective from person
to person. Therefore, in a project done for a homeowner, the evaluation is done first by the
building expert, given his knowledge of house renovation, and after, it is re-evaluated by the
homeowner to ensure that he agrees with the expert evaluation.

Table 4.13: Summary table of the case building
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4.4.5 Ordering Restriction

The attribution of values of predecessor measures and related works were also estimated by
the project group, and the evaluation is presented in the table 4.14. The considerations for
predecessor measures and related works are not always a straightforward decision. Technological
inter-dependency between measures can vary depending on specific aspects of the renovation
solutions and the procedure for their installation. Therefore, the evaluation of a renovation
measure as a predecessor or related work can be subjective from project to project depending
on particular considerations of the building expert.

Table 4.14: Attribution of values of predecessor measures and related works by project group

Table 4.14 shows an example of the subjectivity of the evaluation of the measures as a predecessor
or related works. In this case, it is the roof, that was considered as a predecessor of solar cells.
The roof could be renovated after the solar panels but would mean an extra cost for removal and
re-installation of the panels. Therefore, it is considered here as a predecessor in order to test
the methodology, but another building expert could consider it as related work. With all the
Ordering Restriction table done, all the three tables from step 3 are complete and the staging
process can start.

4.5 Step 4: Staging the extensive renovation

In this section, step 4 of the methodology is applied. In this step, the extensive renovation is
divided into renovation stages, and it is ordered in a sequence that tries to reflect the homeowner’s
or any other chosen priority for the renovation. The first part of the step calculates the “Mean
Values”; the reference values that guide the building expert in the second part of the step. In
the second part, the staging process takes place with its sub-steps.
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4.5.1 Calculation of the Mean Values of the staged renovation

The Mean Values used to guide the staging process, as presented in the methodology, is the
Mean Stage Cost, the Mean number of stages, and the Mean time interval between stages.
Moreover, it is also calculated the earliest implementation year of the stages with mean costs,
and the minimum number of years to complete the staged renovation. The calculated numbers
are presented in table 4.15.

Table 4.15: "Mean Values" of the case building

The left table presents that the most expensive measure of the case building, costs 100,405 DKK
(the floor insulation). Since this cost is lower than 150,000 DKK, 150,000 DKK is used as the
maximum limit for the stages cost. The minimum number of years needed to complete the staged
renovation is 18,32 years, which actually means that 19 years it need to complete the project.
By the mean values, the extensive renovation is divided in 7 stages, which gives a mean time
interval between stages of 2.7 years. The right table presents the earliest year to implement each
of the seven stages.

4.5.2 Staging process

In this part of the section the staging process of the extensive renovation made for the case
building house is presented. The result of this process must be a staged renovation with an
implementation order of the renovation measures that reflects the chosen priority. Because the
case building is a building from a project already finished, the priority of the homeowner that
rules the ordering is hypothetical. Therefore, we considered to be more relevant to present the
staging process step by step applied to the reference case "Energy Priority". After that, it will
be presented the result of applying the staging process to the extensive renovation prioritizing
Aesthetics and Prestige. This hypothetical scenario is considered by the project group the worse
scenario energy-wise; a situation where renovation measures that do not improve the house energy
efficiency are implemented before, and EEMs are left to the last stages. By applying the staging
process to this two extreme situation - in relation to energy improvement - we consider that is
the best manner to test the method of staging.
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4.5.3 Staging process applied to "Energy Priority" reference case

Ordering implementation measures

The ordering process is done using the Measures Summary table created in step 3, as explained
by the methodology. Initially, the measures are randomly placed in the table, as presented in
the table 4.16

Table 4.16: Summary table of the case building

The first step in the ordering process consists of ordering the measures by the priority, which is
primary energy savings. For that, renovation measures that have higher primary energy savings
are placed in the uppermost part of the list, followed in a decreasing manner by the ones that
have lower values of primary energy savings, as presented by table 4.17

Table 4.17: Renovation measures ordered by primary energy savings

Table 4.17 shows that all the measures are ordered in decreasing order by primary energy savings.
This initial order is not possible to be maintained because the measures with short life expectancy
are placed towards the end, and measures that are a predecessor of others are not placed before its
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successor. Therefore, the renovation measures that have ordering restrictions must be rearranged
in the table.

The first rearrangement that is made because of ordering restriction is considering precedent and
related works, as suggested by the methodology. The analysis of predecessor works and related
works was done using the table Ordering Restriction table. The result of this first rearrangement
is presented by table 4.18. Measures that are the predecessor of another measure were placed
just above its successor, and related works were placed next to each other in order to be executed
in the same renovation stage.

Table 4.18: Renovation measures reordered because of precedence and relation restriction

Table 4.18 shows that the rearrangement brought ‘Ventilation System’ and “Foundation
Insulation” to a higher place in the list. However, the majority of measures with high energy
saving are still placed in the upper part of the list.

The second revaluation of the implementation order was made considering the lifetime of
the current building components. Renovation measures with restriction in the latest year of
implementation because of the remaining lifetime, placed in the bottom part of the list, were
placed into a higher position. That ensures that this measures are implemented before the remain
lifetime expires. The selection of the position to place the measures is done with the assistance
of the "Mean Values" tables that presents the earliest implementation year of the mean cost
stages. Table 4.19 presents the order of the measures after the second rearrangement.
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Table 4.19: Renovation measures reordered because of remain lifetime

As presented in table 4.19 remaining lifetime of ‘Heating System Maintenance’ and ‘Flooring
Replacement’ expires within 5 and 10 years, respectively, which means within the first half of the
renovation process that is 19 years. Therefore, these measures were place placed in the upper
position of the list.

The implementation order after considering maintenance is entirely different from the first
arrangement. On this order, most of the remaining lifetime values are in a crescent order (besides
External Wall that is placed early on the list because of its relation with foundation and windows).
These two rearrangements due to implementation restriction demonstrates very well the real-life
situation of housing - even though energy savings is a high priority, the need for maintenance and
restriction because of precedent works forces energy improvement measures to be implemented
later.

Presenting stage packages

In this sub-step, the stage packages are formed. Using the last order of the renovation measures,
the list is divided into stage packages. As presented by the Mean Values table, the reference cost
for the packages are minimum 80,000 DKK and maximum 150,000 DKK. The division of stages
packages is shown in table 4.20.
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Table 4.20: Stage renovation packages for the case building

Table 4.20 shows that the external walls, the foundation, and the windows were gathered as
stage package in stage 2 - becoming a facade renovation. That is because the three measures
were considered as “related works”. Stage 2 has now a total cost of 288,315 DKK, which is a
much higher cost than the upper limit suggested. Therefore, the implementation of the facade
renovation is decided to be divided in two stages, first facades North and East, and later, South
and West, as presented in table 4.21.

Table 4.21: Stage renovation packages for the case building

The division of the façade renovation in two stages, besides decrease the package cost, ensures
that half of the façade is implemented in an earlier year than with implemented at once. That is
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because would need more time to save money to pay for a whole façade renovation than to half
of it. Thus, energy saving measures are implemented earlier.

The next step was to evaluate the disruption level and place of the stage packages. The evaluation
is shown below by Table 4.22.

Table 4.22: Disturbance evaluation of the case building

Table 4.22 shows that only stage 4 has a high internal disturbance. That may call for moving out
during the renovation. Stage 2 and 3 have a Medium disturbance. However, the internal work
in these two stages is because of the window replacement, and most of the work can be done
from the outside - thus, the internal disturbance is not much. Stage 7 has a medium internal
disturbance but is because of the kitchen renovation that is a homeowner which - therefore, it
cannot be avoided. The disturbance analysis concludes that there are no excessive problems of
disturbance with the current stage packages and no modification is needed.

Earliest Implementation Year of the stages

With the cost of each stage established, the energy consultant can calculate the actual earliest
implementation year of the stages. The earliest implementation year of the stages is based on
the annual household savings, as said in the methodology. The earliest actual implementation
year is the next year where enough money is available to pay for the renovation stage. Figure
4.11 presents the earliest implementation year of the stages with the accumulative savings.
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Figure 4.11: Comparison between renovation stages and annual savings for Energy Priority reference
case

Figure 4.11 demonstrates that once the saved amount is higher than a stage cost, the renovation
is performed, which decreases the savings total. That keeps happening until the last renovation
stage is performed. Moreover, the last stage is implemented in year 19, which means that it is
within the limit of the maximum time established by the methodology, 20 years.

With the implementation year of the stages known the house energy consumption throughout
the staged renovation process was found, as presented by the table 4.12.

Figure 4.12: Energy consumption of the case building throughout the staged renovation - Energy
Priority reference case

The staged renovation for Energy Priority reference case was successively planed using the staged
renovation methodology. The number of stages is the same number than suggested by the Mean
Values. The cost of the stages respected the minimal limit but the the upper limit was slightly
exceeded by stages 3 and 4. The primary energy saving is the biggest in the first stage and has
almost an decreasing pattern, which means that primary energy savings is prioritized.
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4.5.4 Aesthetics and Prestige as priorities for the staged renovation

As presented by the literature review, many homeowners perform house renovation for better
house usability, aesthetics, and prestige, rather than for energy savings. Because of this, it is
reasonable to investigate the staged renovation methodology using a co-benefits as a priority -
more specifically Aesthetics and Prestige. In this hypothetical scenario, the kitchen renovation
must be placed in the first stage as a request from the homeowner. This condition represents
the worse scenario regarding energy savings, as mentioned before. However, at the end of the
process, the house still achieves Renovation Class 1. Below it is presented the final result after
applying the staged renovation having Aesthetics and Prestige as a priority.

Table 4.23: Stage Summary table for staged renovation prioritizing Aesthetics

Figure 4.13: Comparison between renovation stages and annual savings for Aesthetic priority
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Figure 4.14: Energy consumption of the case building throughout the staged renovation - Aesthetics
as priority

Figure 4.14 demonstrates that by prioritizing Aesthetics and Prestige, the more significant energy
improvements are left towards the end of the renovation process. Energy reduction starts only
after year 6, and the most significant primary energy savings happen in the second half of the
renovation process. The co-benefits in stage summary table depicts that the first three stages have
the majority of Prestige and Aesthetics points. That demonstrates that the staged renovation
methodology is capable to create staged renovations that prioritize co-benefits, reflecting the
priority in the implementation order and stage packages.

4.5.5 Sub-conclusion

The application of the staging process in the reference case and the hypothetical scenario showed
that the staging process is effective to create a staged renovation that prioritizes benefits and
co-benefits. The comparison of the two scenarios showed that the implementation order has a
significant influence on the house energy savings over-time. Moreover, it presented to be suitable
to be used in a holistic approach that takes into consideration energy renovation, maintenance
needs, homeowner wishes, and the homeowner’s financial capacity.

The comparison of the three scenarios showed that the implementation order has a significant
influence on the decreasing of energy consumption over time. Finally, the co-benefits table proved
to be a great help throughout the process.
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4.6 Step 5: Life Cycle Cost assessment of the staged renovation

In this section step 5 of the methodology is applied to the study case project. The staged
renovation that prioritizes the Aesthetics and Prestige is financially evaluated considering the
Life Cycle Cost of the project, and compared with the two reference cases. Afterward, the staged
renovation is also financially compared with the one-off renovation.

The financial evaluation of the staged renovation has the purpose of presenting to the homeowner
the economic aspects of his house renovation, in a life cycle perspective. As mentioned in the
methodology the life cycle cost analysis is made for 30 years. To test the staged renovation
methodology, the hypothetical staged renovation made in step 4 is used as the staged renovation
made for the homeowner. Moreover, as mentioned in the methodology, two reference cases are
presented together in the accumulative graph (figure 4.15) to give a reference to the LCC result
of the staged renovation. The two reference cases are the reference case Anyways and reference
case Energy Priority. The procedure to calculate the life cycle cost of each scenario is presented
in the following part of this section.

4.6.1 Parameters for the LCC calculation

The LCC analysis of a building renovation involves a dynamic consideration of money in time,
the price of energy, and the prediction of future energy prices. The parameters used for LCC
calculation are demonstrated in table 4.24

Table 4.24: Parameters for life cycle cost calculations

4.6.2 LCC analysis of the staged renovation made for the homeowner

The life cycle cost analysis considers the costs spent on the renovation and the cost of running
the building. The running costs are the cost of energy for space heating and electricity used by
the building systems — derived from Be18. Therefore the energy consumption of the building
after each stage was calculated using Be18 program. The result of the energy consumption after
each stage is presented in table 4.25.
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Table 4.25: Energy consumption of the house after each stage for staged renovation prioritizing
aesthetics

The annual energy consumption is the actual annual energy consumption of the building
multiplied by the energy price of its energy source. The energy price of each energy source varies
differently in time. Thus the annual running cost for each year was corrected to its predicted
future price using the "future cost" formula presented in the Methodology considerations. The
costs for the renovation are accounted for by the annual savings, which means that it is accounted
every year until it sums up the total cost of the renovation. The savings are 48,000 DKK for
18 years, and 15,571 DKK saved in year 19, as presented in table 4.26. The "future" annual
energy cost was summed up with the annual savings to become the annual recurring cost. To the
recurring costs is applied the NPV formula (the result of this calculation is presented in column
NPV in table 4.26). Finally, the Life Cycle Cost of the staged renovation project for 30 years
is the sum of NPV values. The LCC for the renovation project for the years before its end is
represented by the accumulative costs (NPV accumulated column). This calculation is presented
in table 4.26.
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Table 4.26: Life cycle calculation for staged renovation prioritizing aesthetics

The table demonstrates that the price of electricity is very high in the last years of the project
when corrected to its future price (column “FUTURE Electr. Cost”). The future price for
electricity also has a high influence on the price of electricity generated by the PV cells. Therefore,
the energy cost in the last years of the project becomes negative. It is important to remember
that running cost only takes into account the energy for space heating and electricity to rum the
building systems. Energy cost for appliances and lighting is not included.

4.6.3 LCC analysis of the reference case Energy Priority

The costs for the reference case Energy Priority was accounted exactly, in the same manner,
accounted to the staged renovation made for the homeowner. Therefore the energy consumption
of the building after each stage was also calculated using Be18 program. The result of the energy
consumption after each stage is presented in table ??.
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Table 4.27: Energy consumption of the house after each stage for staged renovation prioritizing energy
savings

The costs for the renovation were also accounted for by the annual savings. The total and
annual renovation cost is the same as the staged renovation for the homeowner since only the
implementation order of the measures is changed and the cost is accounted for by the annual
savings. The calculation of the costs of the LCC analysis is presented by table 4.28

Table 4.28: Life cycle calculation for staged renovation prioritizing energy savings

4.6.4 LCC analysis of the reference case Anyways

The costs for the reference case Anyways is accounted differently from the previous renovation
scenarios. The energy consumption (used for the running costs) is the energy consumption of
the house in its current conditions. This value was already calculated in the first step of the
methodology, Mapping Phase. However, two of the maintenance works had improved the house
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energy efficiency because of the Building Regulation restrictions. These maintenance works are
the windows replacement and the heat source replacement. Therefore, the energy consumption
of the house after these maintenances be performed must be calculated. The calculation was
done using Be18 program. The results are presented in table 4.29.

Table 4.29: Energy consumption of the house after maintenance works

Table 4.29 shows that the change of the windows and the heat source (with DHW) impacts in a
primary energy reduction of 30,3% on the house. The actual energy reduction is lower, around
20%.

For the reference case Anyways, the cost for renovation is actually the costs for the maintenance
works, calculated by the second budget in step 2. The cost of each maintenance work was
accounted in the year that it takes place and not by regular savings as the previous ones. The
calculation of the costs of the LCC analysis is presented by table 4.30

Table 4.30: Life cycle calculation for the house without renovation
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Table 4.30 shows that the change of heat source has a great impact on the energy cost. That is
attributed to the big price difference between energy sources but also because of the high heat
demand of the house. It is also seen in the table that the energy consumption after year 13 is
always constant impacting in a high energy cost.

4.6.5 LCC analysis result

The values in column NPV Accumulated for the three scenarios were plotted in a graphic for
better visualization of the LCC analysis over time. The graphic is presented in figure 4.15

Figure 4.15: Accumulative graph showing the life cycle cost of the staged renovation with the two
reference cases

Figure 4.15 shows that prioritizing aesthetics resulted in the highest LCC over the 30 years
and prioritizing energy savings resulted in the lowest. It also shows that maintain the house in
its original condition after 26 years becomes more expensive than renovate prioritizing energy
savings. That is because the high cost for the running the house in its original conditions after
19 years still high, while for the other one is very low due to the renovation.

4.6.6 Sub-conclusion

The life cycle cost assessment over the study case demonstrates to be efficient. The finances
of the staged renovation project over 30 years are easy to understand. The reference cases
demonstrated to be helpful to give a better perspective of the financial impact of the staged
renovation over time - It becomes clear the financial impact of maintain the house in its original
conditions or prioritizing energy efficiency in the staged renovation. Moreover, the financial
analysis demonstrated to be comprehensive because it considers not only the cost for renovation
but also for running the house.
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4.6.7 Financial comparison between staged renovation and one-off
renovation

A financial evaluation between staged renovation and one-off renovation was performed using
the study case project. This evaluation considers the same parameters and method used in the
previous section.

To make this comparison, two one-off hypothetical scenarios where created. The one-off
renovations scenarios created were very different from each other. They represent two extreme
approaches of current practices of one-off renovations.

In one case, a bank loan is taken to renovate the house in the first year. The loan is paid by
constant annual payments over 30 years – the maximum period possible to pay off a loan, which
means that the payments are the minimal possible. This renovation is advantageous because the
house energy consumption from year 2 is already the final one from the staged renovation. Take
a loan has recently shown to be advantageous in Denmark that is because of low interest rates in
the last five years. However, this same low interest rates cannot be considered for a 30 years loan
since the economic scenario can change in the future. The drawback of this renovation approach
is that building components that are far from its end of life are renovated early.

In the other case, the homeowner does not take a bank loan but saves money every year to
have money available to pay for the whole house renovation, which means that the renovation is
only carried out after several years of annual savings. The annual savings are the same amount
considered for annual saving by the stage renovation methodology. The disadvantage of this
approach is that the house energy consumption it remains high for all the saving period, which
is 22 years. Moreover, during the period maintenance needs occur, consuming the money saved
for the extensive renovation.

The annual recurring cost for this two scenario is presented in table 4.16.

Figure 4.16: Annual recurring cost of the two one-off scenarios and the Anyways scenario
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The LCC for these two scenarios were calculated in the same fashion than to the staged
renovation. The tables of the calculations are presented in appendix .4. The annual recurring
costs corrected to the present values were plotted in the accumulative chart together with the
Anyways reference case, as presented by table 4.17

Figure 4.17: Accumulative graphic showing the life cycle cost of the two one-off renovation scenarios
and Anyways scenario

FIgure 4.17 shows that the accumulated cost of a one-off approach by a bank loan is lower than
maintain the house in its original conditions and the turning point is after ten years. However,
renovating the house with personal savings showed not to be beneficial and has higher costs all
over the 30 years. That shows that, in 30 years consideration, it is more financially advantageous
to renovate the house using a bank loan than maintain it in its current condition.

The next step was to compare the one-off renovation with the staged renovation scenarios. The
comparison is presented in figure 4.18.
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Figure 4.18: Accumulative graphic showing the life cycle cost of the two one-off renovation scenarios,
reference case Anyways and Energy Priority, and the staged renovation scenario

The comparison demonstrated by figure 4.18 shows that one-off renovation by a loan and stage
renovation prioritizing energy efficiency has similar LCC costs at the end of 30 years. However,
over the years the one-off renovation is significantly cheaper. One-off renovate by savings is the
most costly option; it has similar costs than staged renovation prioritizing aesthetics, but after
16 years the difference becomes significant.

This analysis concludes that if energy efficiency is the priority when staged renovating, the staged
renovation can have similar cost in 30 years than one-off renovation by a loan. However, the
annual costs in the staged renovation would be higher in the early years, which means that one-off
renovation by a loan is the most advantageous option. Moreover, one-off renovation by annual
savings is the least advantageous scenario having higher cost throughout the whole period.

Ownership interrupted before 30 years

The comparison between staged renovation and one-off renovation approaches showed that one-
off renovation is the most advantageous financial option. However, this result does not reflect the
current practices of house renovation. The current practices, as presented by the literature review,
shows that staged renovation is the approach most used by homeowners. Also, homeowners prefer
to renovate by savings than to take a bank loan.

One motive that can justify this current practice is if the homeowner wants to sell the house
before the total period of the loan, he would need to pay off the loan at once when selling the
house. Thus, this cost would be subtracted from the selling price of the house, which could
transform the house renovation by loan not advantageous anymore. Based on this supposition
new comparisons between staged renovation and one-off renovation was made considering the
house been sold before 30 years, which is the period considered for the loan in the one-off scenario.

However, compare straightforward the staged renovation and one-off renovation would not be
correct because of the property value increase of a house after a renovation. In one-off renovation
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the house is totally renovated after year 2 while in the staged renovation the renovation is
complete only at year 19. Therefore, in the one-off renovation, if the house is sold in 10 years, for
example, the house would have higher selling price than in the staged renovation scenario since
in the staged renovation scenario the house renovation would be in the middle of the renovation
process. Therefore the concept of property value gain because of house renovation must be
introduced to have a more valuable comparison.

The value increase is difficult to predict; it depends on many aspects, energy improvement,
aesthetics, functional improvements, location [5]. However, the result of an SBi research
demonstrates that the selling price of a house increase when the EPC label of the house improves.
Therefore, an estimation of property value increase based on this research was applied to the
study case house. The value of the selling price increase is added in the LCC calculation as a
residual value on the LCC formula. The calculation and considerations of the house property
value increase made for the study cause project considering both renovation approaches are
presented in appendix .4.

The comparison was made for the two least costly scenarios of the one-off and staged renovation
(staged renovation prioritizing energy efficiency and one-off by a loan) and considering the house
been sold after 10, 15, and 20 years. The LCC analysis of these scenarios are presented in figure
4.19.

Figure 4.19: Accumulative graphic showing the life cycle cost of one-off renovation staged renovation
considering the house been sold after 10, 15, 20, and 30 years

The four graphics in figure 4.19 show that, for all the cases, after selling the house it is more
advantageous to stage renovate than to one-off renovate by a loan. Because there is no debt
when stage renovating, the price gain from EPC improvement becomes a monetary gain to the
homeowner, while for the one-off approach it becomes only a reduction of the total debt. The
graphics also show that after 15 years it is less costly to stage renovate than to only maintain
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the house.

In conclusion, the result of this analysis confirms the hypothesis that it is not financially
advantageous to one-off renovate if the house is sold before the loan is totally paid off. Moreover,
this justifies the current behavior of homeowners in staged renovation using personal savings.
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4.7 Simulation results of the Staged renovation

This section describes the improvements of the indoor environmental quality for each renovation
stage. The results are primarily viewed in relation to each other, emphasizing the difference from
stage to stage, rather than the absolute, measured conditions.

4.7.1 Tools used for the evaluation of the building’s performance

This section will describe the tools used to evaluate the performance of the building in terms of
energy consumption and indoor environmental quality.

BE18 is a single zone simulation tool for energy frame calculation of buildings [Sbi, 2008], that is
used on a national level to compare buildings’ energy consumption. Also it is used for assigning
an energy label in connection with the EPC of buildings. The purpose of using this tool is to
get the final energy consumption of both the house. It was used to evaluate the existing, staged
and final conditions.

The building was modelled according to the following inputs:
The energy frame of the building was calculated in Be06 by the university and this file was
modified to reflect the conditions defined by the project group. The thermal envelope was
reevaluated, and U-values based on the previously described constructions were used. Natural
ventilation during winter was defined by only taking infiltration into account as 0.3 l/s/m2.
Summer natural ventilation was taken as standard 1.2 l/s/m2. Heat gains from people was
defined as standard 1.5 W/m2 and from appliances as 3.5 W/m2. The heating pipes in the
crawlspace were taken as 30m with a linear heat loss of 0.14 W/mK. The heat circulation pump
was defined with constant operation of 60W. The hot water tank was taken as a 100l, without
electrical heater and a hat loss of 1.1 W/K. The 20 kW boiler was defined with 93% efficiency,
70◦C, at maximum laod and 95% efficiency, 50◦C at 30% nominal load. Auxiliary energy for
operation was defined as 105W. With the above input the final, primary energy consumption
was 255.7 kWh/m2/year.

Design Builder is a dynamic simulation tool, based on the simulation engine Energy Plus. In
this project it is used to evaluate both the indoor climate and the energy consumption of the
building. The tool was used with simplified input, as the detailed option was considered to
be too complex to be worthwhile for this project. Input parameters were based on available
information from the measurements and previous BE18 setup to reflect similar input. Besides
the living room (which is comparable with the measurements), bedroom3 (North) will also be
evaluated in terms of IEQ as these rooms can give a representative condition for the building.

Each room is considered a different zone, with heat exchange between them, but without air
mixing. Occupancy is based on 3 people throughout the whole project. The profile is built up
with general assumptions, as hourly use and occupation of individual rooms. For each model
(existing and renovations) the same profile was used and rebound effect was not considered.
The usage profile is available in appendix .6 figure .35. Domestic hot water consumption was
modelled in the same manner is in BE18, to reflect general conditions and to allow for comparison.
For all stages, a full year is simulated. For each stage the heating is simulated with constant
operation of 20.5◦C to avoid unnecessary under-heating (below 20◦C). This was also chosen
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in order for the energy consumption results to be comparable with Be18. In order to avoid
excessive overheating, external shading had to be applied on the East and West windows at
stage 2 and 3. The stages were in the following order show in table ??. Infiltration for existing
conditions was defined according to measurements, but for the renovations, assumptions were
made as to which component would cause improvements and by how much. In Design Builder
infiltration is modelled dynamically, thus depends on the current weather conditions: wind speed,
direction, outdoor temperature. The amount of infiltration possible depends on the individual
building components, which is defined by a "crack-template", quantifying the area for infiltration.
Because of these reasons, during winter, it often happens, that high wind speed and low outdoor
temperatures cause the building to cool down below comfort conditions. This is discussed in
more detail in further chapters. The base model will be validated, by comparing them with the
measured data in the following section. Afterwards the model will be used to set up a stage
0, which will be continuously improved according to the chosen stage renovation scenario. For
each stage, indoor climate and energy consumption is noted and analyzed to see the quality of
improvements. The result of energy consumption from Design Builder are compared with that
of BE18.

4.7.2 Design Builder base model and validation

The validation of the Design Builder model is based on the measurements taken in the living
room. Indoor climate will be compared between the measured and simulated conditions, by
looking into shorter time periods. The weather file used for the simulations was a 2002 DRY
weather file based on Aalborg, adapted to be used by Design Builder. As this weather file is
different from the outdoor conditions during the measurement period, the validation is based on
getting similar peaks of indoor temperature and average trend-line and not to have the exact
same variation of the temperature.
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Figure 4.20: Operative temperature during a 2 week period in February for measurements and
simulation

Seen on figure 4.20 the simulations were run with a heating set-point of 22.5◦C, which is derived
from the mean measured indoor temperatures during the heating period. From the measurements
a daily rise and fall of indoor temperature is observed, which is due to the time lag of the heating
system’s temperature sensor and the internal gains in the room. On the other hand, simulated
conditions are kept constant and the temperature only drops due to the increased infiltration.
Since during the heating period for simulations, this trend continues, the time when heating is
turned off is further evaluated.

In April, it is seen from the measurements that the heating is turned off in the living room.
Simulations reflect this, thus the indoor temperature varies much more as seen on figure 4.21.
This is due to the varying outdoor temperature throughout the day, and solar gains and
occupancy in the afternoon. The simulated daily temperature profiles show similar conditions
to the measured ones. The average linear trend-line has a difference of 1.6◦C.
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Figure 4.21: Operative temperature during a 2 week period in April for measurement and simulation

Table 4.31 shows the percentage of overall hours in each comfort class for the measured and
simulated conditions, until the 30th of June. The simulations show less hours of overheating
compared to the measurements. If the heating is left operational for the whole simulation period,
thermal comfort is better in terms of minimum temperatures kept. However, due to this, there
is also more overheating.

Table 4.31: Thermal comfort in the living room for measurements and simulation
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In terms of air quality, the same 2 week period is evaluated in February. Figure 4.22 shows similar
peaks as pollution rises, but due to the increased infiltration, the pollution decreases much faster,
which is not the same for the measurements. Since the accumulation of CO2 causes similar peaks,
the model reflects similar building characteristics and occupant definition (pollution source)

Figure 4.22: Air quality in the living room for a 2 week period in February for measurement and
simulation

Table 4.32 summarizes the hours within each of the categories for measured and simulated
conditions. Due to the more frequent ventilation due to infiltration, the air quality is much
better for the simulation.

Table 4.32: Comfort categories for air quality in the living room for measurements and simulations
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4.7.3 Thermal comfort during the stages

To show the improvement in thermal comfort, each category is shown, over the progress of the
stage renovation. Figures 4.23 and 4.24 show that improvement in category II is observed. Seen
from table 4.33 after the floor and wall part of the envelope is insulated, the thermal comfort
significantly improves in terms of reduced under-heating, detailed yearly simulations can be seen
in appendix ??. This is further elaborated in the next paragraph. On the other-hand, overheating
becomes a bigger issue as the building keeps the summer gains for a longer time. For this reason,
to keep comfortable summer temperatures inside the building, shading is applied. Category I
is not reached more due to the heating set-point of the simulation is 20.5◦C which is outside of
category 1.

Figure 4.23: Bedroom3: Thermal comfort shown for each renovation stage

Figure 4.24: Living room: Thermal comfort shown for each renovation stage

Table 4.33: Hours at specific temperatures during a full year of simulation
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Addressing under-heating: On figure 4.25 two graphs show a day in February from stage 0 and
6. For the existing conditions, high wind speed causes external air to enter the building and
indoor temperature to drops. For stage 6, the same weather conditions do not cause this drop,
as the building envelope is improved and infiltration is lower.

Figure 4.25: Extract from ResultViewer, showing the outdoor and indoor climate conditions, which
drives infiltration. Graph above showing Existing conditions, Graph below showing final stage
conditions.
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As the building is undergoing the different steps of renovation and the envelope gets more
insulated and airtight, keeping stable indoor operative temperatures and reducing fluctuations
for radiant and air temperature is easier for the heating system. The high variation of radiant
and air temperature in stage 0 is due to the poor insulation and air-tightness on the external
surfaces. This can be seen in figure 4.26. Detailed yearly simulations can be seen in appendix
??

Figure 4.26: Living room: Air, radiant, and operative temperature fluctuations, for stage 0, 2 and 7

On the following figure 4.27 below, the average temperatures in January are shown for each stage.
Air temperature (Air), radiant temperature (Rad) and Operative temperature (Op) are shown.
Operative temperature increases and the difference between the radiant and air temperatures
are decreasing. The polynomial trend-lines (Poly.) aid in seeing this. Improvement is most
distinguishable until stage 3, when the envelope is almost fully renovated except for the ceiling.
Detailed yearly simulations can be seen in appendix ??
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Figure 4.27: Living room and Bedroom 3: Heating set-point of 20.5°C kept during the heating season
with different margins. Progress shown for each renovation stage

Local discomfort was evaluated in the living room and bedroom3 by taking the internal surface
temperatures of external wall, internal wall, floor and windows, seen on figure 4.28. Simulations
were run with a heating set-point of 20.5◦C. Radiant asymmetry is not an issue for the opaque
surfaces as the difference between the surface temperatures never exceeds 4◦C. The windows
on the other hand have, on average, a much lower temperature. Table 4.34 shows the hours
for the whole year, when the surface temperature difference between the window (coldest) and
internal wall (warmest) is larger than 10◦C. Conditions improve, when the windows are changed
to better ones at stages 2 and 3. Looking at the floor, the amount of insulation proposed still
cannot significantly improve surface temperatures. Local discomfort of cold feet (less than 19◦C
is experienced until stage 3. Detailed yearly simulations for the living room can be seen in
appendix ??

102



4.7. Simulation results of the Staged renovation Aalborg Universitet

Figure 4.28: Internal surface temperature of different components of the living room and bedroom3,
throughout the renovations. Average during January.

Table 4.34: Hours for a difference in internal surface temperature higher than 10◦C, for window and
internal wall over the whole year.

103



Group 1.218 4. Application of methodology on the case study

4.7.4 Air quality during the stages

Air quality is evaluated throughout the renovation stages in the living room and bedroom3 on
figures 4.30 and 4.29. Due to no change in the conditions over stages 3 4 and 5, and stages 6
and 7, these are shown together for simplicity. For the whole year, simulations are run with the
same occupant behaviour and set-point for natural venting. Due to this, infiltration influences
air quality the most. At stage 3, infiltration is modelled to be reduced and air quality decreases
severely. Mechanical ventilation is installed at stage 6, thus air quality is increased. The design
airflow rates are according to BR18 minimum standard (0.5 air change per hour), but this is still
not sufficient to satisfy category II in the bedroom due to the small size and high occupancy
during nighttime. Detailed yearly simulations for living room and bedroom 3 can be seen in
appendix ??.

Figure 4.29: Bedroom3: Comfort categories for air quality over the whole year

104



4.7. Simulation results of the Staged renovation Aalborg Universitet

Figure 4.30: Living room: Comfort categories for air quality over the whole year
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Seen on figures 4.31 and 4.32 Stages 0, 1 and 2 have similar conditions, and as infiltration is
modelled to reduce at stage 3, air quality worsens. Mechanical ventilation improves this after
stage 6, when pollution cannot rise as much as it used to in previous stages. Although during
certain days, there is still a higher concentration, which shows that the 0.5 air change per hour for
mechanical ventilation cannot make up for the reduced infiltration, therefore a higher ventilation
rate would be suggested. Detailed yearly simulations for CO2 in living room and bedroom 3 can
be seen in appendix ??.

Figure 4.31: bedroom3: 1 week period in February showing the CO2 concentration in the air for each
stages
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Figure 4.32: living room: 1 week period in February showing the CO2 concentration in the air for
each stages

Sub-conclusion

The purpose of this evaluation was to confirm the predicted improvements and to see their extent.
Having said this, it is beneficial to include such an evaluation prior to renovation planning, to aid
decision making and help to communicate to the homeowner the extent of comfort improvements.
This is prominent to justify certain renovation measures.

For example, wall insulation is a generally undesirable and rarely carried out, but thermal comfort
improvements are closely related to this EEM. It is seen that insulating the envelope, indoor
climate during winter is enhanced, although, summer time overheating is increasing.

Unwanted (or uncontrolled) infiltration is also an issue that is solved by the renovation of the
envelope. However this reduction of fresh air decreases indoor air quality, which would have to
be compensated by other means, which is not accounted for in the model. In practice, if there
is a reduction of infiltration and thus energy conserved, there should be an increase in natural
ventilation via windows and thus energy lost. Ultimately the energy balance is (theoretically)
the same. However there will be a need to operate windows manually throughout the winter,
which can be considered a nuisance and there would be short periods of discomfort due to cold
air. To receive the benefits of reduced energy consumption, mechanical ventilation has to be
installed. Shown by the results, even with that, air quality can be compromised.

Whether the positive effects are predominant in contrast to the negative ones is a complex
question that could be answered by future research. Quantifying the value of IEQ improvement
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was not part of this thesis. Moreover the homeowner (and occupants) can nonetheless have
a perception of comfort and other personal preferences of lifestyle that overrules general
assumptions.

4.7.5 Energy consumption

The energy consumption from Design Builder was taken as the total energy use for room heating
[kWh] for one year and was converted to show the primary energy consumption per heated
floor area for each stage. The results are compared with that of BE18 in figure 4.33, with the
percentage of reduction achieved at each stage in table 4.35. It is seen that dynamic simulations
give lower values than that of semi-steady state, despite the similar setup. Due to the infiltration
defined to reduce at stage 3 in the DB model, the reduction in energy consumption shows to be
much more sudden.

Figure 4.33: Comparison of Primary energy consumption between Design Builder results and Be18

Compering the results for steady state (BE18) to a dynamic (Design Builder) simulation can not
give a straightforward conclusion. Because the two software have different calculation methods,
comparison is not valid. Moreover how most of the input parameters are defined and used in
the calculations also differ. It is assumed that the different weather file is responsible for most
of the discrepancies between the two simulation results.

Although relative difference from stages to stages have similar tendencies, some stages still differ.
For example, reduction from stage 1 to stage 2 gave a 14% and 16% reduction (compared to
previous stage) for the two software, but from stage 5 to 6 is much more different. The purpose
with the dynamic simulations were not to extract energy usage, thus this is not evaluated further.
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Table 4.35: Comparison of Primary energy consumption between Design Builder results and Be18
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5 | Discussion

Many previous works[13] [5] [21] presented house renovation implemented over time with a holistic
approach as a way to overcome common barriers that slow down the number of energy renovations
in single-family houses in Denmark and Europe. This project intended to give one step further
and create a methodology of renovating houses that combine theses characteristic to investigate
what are the specific characteristics that a overtime renovation with a holistic approach should
have to be more appealing for homeowners and contribute to their adoption to energy renovation.

As a result, based on the latest research and surveys within this field, first, a methodology for
staged renovation was created and afterward, tested on a case building. The staged renovation
methodology was created as complementary to already well-established methods of designing one-
off renovations.It considers aspects of home renovations that are generally overlooked, such as
the remaining lifetime of components or wishes of the homeowner regarding non-energy efficiency
measures.

The holistic approach of the methodology included other considerations than energy reduction
and efficient solution for the renovation, meaning aesthetic, functional, technical, and homeowner
economics. The staged renovation can have a flexible implementation sequence that best suits
the homeowner priorities to the renovation, respecting the restrictions on the implementation
order and trying to combine with necessary maintenance. Moreover, the stage packages of the
renovation stages are created with the intention to have a total cost that the average of the
homeowner is used to spend in house renovation. Finally, the renovation has a high potential to
energy improve the house and avoid future lock-outs. The methodology considered to first plan
the renovation as one-off renovation considering renovation for 20 years and aims to achieve high
energy efficiency, to avoid lock-outs, and then divide the renovation into stages implemented over
time.

Even though the methodology considerations were based on various surveys of large sample
sizes, the surveys did not directly address the issues relevant for stage renovation. Due to this,
the assumptions to create the methodology may be arguable. Therefore, further investigation
and specific surveys should be carried out to substantiate the assumptions used to create the
methodology.

The staged renovation methodology was successfully applied to a typical three bedroom Danish
single-family house from the 60s and 70s. The renovation was designed to achieve energy
efficiency Renovation Class 1, which shown to be to the case building an energy reduction of
76%. Moreover, the renovation included a wished kitchen renovation and maintenance works (an
opportunity to renovate the house). The cost of the renovation was 880,00 DKK and showed to
be a reasonable price for a renovation of this extent.

Given the similarities of the Danish single-family houses from the 60s and 70s and that
the renovation energy efficient measures applied were cost-efficient measures based on energy
renovation packages developed specially for this housing segment ??, the renovation solution
can be considered as common renovation solution for 3 bedroom houses from the 60s and 70s.
Therefore, it can be assumed, within the boundaries of the project, that the methodology is
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applicable for this type of houses.

The application of the methodology in the case building showed that is possible to plan a house
renovation over time with a holistic approach to a homeowner with a relative low household
income and achieve high energy efficiency (Renovation Class 1 energy frame). Meaning that the
methodology can be considered suitable for homeowners with a household income of 300,000 and
above.

5.1 Discussion of the application of the Methodology

Staged renovation methodology was applied to a case building in order to:

• test its application;
• investigate if it is possible to stage renovate with a holistic approach;
• see the outcomes compared to a one-off renovation in terms of energy savings, financial

benefits, indoor climate, and other co-benefits;

Financial barriers to energy efficient renovations are one of the most cited and prevailing issues.
It was a question if a household with a not so high income of 300.000 DKK/years would be
capable of financing a staged renovation process and still reaching Renovation Class 1 energy
frame at the end of the renovation process. The staged renovation methodology suggested to
reserve 15% of the total household income (chapter 3.1.3), and to complete the staged renovation
in maximum 20 years. The study case showed that it is possible and with such an income
the staged renovation is concluded in 19 years, including one desired functional improvement
and three necessary maintenance works. Thus, the staged renovation has the potential to help
increase the number of staged renovations in Denmark. Moreover, to help the house renovations
to achieve higher energy efficiency than when are one-off renovated.

Tina Fawcett pointed out that some of the benefits of a renovation over time that the disruption
and costs could be spread over time. By creating the staged renovation methodology and applying
on a study case, it was possible to evaluate whether spreading the disruption and costs was a
real benefit. The evaluation showed that spread the cost over time is a benefit. The extensive
renovation could be divided into many smaller stages, paid by reasonable annual savings to
perform a extensive renovation that achieved high energy consumption, implemented wished
renovations and reformed necessary renovations for 20 years. However, spreading the disruption
over time showed not to be a real benefit. That is because, renovation interventions occur
more often, disturbing the homeowner many times, which is a disadvantage. Moreover, the
level of disturbance is ruled by the renovation measures, and because of the restrictions on the
implementation order, high disturbing renovation measures can occur several times during the
process of a renovation.

It was also shown from the literature review that home renovations are, by majority, performed to
improve aspects of the house other than energy efficiency. A kitchen renovation was implemented
in the case study as a functional measure wished by the homeowner to represent such a
desire. Moreover, three maintenance work was included as heating system maintenance, flooring
replacement, and roof finishing replacement. Even though this works contributed substantially to
the total budget, it was possible to achieve the set-out goal of Renovation Class 1. However, it is
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reasonable to assume that a homeowner would desire more than one functional improvement over
20 years. Therefore, as a future work more non-EEMs could be applied to the renovation process
in the case building to identify the point where non-EEMs start to restrict the implementation
of energy improvements, which means that the total time length and cost of the stage renovation
would reach its limits restricting Renovation Class 1 to be achieved.

The Life Cycle Cost analysis was performed using the "full cost" approach. As suggested by the
approach, house costs that were the same for the staged renovation and the reference case should
be omitted. That included electricity from lighting and appliances. Due to this, the recurrent
annual values have negative value at future, in the last years of the analysis. That is because of
the production of electricity from the PV cells that are accounted in the calculation, and also
high price increase of electricity. In actuality, appliances consume the electricity provided by the
PV cells and the energy consumption of the house is not negative. Therefore, even though that
the financial analysis is technically correct, this can be confusing for the homeowner and may
lead to a miss understanding of the results.

Further comparison of the life cycle cost of a staged renovation and one-off renovation, not
included in the methodology, considered scenarios where the house is sold before 30 years. In
the one-off renovation scenario, a bank loan is taken to pay the house renovation performed in
the first year. Therefore, when the house is sold the remaining amount of the loan must be
fully paid, which becomes a deficit in the sale price of the house. However, even though that
the house is not fully renovated, that does not happen in the staged renovation since there is no
loan. Therefore, the staged renovation becomes more financially beneficial. This analysis showed
to be more comprehensive than the analysis suggested by the methodology. Therefore, it should
be used when comparing building renovations performed over time.

Indoor climate was evaluated with dynamic simulations that showed both improvements and
declines. The survey 3.1 showed that insulating the envelope would only have positive benefits
for thermal comfort, but dynamic simulation showed, that this is only true for the heating period,
for the summer season it will increase the hours of overheating as it can be seen in table 4.33.
While making the building more airtight would decrease the heating energy required, but at the
same time it would make indoor air quality poorer because the ventilation system is not yet
installed, to compensate the reduced neutral air change rate through infiltration. Conditions of
air quality were improved only after the mechanical ventilation was installed, which was only
after stage 6 — that meaning several years of air quality worse than planned to be, which is not
acceptable. These results showed that it is necessary to use dynamic simulations to assess the
IEQ of the house after each stage and improve upon the staging order if necessary. Moreover, the
co-benefits table 3.1 was used to evaluate the renovation measures during the step of creating an
extensive one-off renovation. This evaluation represented the co-benefits given by the renovation
measure at the end of the process. However, it is only mentioned the co-benefits delivered by the
measures after each stage varies, which means that for staged renovation, the co-benefits were
not fully assessed. Thus, it is suggested to include on the staging process a re-evaluation of the
co-benefits after the stage packages are created. That is to avoid incorrect implementation order
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5.2 Discussion of the Methodology

The stage renovation methodology was created with a holistic approach, that includes aesthetic,
functional, technical, and economic considerations. This way, drivers of home renovations, as
presented by the literature review, are addressed by the methodology, which motivates the
homeowners to initiate the renovation process of their houses.

The holistic approach also ensured that lock-out does not happen, due to the high energy
reduction goal (Renovation Class 1). That means, having renovation measures that would not
prevent the house to achieve high energy efficiency in the future if the homeowner would like
to. For example, if the homeowner does not want to invest his/her money in having low energy
consumption at the beginning of the process, the measures applied will not refrain him from
doing it afterward.

Combining maintenance works with energy efficiency measures showed to be efficient, which was
presented by the literature review as one of the best ways to engage homeowners in energy
renovations. Moreover, the methodology presents to the homeowner an assessment of the
necessary maintenance for the next 20 years (including their costs), as the "Anyways" reference
case. That gives a clear and comprehensive overview of the works and costs involved with not
improving the house in the long term and thereby has the potential to overcome the barriers for
lack of information.

On the other hand, the estimation of the remaining lifetime of the building components showed
to be also a weak point in the staged renovation methodology since predicting the remaining
lifetime for long periods is not straightforward and can lead to incorrect assumptions that can
affect the original planning. For example, if some building component happens to have a shorter
lifetime, for unexpected reasons, the original plan of the stage renovation will need to be changed.

The process of staging a one-off renovation (step 4 of the methodology) showed to be efficient
in selecting the implementation order according to a chosen priority of benefit or co-benefit.
The implementation order can be quite flexible with the implementation sequence allowing
homeowners to invest their money in house improvements that they consider as a priority and
possibly engage them in energy renovations throughout the process.

The staged renovation methodology showed that it is possible to implement an extensive
renovation over time with costs that, according to the surveys, homeowners are used to spending.
By that, the homeowners have an option to renovate their house to a high energy efficiency level,
without spending a large sum of money at once, which they would otherwise refrain from.

The financial evaluation included in the methodology showed to overcome barriers to information
and finances. The life cycle cost analysis gives a long-term perspective of the staged renovation
and the economics of the house, even if the homeowner decides not the perform the renovation.
It can also be assumed to be a great tool to convince homeowners to engage in the energy
renovation process. The reference case of “Anyways” presented along with the staged renovation
scenario demonstrates that, in the long term, the costs of maintaining the house in its original
conditions can be close or even higher than having an improved house. Moreover, the “Energy
Priority” reference case demonstrates the financial benefits of implementing EEMs, which can
convince homeowners to implement EEMs sooner than they were willing to at the beginning

114



5.2. Discussion of the Methodology Aalborg Universitet

of the process; or to convince them to keep renovating after their desired improvements are
implemented.

However, there are some improvements to be done to the financial evaluation. The life cycle
cost of the renovations is very sensitive to considerations of the present and future economic
situations. Therefore, the LCC analysis should be presented as a range from the best to the worst
economic scenario. The financial comparison between staged renovation and one-off renovation
showed to clarify the differences of choosing one approach or another. Since many projects of
energy renovation are presented as one-off renovation, this comparison should be included in the
methodology to be presented to the homeowner. The concept of considering the house to be sold
before 30 years showed to give light to the benefits of stage renovation. Therefore, it should be
further developed and also be included in step 5 of the methodology. Finally, to better present
the results to the homeowner, it is suggested to include the energy consumption of appliances
and lighting. The “Full cost approach” of the LCC analysis suggests not to include it to simplify
the calculation. However, if they are not included, it may be difficult by the homeowner to
understand the full extent of the results presented.

The evaluation of the co-benefits for the staged renovation showed to be a crucial tool in the
implementation order of the renovations. However, the co-benefits analysis should be adapted
to be used in the staged renovation. It is suggested that Thermal Comfort typology should be
divided into two categories, "Thermal Comfort for the heating season" and "Thermal Comfort
for the cooling season". By doing this it becomes more clear the impact of each renovation
measure for both seasons, and mistakes on thermal comfort evaluation are avoided.
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Previous works presented house renovation implemented over time with a holistic approach
manner to overcome common barriers that slow down the number of energy renovations in
single-family houses in Denmark, and Europe. This project intended to give one step further
and create a methodology of renovating houses that combine theses characteristic to investigate
what are the specific characteristics that an overtime renovation with a holistic approach should
have to be more appealing for homeowners and contribute to their adoption to energy renovation.
For this reason, the research question is How does a holistic staged renovation need to be built
up so that homeowners would consider it beneficial and appealing?. To find the answer for the
question first a methodology for staged renovation was created and afterward tested on a case
building.

The staged renovation methodology was created as a complementary methodology to current
methods of designing one-off renovation. The holistic approach of the methodology included
other considerations than energy reduction and efficient solution for the renovation. The staged
renovation can have a flexible implementation sequence that best suits the homeowner priorities,
respecting the restrictions on the implementation order and trying to combine with necessary
maintenance. Moreover, the stage packages of the renovation stages are created with the intention
to have a total cost that the average of the homeowner is used to spend in house renovation.
The renovation has a high potential to energy improve the house and avoid future lock-outs. For
that, the methodology considered to first plan the renovation as one-off renovation considering
renovation for 20 years and aims to achieve high energy efficiency (Be18 Renovation Class 1),
to avoid lock-outs, and then divide the renovation into stages implemented over time. The
methodology includes a life cycle evaluation of the staged renovation that intends to inform the
homeowner the homeowner the financial considerations of energy improve the house.

The creation of the methodology was based in researches and Danish surveys that did not directly
address the issues relevant for stage renovation. For this reason, the assumptions to create the
methodology are arguable. Therefore, further investigation and specific surveys should be carried
out to substantiate the assumptions used to create the methodology.

The staged renovation methodology was successfully applied to a typical three-bedroom Danish
single-family house from the 60s and 70s. The renovation was designed to achieve energy
efficiency Renovation Class 1, which shown to be to the case building an energy reduction of
76%. The renovation included assumed functional renovation and the necessary maintenance for
20 years. The cost of the renovation was 880,00 DKK and showed to be a reasonable price for a
renovation of this extent.

Given the similarities of the Danish single-family houses from the case building age and the cost-
efficient considerations of the renovation measures, it can be assumed, within the boundaries of
the project, that the methodology is applicable for Danish single-family houses from 1960-1979.

The application of the methodology in the case building showed that is possible to plan a house
renovation over time with a holistic approach to a homeowner with a relatively low household
income and achieve high energy efficiency (Renovation Class 1 energy frame) with reasonable
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yearly savings (15% of the household income). That means that the methodology can be
considered suitable for homeowners with a household income of 300,000 and above.
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.1 Appendix 1 - Heat transmittance calculations

.1.1 Study case house - current components

Figure .1: U value Existing
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Figure .2: U value Existing
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Figure .3: U value Existing
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.1.2 Renovated components - BR18 minimum

Figure .4: U value BR18
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Figure .5: U value BR18
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.1.3 Renovated components - Higher standard

Figure .6: U value Ambitious
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Figure .7: U value Ambitious
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.2 Appendix 2 - Renovation proposals

.2.1 Description of the renovation measures

Figure .8: BR18 standard, Renovation of the external wall
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Figure .9: Higher standard, Renovation of the external wall
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Figure .10: BR18 standard, Insulation of the ceiling partition
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Figure .11: Higher standard, Insulation of the pitched roof
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Figure .12: BR18 standard, Insulation of the floor above the crawl space
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Figure .13: BR18 standard, Reconstruction of the ground supported floor in the wetrooms
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Figure .14: Higher standard, Reconstruction to ground supported floor
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Figure .15: BR18 standard, Velfac windows and doors, 2 layers
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Figure .16: Higher standard, Velfac windows and doors, 3 layers
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Figure .17: Insulation of the exterior side of the foundation

139



Group 1.218 Bibliography

Figure .18: Change of heat source to District Heating
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Figure .19: Higher standard, Floor heating system
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Figure .20: BR18 standard, Centralized mechanical ventilation, Nilan Comfort CT200
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Figure .21: Higher standard, Centralized mechanical ventilation, Nilan Combi 302 Polar
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Figure .22: Photovoltaic solar panels, monocrystalline
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.3 Appendix 3 - Budget of the renovation proposals

.3.1 Budget for "BR18 minimum" renovation

Figure .23: Budget for Be18 renovation
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Figure .24: Budget for Be18 renovation
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.3.2 Budget for Higher standard renovation

Figure .25: Budget for Ambitious renovation
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Figure .26: Budget for Ambitious renovation
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.3.3 Budget for "Anyway maintenance" renovation

Figure .27: Budget for maintenance only renovation
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Figure .28: Budget for maintenance only renovation
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.4 Appendix 4 - Life cycle cost

.4.1 Considerations to calculate sale price increase of a house

Below is presented the considerations used in this project from the study from SBi about increase
in house sells price due to better EPC label:

After the implementation of the EPC scheme, the SBi has shown an study that energy-efficient
housing can have an increase in price, in the sense that the higher the EPC label, the higher the
selling price. The study calculated the average square meter prices for each stage of the energy
labeling scale for all sales in 2011 and 2012. The increase in sales price as the energy label
improves was also calculated, with energy label G as a reference. It turns out that the energy
label’s position on the energy label scale has a positive influence on the sales price. However,
the report has been critical since it would be desirable to provide reliable results to ensure that
the price increment is only due to EPC escalation. For example a house with energy label C, is
generally in a better condition than a house with label D or differ in other ways, thus achieving
a better selling price. As mentioned in the report, a control variable is an essential parameter in
order to obtain a picture of how much the regional difference affects the energy label for a selling
price. The table below shows the price increase on house prices isolated from other parameters
that influence house prices, using a regression analysis carried out based on multiple regression
models:

Based on the results of the SBi study a prediction of the property value increase is applied to
the study case to assess the potential of property value gain after selling a house after energy
improving it. Below is presented the property value increase and loan debt for 10, 15, and 20
years:
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Table .1: Price of house increase in years 0, 10, 15, 20, and 30 due to EPC label escalation, and dept
pay offs for the same years

Threshold of energy consumption of the house for each EPC label

House Sale Price increase for each EPC label escalation
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Life cycle cost calculation of the staged renovation considering house sale price

Table .2: House sold in 10 years
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Table .3: House sold in 15 years
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Table .4: House sold in 20 years
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Table .5: House sold in 30 years
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Life cycle cost calculation of one-off renovation considering house sale price

Table .6: House sold in 10 years
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House sold in 15 years

Table .7: House sold in 15 years
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Table .8: House sold in 20 years
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Table .9: House sold in 30 years
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.5 Appendix 5 - Input for BE18 calculation - existing conditions

Figure .29: Be18 input data
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Figure .30: Be18 input data
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Figure .31: Be18 input data
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Figure .32: Be18 input data
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Figure .33: Be18 input data
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Figure .34: Be18 input data
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.6 Appendix 6 - Data from dynamic simulation - Design Builder

.6.1 Input parameters for Occupancy

weekday
time\ppl 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3

24
23 x2
22 x2
21 x2
20

19:30
19

18:30
18

17:30
17
16
15
14
13
12
11
10

9:30
9

8:30
8

7:30
7
6 x2
5 x2
4 x2
3 x2
2 x2
1 x2
0 x2

weekend
time\ppl 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3

24
23 x2
22 x2
21 x2
20

19:30
19

18:30
18

17:30
17
16
15
14
13
12
11
10

9:30
9

8:30 x2
8 x2

7:30 x2
7 x2
6 x2
5 x2
4 x2
3 x2
2 x2
1 x2
0 x2

Living room Room 1

BathroomTotal Living room Room 1 Room 3 Kitchen

Room 3 Kitchen Bathroom

BathroomTotal Living room Room 3 Room 2 Kitchen

BathroomTotal Living room Room 1 Room 3 Kitchen

Total

Figure .35: Occupancy for the whole house for weekdays and weekends
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.6.2 Input parameters for Design Builder

Window-Wall Ratio

Total
North (315 to 

45 deg)
East (45 to 

135 deg)
South (135 to 225 

deg)
West (225 to 315 deg)

Gross Wall Area [m2] 153.76 22.94 53.94 22.94 53.94
Above Ground Wall Area [m2] 153.76 22.94 53.94 22.94 53.94

Window Opening Area [m2] 29.14 0 9.03 2.08 18.03
Gross Window-Wall Ratio [%] 18.95 0 16.73 9.07 33.43

Above Ground Window-Wall Ratio 
[%]

18.95 0 16.73 9.07 33.43

Conditioned Window-Wall Ratio

Total
North (315 to 

45 deg)
East (45 to 

135 deg)
South (135 to 225 

deg)
West (225 to 315 deg)

Gross Wall Area [m2] 153.76 22.94 53.94 22.94 53.94
Above Ground Wall Area [m2] 153.76 22.94 53.94 22.94 53.94

Window Opening Area [m2] 29.14 0 9.03 2.08 18.03
Gross Window-Wall Ratio [%] 18.95 0 16.73 9.07 33.43

Above Ground Window-Wall Ratio 
[%]

18.95 0 16.73 9.07 33.43

Skylight-Roof Ratio

Total
Gross Roof Area [m2] 128.76

Skylight Area [m2] 0
Skylight-Roof Ratio [%] 0

Zone Summary

Area [m2]
Conditioned 

(Y/N)

Part of Total 
Floor Area 

(Y/N)
Volume [m3] People [m2 per person]

GROUNDFLOOR:SLEEPINGROOM2 11.2 Yes Yes 34.73 3.73

GROUNDFLOOR:CORRIDOR 11.88 Yes Yes 36.84 3.96
GROUNDFLOOR:SLEEPINGROOM1 7.47 Yes Yes 23.15 2.49

GROUNDFLOOR:ENTRANCE 4.69 Yes Yes 14.54 1.56
GROUNDFLOOR:TOILET 1.79 Yes Yes 5.54 0.6

GROUNDFLOOR:LIVINGROOM 35.21 Yes Yes 109.15 11.74
GROUNDFLOOR:KITCHEN 15.76 Yes Yes 48.87 5.25

GROUNDFLOOR:BATHROOM 4.49 Yes Yes 13.93 1.5
GROUNDFLOOR:SLEEPINGROOM3 15.57 Yes Yes 48.26 5.19

Total 108.07 335.01 4
Conditioned Total 108.07 335.01 4

Unconditioned Total 0 0
Not Part of Total 0 0

GROUNDFLOOR:SLEEPINGROOM2

Above 
Ground 

Gross Wall 
Area [m2]

Underground 
Gross Wall 
Area [m2]

Window Glass 
Area [m2]

Opening Area [m2]
Plug and Process 

[W/m2]

GROUNDFLOOR:CORRIDOR 11.22 0 1.98 2.21 3.29
GROUNDFLOOR:SLEEPINGROOM1 6.39 0 1.65 1.88 2.94

GROUNDFLOOR:ENTRANCE 7.59 0 1.49 1.69 3.29
GROUNDFLOOR:TOILET 5.95 0 1.65 1.88 2.94

GROUNDFLOOR:LIVINGROOM 3.35 0 0.27 0.36 2.94
GROUNDFLOOR:KITCHEN 41.2 0 11.4 12.18 3.61

GROUNDFLOOR:BATHROOM 30.47 0 4.2 4.68 3.29
GROUNDFLOOR:SLEEPINGROOM3 7.9 0 0.27 0.36 3.29

Total 39.68 0 3.46 3.9 3.29
Conditioned Total 153.76 0 26.36 29.14 3.3348

Unconditioned Total 153.76 0 26.36 29.14 3.3348
Not Part of Total 0 0 0 0

0 0 0 0

Figure .36: Design builder input data
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Figure .37: Design builder input data
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Figure .38: Design builder input data
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.6.3 Simulated living room air, radiant and operative temperatures

Figure .39: Design builder Living room temperatures
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Figure .40: Design builder Living room temperatures
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Figure .41: Design builder Living room temperatures
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Figure .42: Design builder Living room temperatures
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Figure .43: Design builder Living room temperatures
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Figure .44: Design builder Living room temperatures
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Figure .45: Design builder Living room temperatures
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.6.4 Simulated iving room surface temperatures

Figure .46: Design builder Living room surface temperatures
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Figure .47: Design builder Living room surface temperatures
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Figure .48: Design builder Living room surface temperatures
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Figure .49: Design builder Living room surface temperatures
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Figure .50: Design builder Living room surface temperatures
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Figure .51: Design builder Living room surface temperatures
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Figure .52: Design builder Living room surface temperatures
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.6.5 Simulated living room and bedroom3 CO2

Figure .53: Design builder living room and bedroom 3 CO2 simulations
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Figure .54: Design builder living room and bedroom 3 CO2 simulations
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Figure .55: Design builder living room and bedroom 3 CO2 simulations
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Figure .56: Design builder living room and bedroom 3 CO2 simulations
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Figure .57: Design builder living room and bedroom 3 CO2 simulations
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Figure .58: Design builder living room and bedroom 3 CO2 simulations
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Figure .59: Design builder living room and bedroom 3 CO2 simulations
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