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Featured Application: The proposed method can be applied to a specific building renovation
project for evaluating and selecting energy efficiency and renewable energy production measures,
with the aim of reaching the NZEB standard.

Abstract: Reaching environmental targets set by the European Union (EU) requires a constant
renovation of the existing building stock to nearly Zero Energy Buildings (NZEB) in a cost-optimal
manner. Studies show that the renovation rate of the existing building stock is more than two times
less than what is necessary to reach the targets. Furthermore, the majority of performed renovations
across the EU reach just a small amount of energy savings, whereas NZEB renovations are rarely
achieved. This paper proposes a methodology for the evaluation of renovation measures, aiming
to provide decision support related to the selection of what to renovate and to what extent. The
proposed method is rooted in the well-established cost-optimal methodology, yet it suggests a pre-
step to package evaluation. This is done by means of a simplified cost-effective parameter (CEP),
linking cost, lifetime, and energy savings. The methodology is demonstrated using a case study
building in Denmark. The results show that the CEP provides good grounds for the compilation of
single actions to packages. Further developments could focus on the sensitivity of the model inputs
and integration of additional evaluation parameters to cost, such as environmental, architectural,
comfort, risk, etc.

Keywords: NZEB renovation; cost-effective renovation; assessment method; energy efficiency cost;
renewable energy cost; residential renovation

1. Introduction

On a global scale, buildings are responsible for more than one-third of the final energy
and global CO, emissions, and 55% of the total electricity consumption [1]. The 2030
Climate and Energy Ambition of the European Union (EU) establishes a target of 55%
emissions reduction by 2030 compared to 1990 [2]. The building sector is pointed out as
having the largest potential for cost-efficient reduction of emissions [2]. An explanation for
that can be contributed to the large share of aging and inefficient buildings. It has been
reported that residential buildings in the EU account for about 75% of the total building
stock, where more than half were built prior to 1960 [3]. It has been estimated that reaching
the environmental targets requires 3% of the building stock to be renovated annually [4].
While it is rather complex to measure, study [5] reports annual rates for renovation in the
period 2012-2016 to be just 0.2% for deep renovations (above 60% energy use reduction)
and 1.1% for medium renovations (between 30 and 60% energy use reduction).
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To accelerate the process and ensure an increase in renovation rate and depth, the
EU Commission has published a renovation wave communication [6]. The objective of
the communication is to at least double the annual rate of energy renovation in the EU by
2030 and accelerate deep energy renovations. A number of initiatives are established to
speed up the progress and boost the renovation sector across all levels. Communication [6]
underlines the need for long-term renovation strategies on a national level to convert
existing buildings to nearly Zero Energy Buildings (NZEB).

The recast Energy Performance for Buildings Directive (EPBD) defines NZEB as a
building with low energy demand that is mainly covered by renewables [7]. The EPBD
recast establishes NZEB as a standard for all new public buildings from 2020. The definition
remains the same in the latter published Directive 2018/844 [4], which has a strong focus
on renovation of existing buildings. While the overall definition is established on the EU
level by the aforementioned directives, Member States have the responsibility of defining
and implementing national definitions [8]. Reports show that only a few Member States
have generated policies for stimulating cost-effective NZEB renovation [9].

Quite extensive research has been carried out in the area of NZEB renovation [10,11].
As the renovation field is quite vast, multiple aspects related to NZEB have been investi-
gated. Definitions and indicators have been reported for specific countries [12] or building
types [13-16]. Studies have also focused on the evaluation of specific solutions for building
parts to reach NZEB standard. Aparicio-Gonzalez et al. [17] presents a rooftop extension
as a solution; Assimakopoulos et al. [18] analyze the addition of sun spaces, or rooms to
the exterior wall, while variations of facade additions are studied in [19-21]. In addition
to solutions for reaching NZEB, studies have also investigated the gap of expected and
achieved energy performance [22]. Possible financial discrepancies that can be caused by
occupant behavior are studied in [23], while study [24] investigates the investment gap
between cost-optimal and NZEB solutions by macroeconomic scenarios.

Hamid et al. [11] conducted an extensive literature review of 234 studies, concerning
the renovation of multi-family buildings in temperate climate. The authors found that the
most occurring strategies for residential renovation consider energy efficiency, whereas
other represented topics, such as economic, environmental, architectural, comfort, or
risk are also applied to a different extent and depth. The large share of methodologies
involving energy and economic factors is partially caused by the well-established cost-
optimal approach, incorporating Life Cycle Cost (LCC) calculations. The cost-optimal
method was proposed by the EU Commission for the evaluation of minimum energy
requirements on the national level [25] and further developed throughout Annex 56 on the
building level [15,26,27]. The method has been applied in varying scope across different
building types, e.g., schools [28], dwellings [29-31], or combination of building types
covering a given share of the building stock [15,32,33].

Studies have also established optimization methods for the selection of an optimal
solution. It is noticed that such optimizations are more often applied to a complete build-
ing renovation or packages [29,31,32], than to a specific component or element of the
renovation [34,35]. In addition to the widely applied cost-optimal approach, there are
studies that focus on other parameters and/or methods for the evaluation of NZEB renova-
tion [16,32,36].

A literature review presented in [37] focused on renovation methods and criteria,
indicating that the majority of the methods compare different packages or various social,
economic, and/or environmental indicators, rather than the contribution of the individual
elements and systems. This is in agreement with the conclusions reported by Hamid
etal. [11] for the need of further evaluation of cost-effectiveness and energy savings of each
individual renovation measure. An approach for evaluation of the individual contribution
of diverse renovation measures was proposed in [37]. The main limitations of the approach
were that it disregarded actions related to change of energy source and renewable energy
production; moreover, it does not extend to LCC package evaluation.
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This paper presents an assessment methodology for decision support and the selection
of renovation strategies to reach the NZEB standard for a specific building. The suggested
procedure considers economic and energy indicators, seeking cost-optimal balance between
investments in energy savings and renewable energy production. The economic impact of
each improvement to the building is first assessed individually and then as a combination
of improvements (packages).

The individual assessment is done by a previously proposed cost-effectiveness param-
eter (CEP) [37], coupling primary the energy savings, implementation cost, and lifetime of
individual renovation measures. The CEP is adapted to assess renewable energy-producing
systems and used to select cost-effective renovation packages. Packages are evaluated
using LCC calculations in accordance with DS/EN 15459-1:2017 [38] and the cost-optimal
approach [25], taking into account supply and renovation cost. To establish the validity of
the CEP, it is compared to a Net Present Value (NPV) derived by LCC calculation. Demon-
stration of the method is made using a case study in Denmark consisting of residential
social housing complex from 1949, which was previously analyzed in [37].

This contributes to accelerating renovations to NZEB standards by defining the nec-
essary activities, decisions, tasks, and analysis needed to assess an existing residential
building and convert it to the NZEB standard by selecting cost-optimal renovation package.
The main novelty of the paper lies in the suggested evaluation and selection of which
renovation measures to be included in renovation packages.

2. Method

An overview of the complete process included in the proposed methodology is shown
in Figure 1. The procedure considers a renovation project of a specific building(s) and asso-
ciated renovation targets. The method does not include the securing of financing schemes
or state incentives; however, when in place, the specifics of such can be accounted for.

The methodology is outlined as a flowchart with three main stages. The starting
point is the project definition stage, followed by evaluation of single actions and finally,
evaluation of selected renovation packages (scenarios). A detailed design of the selected
renovation package is beyond the scope of the proposed method.

The main aspects of the stages lay in the title of each of the three sections. The project
definition stage includes activities and tasks related to obtaining all available information
about the building, e.g., building dimensions, envelope and system characteristics, available
documentation, historical energy use, local requirements, targets and wishes of the client
etc. In addition, in this stage, a designer identifies any missing and necessary data and
calculations required for completion of the next stages. Those are described in further
detail in Section 2.1. The second stage—single actions—is where a designer evaluates the
individual contribution of the building elements considered for renovation. This can be
considered as a pre-step to the well-established cost-optimal approach, which is the main
aspect in the last stage that deals with the evaluation of package solutions. Each of the
three sections and their corresponding tasks, activities, and analysis are explained in the
following sub-sections.
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Figure 1. Overview of methodology for obtaining least-cost renovation scenarios for specific building projects.

2.1. Project Definition

In addition to the general project information, another essential part of the project
definition stage is performing an energy and building audit. During the audit, a designer
can evaluate the state of envelope elements and systems, and if those need replacement,
renovate to a given extend, or readjust the set points and operation parameters of the
systems. Furthermore, ideas and considerations of the possible solutions for each building
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part can be initiated and discussed with the property manager, building owner, and/or
building users. An audit will also provide knowledge for the actual energy use under real
conditions. If available, historical energy use of the building can be used to calibrate the
reference energy model and thus obtain more realistic results for potential energy savings
from the different renovation interventions.

In order to identify the potential energy savings of a component or complete renova-
tion package, it is necessary to create a reference energy model, reflecting the actual energy
performance of the building before renovation. This can be performed using a number of
methods ranging from simple—single zone (steady-state seasonal/monthly methods) to
complex—multi-zone, dynamic methods (finite element, finite volume, gray, or black box
approaches). Most EU Member States follow standardized modeling methods with sup-
plementary national annexes. The required detail and depth level of the reference energy
model is also dependent on parameters related to the specific project. Such parameters can
be available time for the design phase, purpose of the model, or available resources for
compiling an energy model. For example, in projects where the reference energy model
is used for documentation purposes only, the client may be less interested in investing
additional time for achieving better accuracy of the model than the minimal requirement.
However, there are projects where the accuracy of the reference energy model is of greater
importance. Such could be projects with energy reduction guarantees, or cases where
the reference model is the basis for evaluation of renovation actions and/or scenarios (as
proposed in this method).

As the focus of this method is reaching NZEB, the specific local requirements need to
be established. The type of indicator and its limit value for achieving an NZEB vary from
country to country [8]. The definition plays an important role in establishing a balance
between renewable energy production and energy efficiency investments. Moreover, the
way NZEB is defined will predetermine the actions to be included and the focus of the
analysis. As a result of the evolving nature of the NZEB definition, the methodology
presented in Figure 1 does not target a specific NZEB definition or a main indicator; rather,
it is designed to assess necessary building parameters needed to fulfill a given NZEB
requirement. This paper applies the definition of low energy building from the Danish
regulations for achieving NZEB classification: namely, a highly efficient building with a
maximum of 27 kWh/m? year primary energy demand, accounting for heating, cooling,
ventilation, and domestic hot water. Furthermore, part of the energy demand must be
covered by renewable energy production [39].

2.2. Evaluation of Single Action

Following the completion of the project definition stage, it is proposed that applicable
single renovation actions are evaluated separately. The goal is to obtain an overview and
compare how different renovation actions perform in terms of potential energy savings
and costs. A methodology for linking cost, energy savings, and lifetime, described in [37],
is applied in this paper and further developed to include renewable energy systems. A
brief summary of the methodology is provided in the following paragraph.

The methodology proposed in [37] evaluates investments in energy efficiency based
on a parameter termed cost-effectiveness. It links implementation cost, primary energy
savings, and lifespan of the evaluated actions. The cost-effectiveness parameter (CEP)
of each action is calculated using Equation (1) and represents the cost of saved kWh
primary energy.

CEP [(€1Kr.13)/(saved kWh)] = (Implementation cost/lifetime [€/y])/(Saved energy [kWh/y]) 1

The different lifespan of investigated improvements is taken into account by dividing
the implementation cost by the expected lifespan of the action in question. The implementa-
tion cost at this stage includes all costs necessary to implement an action. Those can be the
removal and disposal of old materials, equipment and person-hour expenses, investment
for new materials and components, etc. This way of representation allows the building
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GC = COppit + Y
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owner to obtain a direct overview of the value for money that each action yields. Moreover,
knowing the implementation cost for different actions grants a possibility of working with
the budget, ensuring there is enough funds to implement a given improvement.
Applying the CEP parameter results in a rather simplified approach to evaluate the
contribution of single actions, comparing to global cost (NPV) obtained using Equation (2)

Y (Coa(i) (j) = (1 + RAT . 5) (j )) + CO.02(j) (i)) *D_f5) + COfin(rsr) (j) — VALg(royt(G) |- (2)
1

Equation (2) follows the representation defined in DS/EN 15459 [38], where GC is
global cost, while different cost types are denoted with “CO” and accompanying subscript
that specifies the type of cost (init—initial; a—annual; CO,—emission cost; fin(TSL)—
disposal cost). The calculation takes into account possible residual value (VALg) and
discount factor (D_f) for the calculation period (ttc).

The CEP parameter includes only implementation cost and disregards price increase,
residual value, and discounting, which simplifies the calculation in comparison to LCC.
Furthermore, the CEP evaluates the contributions of studied solutions for the duration of
their lifespan, while LCC are calculated for a defined calculation period. At this early stage
of the renovation process, such simplification can prove valuable to obtain a quick overview
and grounds for comparison of different solutions without diving into details of appro-
priate assumptions for the additional parameters required for LCC analysis. Moreover,
determining the NPV for each alternative may prove to be a task requiring extensive time
and resources for the purpose of evaluation of individual contributions from renovation
measures. Furthermore, the process of determining CEP acquires a solid background of all
the parameters necessary for LCC calculations, which is performed in the next step of the
method on the package level. To investigate how CEP ranks the different single actions
in comparison to ranking based on LCC, single actions investigated in [37] are further
evaluated using the LCC approach.

A drawback of the methodology presented in [37] is that it is solely applied for energy-
saving actions. The evaluation of renewable energy-producing systems requires further
development. It is proposed that the cost parameter for investments in renewable energy
production is with the same unit as the CEP of investments in energy efficiency. This
is done with the aim of obtaining grounds for direct comparison of cost-effectiveness
between energy-producing systems and energy-efficiency improvements. The evaluation
cannot be completely the same, as investments in energy efficiency yield energy savings,
while investments in renewables result in the generation of energy. Therefore, they are
contrasting by definition and require different considerations for estimating their benefits
and costs.

Operation and maintenance cost throughout the lifetime of an energy-producing
system can add up to a considerable amount, compared to the cost of purchasing and
installing the system [40]. Therefore, operation and maintenance cost are included in
the cost-effective evaluation. Furthermore, different types of systems run on different
fuel, which is with distinct cost. Thereby, fuel costs are estimated on an annual basis
considering the fuel type and the amount necessary to cover the demand of the building.
For heating systems other than district heating connection and electricity, it is necessary to
use a calorific value of the fuel for calculating the required total amount. Examples of such
fuels are natural gas, coal, wood, and its by-products. The analysis in this paper considers
only natural gas with a calorific value of 11.36 kWh heating per m® of gas. Still, CEP for
renewable energy systems is also calculated using Equation (1), and the annual investment
includes the aforementioned cost types, while the energy is produced instead of saved. In a
similar manner, when energy storage systems are evaluated, the stored amount of energy is
used instead of the produced energy. The analysis in this paper accounts for energy storage
only when it is an inseparable part of a system and not a separate energy-saving measure.
Therefore, energy storage options are not discussed at the individual level in this paper.
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To obtain an estimate for the investment cost of an energy-producing system, it is also
necessary to know the capacity (or size) of the system. In the present work, the necessary
capacity is determined by the reference calculation during the project definition stage. In
principle, a system dimensioned according to the demand of the building prior to energy
renovation would be able to cover the building’s energy demand without implementing
further energy-efficiency measures. By implementing energy-efficiency measures to the
building, a reduction of the energy demand is achieved. As a consequence, it may be
possible to reduce the required system size and with that its investment cost. In cases
where there is no necessity for the implementation of energy-efficiency actions, but the
heating system needs replacement, it would be appropriate to dimension the new system
in accordance to the reference demand. All considered systems in this paper are based on
the reference demand with the aim to obtain a relative comparison between the options.
The specific system dimensioning and resulting costs can be taken into consideration in the
next stage when all renovation actions are selected.

The two previous paragraphs relate to systems that deliver energy on demand through-
out the year (e.g., district heating connection, heat pumps, boilers on varying fuel type).
Those are an inseparable part of a residential building and for ease are further referred to as
the main energy systems. While there are some cases where the only required renovation
measure is changing the main system, those are quite few. Moreover, given that all the
main systems in this paper are dimensioned with the same energy demand, evaluation of
CEP for main systems becomes redundant, as it is dictated by implementation and fuel
cost. Instead, all main systems are evaluated by LCC both individually and in combination
with secondary (renewable) energy systems.

Renewable energy systems that run on fluctuating natural driving forces cannot
provide energy on demand. Therefore, such can be considered as secondary production
systems and can be installed independently of the main system (e.g., producing and selling
all of the energy to the grid) or work in combination with it (producing part of the energy
that the main system runs on). Since it is more likely for a secondary system to be applied
as a single improvement to a building, those are evaluated both individually using CEP,
and together with main systems by LCC analysis. The CEP parameter for renewable
systems is assessed on the basis of data available in technology data catalogues provided
by the Danish Energy Agency [40,41]. It accounts for investment, fixed, operation, and
maintenance cost, where produced energy is calculated on an annual basis using average
operation hours and technology specific design parameters, which are specified in [40,41].

2.3. Balancing Energy Efficiency and Energy Production

This is the pivotal point of the methodology as all previously acquired information is
used in making viable package solutions. In addition to the main target, the designer has
to take into account synergy of actions, finances of the project, and dependence of actions
on the result. In addition, the designer also needs to anticipate other unforeseeable factors
as rebound effects (likelihood of behavioral change of the occupants), implementation
complexity, time, etc. The approach for investigating the cost balance between renewable
energy and energy reduction via renovation is performed in the following way:

1. Compare cost and energy performance of single actions in order to establish the most
cost-effective solutions. For that, the results for single actions established in [37] and
the energy-producing systems analyzed in this paper are compared.

2. Sort single actions according to CEP, from more to less cost-effective. The sorting can
be done on several levels, e.g., on a component level where only investigated actions
for the specific component are included in the sorting. Another possibility is to sort
by function, e.g., envelope or system-related actions, or sort across all investigated
actions regardless of their function.

3.  Combine single renovation actions into renovation packages and determine their
global cost and energy performance. In this paper, the combination of single actions
into packages is done both with and without regard to the CEP, aiming to evaluate its
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ability to construct cost-optimal packages. The objective is to constitute packages in-
corporating different levels of energy savings using a different approach for selection
of what a package consists of.

4. Atlast, all renovation packages are combined with each of the main and secondary
energy-producing systems in a one-at-a-time manner. Once computed, the global cost
and energy performance are assessed by comparing the results with the reference
case. Results for combinations are also compared to respective solutions without
renewable energy production or change of the main supply system. This is done with
the aim to evaluate the individual effect of each secondary renewable system.

2.4. Evaluation of Renovation Packages

The last stage of the method consists of computing energy and LCC calculations for
the selected renovation packages. For consistency and comparability reasons, results from
the calculations are represented following the cost-optimal methodology introduced in the
EPBD [7].

The cost-optimal method consists of obtaining an overview of energy and financial
performance of each selected package by plotting the resulting global cost (NPV) versus the
energy performance, as indicated in the bottom part of Figure 1. This visualization allows
the designer to see how the different packages compare in terms of global cost and if they
satisfy NZEB demands or not. Plotting results for global cost and primary energy savings
in the proposed way typically results in a Pareto distribution, as indicated by the dashed
line in the cost-optimality plot in Figure 1. In the provided example, NZEB requirements
are defined by a maximum limit for primary energy; however, it can be replaced with the
parameter valid for the country or region so long as it is not primary energy.

Energy calculations in this paper are performed using the national Danish compliance
tool BE18. The software employs a quasi-steady-state monthly method [42], which is also
in accordance with national and European standards. The output of the software is heat
balance and primary energy demand for the modeled building, which is compared to limit
values for energy classes set by Danish Building regulations 2018 [39]. Results from BE18
are further used as supply demand input to LCC models. The final heating and domestic
hot water demand is obtained from the heat balance, which accounts for transmission and
ventilation losses as well as solar and internal gains. The electricity demand for operation
of the building is also acquired from BE18, while demand for private apartments has been
estimated based on historical data and verified with statistical data for households in
Denmark [37]. The calculations are limited to cost concerning total energy demand (heat
and electricity), improvements to building parts, and the addition of main and secondary
supply systems. BE18 is used to assess the contribution from renewable energy sources
by applying the investigated solutions to the selected building case study. The model
adapts the same technical specifications as in the evaluation of singe actions; however, it
accounts for local conditions and limitations such as space, orientation, inclination, etc.
The produced renewable energy is calculated in the software and automatically integrated
in the primary energy output. The obtained total produced energy is subtracted from the
corresponding final energy demand and used for LCC analysis.

Computation of the LCC calculations in this paper is done with the software LC-
CByg [43]. The tool provides pre-set templates with economic assumptions for different
projects types. The presented analysis follow guidelines and assumptions set out by stan-
dard DS/EN 15459-1:2017 [38]. The suggested calculation period for residential buildings
is 50 years. A set of decreasing discount rates and price development assumptions, which
are mandatory for public projects in Denmark, are applied in all calculation models. In this
set of assumptions, the discount rate is reduced from 4 to 3% after year 36, while individual
price developments ranging from —0.5 to 2% are applied for the different energy sources
(natural gas = —0.5%; district heating = 1%; electricity = 1.5%).

If a satisfactory package is found, the last step of the methodology is to check if the
selected package fulfills all primary and secondary targets of the project. If that is in place,
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the process can continue with optimization and detailed design of the selected package. If
some of the requirements and targets are not fulfilled, the designer can perform a second
iteration, either by selecting a different package or creating a new set of packages from
single actions defined in the previous step.

3. Results

Results from the three main stages of the methodology are presented in three following
sections. The proposed method is applied on a case study building complex consisting of
66 apartments housed in two detached buildings and located in Frederikshavn, Denmark.
The building complex is in use since 1949, and no major renovations have been undertaken
afterward. Even though there is no specific project budget or target for renovation of
the building, its age and state allow for a wide range of improvements to the different
building parts.

3.1. Project Definition

This section describes the outcome of applying the first stage of the methodology on
the selected case study. As the state and energy performance of the case study have been
reported in [37], this section outlines the main findings in relation to building characteristics
and defines the additionally studied energy-producing systems.

The primary energy demand for the building in its existing state is found to be
129.6 kWh/m? year by the BE18 reference energy model. It considers energy demand
for heating, cooling, ventilation, domestic hot water, and electricity for operation of the
building. The energy model has been developed and validated by the energy audit
described in depth in [37]. The total heated floor area of 5250 m? is divided equally
between the apartments, 48 of which are oriented to the west and 18 are oriented to the
south. Both buildings are three storeys in height with unheated attic, basement, and utility
room. Thermal characteristics for the main building envelope elements are shown in
Table 1.

Table 1. U-values of building envelope elements in existing state prior renovation. Adapted from [37].

Building Element U-Value [W/m? K]
External wall 0.58
Windows 2.9
Attic slab 0.35
Basement/ground floor slab 1.48

To achieve NZEB in the Danish context, the primary energy demand must be lower
than the limit value of 27 kWh/m? year and partially covered by renewable production [39].
For this specific building, the primary energy demand needs a reduction of nearly 80%.
Moreover, it has been reported that heating and domestic hot water demand is covered
by district heating sub-station, which is common for both buildings [37]. The sub-station
consists of two heat exchangers (one for heating and one for DHW), which are installed
when the building was constructed. Ventilation commences naturally through windows
and ventilation openings in the bathrooms.

Considering that the existing district heating sub-station is quite outdated, it is worth
considering its replacement. This can be either the re-establishment of a new substation or
switching to a different energy system. This, combined with the requirement in Danish
building regulations for a share of renewable energy production, can have a large effect on
the economic and energy performance, as different systems bear distinct characteristics.
Here, it is important to consider local conditions and possibilities, e.g., the availability
of district heating or a gas network, space for vertical or horizontal ground-source heat
exchangers, available roof area and orientation, etc.

The energy source for a system is a determining factor for defining it as renewable. For
example, district heating should not be considered renewable if the source is coal. On the
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other hand, district heating plants operated on biomass, geothermal, or other renewable
sources can be considered renewable. In fact, in Denmark, more than half of district heating
plants are powered by renewable sources [44]. Some renewable energy-producing systems
cannot deliver energy on demand, as there are reliant on fluctuating natural driving forces.
Therefore, such are better suited to supplement a main energy system that is capable of
delivering energy on demand. The produced energy by the secondary renewable system
may be used to power the main system directly, stored, or sold to the grid.

This study investigates four main energy supply systems for heating and domestic hot
water and two secondary renewable energy systems. The main supply systems included
in the analysis are a district heating sub-station, a natural gas boiler, a Water-to-Water
(W/W) heat pump, and an Air-to-Water (A/W) heat pump. Investigated secondary
supply systems are the addition of a Domestic Wind Turbine (DWT) and photovoltaic
panels (PV). The selection of the investigated system types and sizes hinged on acquiring
necessary input data for economical and energy performance analysis. The associated
cost and technical specifications for the main and secondary energy-producing systems
are accessible in Technology Data Catalogues by the Danish Energy Agency [40,41]. To
investigate a possible effect of the DWT and PV system size and thereby production, three
sizes deemed suitable for the building energy demand and available space are considered.
For DWT, the selected system capacities are 5, 10, and 25 kW. In regard to PV, the studied
sizes are 6.1, 110, and 150 kWp, corresponding to 30, 500, and 930 m?, respectively [40,41].

3.2. Single Actions

This section provides results related to the evaluation of single renovation actions for
the selected case study. The results are presented in three sub-sections. The first sub-section
presents a comparison of the resulting ranking of renovation actions, based on CEP and
global cost (NPV). The second sub-section presents the CEP of the investigated renewable
energy-producing systems. The third and final sub-section shows a relation of global cost
and primary energy for the individual main energy supply systems and their combination
with secondary (renewable) systems.

3.2.1. Comparison of CEP and NPV of Single Actions

Figure 2 compares single energy-efficiency actions represented in terms of the CEP
from [37] to the same actions, evaluated using the LCC method and represented by NPV
for a 50-year period. The comparison is made on all actions proposed in [37], but for
clarity purposes, only envelope actions are shown in Figure 2. A complete list of all results
is provided in Appendix A, while the detailed cost structure of each action is accessible
through the Data Availability Statement. As it can be observed in Figure 2 and in the
appended information, there are multiple solutions of the same element and type. These
are cases with several solutions for a given element type. For example, an external wall
type one with nine variations of insulation thickness or windows of the same material and
class, but different opening mechanisms.
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Figure 2. Comparison between the cost-effectiveness parameter (CEP) adapted from [37] (top) and net present value

(bottom) for selected energy efficiency actions.

By comparing the graphs in Figure 2, a few similarities and differences can be noted.
The most significant differences are the change in slope of the usable attic solutions, wall
type one and two. While their CEP decreases with increase of energy savings (increased
insulation thickness), the NPV for those elements increases. Furthermore, the NPV of
wall types two and three are comparable to the usable attic solution. This is not the case
when the CEP is applied. Nevertheless, the remaining actions maintain similar disposition
(relative to each other), when applying either the CEP or NPV. For example, it is evident
that wall type one, windows, attic solutions, terrace doors, and ground floor insulation all
preserve the same distribution.

While the CEP represents the cost of saved kWh for a given solution over its lifetime,
NPV determines the total cost over the calculation period. Furthermore, CEP considers
only implementation cost, lifetime, and saved energy by the solution. In addition to that,
NPV takes into account inflation, price increases, interest rate, maintenance, replacement
cost, and residual value at the end of the calculation period. Even though those parameters
are an inseparable part from global solution (package) evaluation, the comparison in
Figure 2 shows that omitting them seems to have a limited effect on the ranking of single
actions. At this relatively early stage of the methodology; it is valuable to identify actions
with low investment relative to the obtained savings rather than find the solutions with
the least required investment over a defined period of time. Moreover, the majority of
building owners are still not completely clear on the practical use and application of LCC
calculations, and its uptake is still rather weak [45]. Regarding those considerations, in
combination with the great difference in calculation methods for the CEP and NPV, it can
be argued that the CEP provides satisfactory results for this stage of a renovation project,
despite its simplified approach.

3.2.2. CEP of Renewable Energy-Producing Systems

Figure 3 presents the CEP results for the secondary renewable energy-producing
systems. The figure shows the CEP in Danish kroner per produced kWh as a function of
produced energy. Both parameters are calculated using the method explained in Section 2.2
and data available in [40,41]. The energy produced by a renewable system is dependent
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on various technical, local, and operational parameters. The results presented in Figure 3
consider the average number of operational hours, technical and efficiency system parame-
ters as specified in [40,41], but excludes site and system operation specifics. Thus, results
in Figure 3 can be considered as an example of how different systems compare in terms
of energy production and cost with optimal conditions. As the operational conditions are
often limited by site characteristics (e.g., building orientation, location, roof area and slope,
etc.), the produced energy is likely to be lower than that suggested in Figure 3. The CEP
of the systems may also change if there is financial incentives or regulations, supporting
specific types of systems.
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Figure 3. The cost-effectiveness parameter (CEP) for renewable energy-producing technologies.

By comparing the CEP of renewable energy production systems (Figure 3) and this
of envelope actions (Figure 2), it can be stated that renewable energy production systems
are more cost-effective than implementation of renovation to the building. The least cost-
effective system—DWT—is comparable to the most cost-effective envelope options. The
most cost-effective system in accordance to Figure 3 is the photovoltaic panels (PV), where
even the smallest system is more cost-effective than any of the investigated envelope
solutions. Both PV and DWT systems exhibit a reduction in the CEP with increase in
capacity; thereby, the implementation of a larger system should result in reduced total
cost compared to the implementation of a smaller system. Furthermore, considering that
every produced kWh reduces the necessary purchased energy (if utilized directly on site),
the implementation of a renewable energy system should result in a reduction of energy
demand and global cost.

To check if that is true, renewable options are applied to the reference energy model
(before renovation) as a secondary energy supply and investigated for both global energy
and cost performance. In addition to the secondary renewable energy supply options, the
reference model is also fitted with four different primary supply options, as defined in
Section 2.2.

3.2.3. Global Cost and Energy Performance of Main and Secondary Energy Systems

Figure 4 shows primary energy demand and global cost for the main and secondary
supply options. Global cost is presented using the NPV indicator for the applied calculation
period of 50 years, while primary energy demand is found using the compliance tool
BE18. Primary energy and NPV for the reference case are represented by a vertical and a
horizontal dashed line, respectively (~130 kWh/m? year and —18.22 million DKK). With
that representation, cheaper solutions than the reference appear above the horizontal
reference line. Consequently, solutions with lower energy demand are located to the left
of the vertical reference line. The limit values for reaching NZEB, as well as voluntary
renovation classes 1 and 2, are denoted by three additional vertical dashed lines. Renovation
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classes 1 and 2 are stated in Danish building regulations and correspond to 52.8 and
70.4 kWh/m? year, respectively [39]. As defined in Section 2.1, reaching NZEB in a Danish
concept is equivalent to 27 kWh/m? year, which is marked by the green vertical dashed line.
This representation is applied to all following figures comparing NPV and energy demand.
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Figure 4. Comparison of the four studied main supply options, combined with secondary renewable energy-producing

systems. No energy-saving measures applied.

The different scenarios of main energy supply are first computed without any applica-
tion of secondary renewable energy production. Then, each renewable system is added in
a one-at-a-time manner. Figure 4 shows that the cheapest option is to run the building on
natural gas; however, using gas results in higher primary energy than the reference case.
As the required heat demand for district heating and gas scenarios is equal, the increase of
primary energy is solely due to the applied national primary energy factors. A factor of
one is applied for natural gas compared to 0.85 for district heating and 1.9 for electricity.
As a consequence, in cases where the target is reaching NZEB, the natural gas case is not
favored in the Danish context.

Switching from district heating to either a Water-to-Water (W /W) or Air-to-Water
(A/W) heat pump results in lower primary energy demand. Given that the primary
energy factor for electricity is higher than this for district heating and gas, the reduction
is a consequence of the “free” energy produced by the heat pump’s high Coefficient of
Performance (COP). The COP of the investigated W /W heat pump is higher (4.2) than that
of the A/W heat pump (3.65); thereby, the W/W heat pump realizes higher primary energy
savings. Although the W/W heat pump is approximately 55% more expensive than A/W
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in regard to acquisition and replacement cost, its higher efficiency brings 17% lower supply
demand and 6.5% lower global cost compared to A/W. In spite of their differences, the
two heat pump types are comparable. Both scenarios yield lower primary energy demand
and higher NPV in comparison to the reference. Nonetheless, the cost increase is relatively
small related to the achieved primary energy savings; hence, heat pumps are favored as
the main heating supply solution for NZEB renovation.

Figure 4 shows that the addition of renewable electricity production results in a
reduction of cost and energy demand, regardless of the system type and size. This can be
explained by the assumption that all produced energy is used on site. This simplification
is made, as the goal of the analysis is to identify the potential of each system rather than
find the exact amount energy used on-site. Produced on-site electricity is modeled to
cover the necessary demand for building operation and common spaces first, while excess
production is assumed to be utilized by private apartments.

For all scenarios including DWT, increasing the system size results in a reduction of
primary energy and NPV. The investigated wind turbine is cheaper than the PV systems
in all scenarios, except W/W heat pump. For gas, district heating, and W/W heat pump
as the main supply, the second largest PV system (110 kWp) exhibits the lowest cost. The
only scenario where the largest capacity PV plant is the cheapest of the three investigated
sizes is in combination with the A/W heat pump. It is also noticed that the cost difference
between the two larger PV sizes is greatest for the W/W heat pump.

Overall, the performance of the studied PV and DWT systems is comparable both in
terms of cost and energy production. However, the installation of a DWT requires space
and a number of regulatory requirements, which cannot be fulfilled in most cases. Even so,
the results indicate that if space and regulations are in place, DWT can be a viable supple-
mentary supply option. It must be noted that both the economic and energy performance
for all renewable technologies vary considerably depending on technology specifications,
local conditions, legislation, funding incentives, costs, calculation methods, etc.

3.3. Compilation and Evaluation of Packages

This section provides a description for the approach used to compile renovation pack-
ages and presents the results. Furthermore, the resulting global cost and primary energy
demand for the selected packages alone and in combination with main and secondary
systems are presented and analyzed.

Having determined the individual effect on energy demand and knowing the cost for
applying various energy efficiency actions, different energy supply sources, and renewable
energy production systems, we can now use the acquired data to sort the actions and com-
pose renovation packages. The objective of this study is to combine renovation packages
based on different approaches for the selection of what a package consists of. Moreover, we
identify if using cost-effectiveness as a sorting parameter can yield cost-optimal packages.

The compiled renovation packages are differentiated in three target groups, based on
the predicted amount of energy savings, which are expressed in percent reduction from
the reference. The level of energy savings is set to approximately 20, 40 and 60%. Naturally,
packages with lower target have wider selection of possibilities, as less actions are required
to reach the target. Therefore, six packages are compiled for target savings of 20%, and two
are compiled for 40 and 60%.

The approach used to select the contents of packages 1-6 is to include a variety of
rather random building elements, adding up to 20% savings. This is done to mimic cases
where the elements to be renovated are pre-selected, but the specific solution is not. The
selection of the specific element type, insulation thickness, or class is made on the basis
of the energy savings and CEP. The sorting is performed on an element level, as grouped
in Tables A1-A6 in Appendix A. Then, a selection of the specific element type is made
from one or more of the tables, depending on the goal of the package. For packages
1-6, CEP and energy savings are considered to make up packages, which are expected
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to provide approximately 20% energy savings while still comprised with one of the most
cost-effective elements.

Alternatively, the elements included in package 7 are selected on the basis of global
CEP sorting, across all investigated actions. This is done with aim of identifying if selection
solely based on CEP provides cost-optimal packages. Package 8 considers the same level
of savings as package 7, although it focuses on reaching the target by implementing fewer
building elements with large individual energy savings. For this package, the first priority
is to select the building elements with large individual savings and then select the specific
type based on element-sorted CEP.

Packages 9 and 10 consist of a 60% energy reduction target. Package 9 is compiled
by CEP sorting on an element level, and then including all needed elements to reach
approximately 60% savings, prioritizing those with large savings first. Lastly, package
10 includes all investigated elements but for the compromise of lower energy class windows
and terrace doors. The resulting packages and their content details are presented in Table 2,
whereas a list of all elements and their CEP value is available in Appendix A. The last two
rows in Table 2 provide the predicted savings by the sum of individual contributions of
renovation actions and the achieved global savings by the package.

Table 2. Contents and classification of investigated renovation packages. Included building elements in a renovation

package are marked with “X”, which is located with respect to the variated element properties.

Energy Reduction % 20 40 60
Element  Material Insulation  Class/Type 1 2 3 4 5 6 7 8 9 10
Timb 220 mm X X
Wall f1m Er 245 mm class 37 X X X X X
s 315 mm X
Timber 465 mm class 37 X X X
Attic floor 95 mm class 34 X
finish 490 mm class 37 X X
Ground Timber 45 mm class 37 X X
floor finish 45 mm class 34 X
Windows . class A X X
Plastic N.A class B X X X X
T Wood N.A class A X
‘;”ace Plas N.A class A X X X
oor astic N.A class B X
Heating Pipe 40 mm universal X X
and DHW  network 50 mm matts X X
DHW Pump N.A circulation X X X
0.175 decentral X
Ventilation 0.15 with heat X
0.1 recovery X
Sum of individual actions 20 25 21 20 20 18 39 52 64 66

Global savings of package

Yo savings 1 25 7 20 20 8 39 39 58 52

The results for NPV and primary energy demand for each of the specified renovation
packages and their combination with main and secondary energy supply are presented in
Figure 5. Similarly to the cost-optimality plot shown in Figure 1, all studied combinations
and the resulting Pareto curve are presented for the purpose of observing the complete
solution space. As the differentiation in Figure 5 is made only by the package and main
supply option, there are seven identical symbols appearing for each package. Those
correspond to the three studied DWT and PV systems and the main supply systems as
stand-alone systems, which are all discussed in detail throughout this section. Package
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Figure 5. Primary energy as a function of net present value for all investigated packages (308 + reference).

Given the selected boundary conditions for the calculations, 12 of the 308 studied cases
satisfy NZEB. Seven of those have W/W heat pumps as the primary supply and five A/W
heat pumps. There are 56 solutions lying between the NZEB requirement and renovation
class one, while those between the limits for renovation class one and two are 79.

As observed from Figure 5, there are a number of cases that are rather close to the
NZEB target value of 27 kWh/m? year but do not reach NZEB. Those have the potential to
reach the target by means of model optimization on either the envelope or the producing
system’s side. Figure 5 reveals a general tendency of increasing global cost with reduction of
primary energy demand. Nevertheless, there are also solutions with significantly lowered
energy demand that are comparable to the reference case total costs. The results are further
analyzed for each main supply system in two ways. First, the addition of renovation
packages alone is presented in Figure 6. Second, the packages are combined with the
secondary energy production systems in Figure 7. Figure 6 presents the resulting energy
demand and NPV by applying the renovation packages defined in Table 2 to the reference
energy model. The results are shown for each main supply type, where packages with
energy-saving targets of 20, 40, and 60% are marked with an “x”, a diamond, and a star,
respectively. If district heating is kept as the main supply, packages 1-6 (target savings
of 20%, based on sum of individual element contributions) provide global savings in the
range of 8-25% compared to the reference. As indicated at the bottom of Table 1, for some
of the packages, the addition of individual savings and resulting savings based on global
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energy balance are equal, while for others, they differ. This confirms that the sum of savings
of individual actions is not always equal to the global savings. In fact, the comparison
between expected and achieved results in Table 2 shows a tendency for greater difference
between the results with an increasing number of elements in a package. This is evident
as packages 2-5 all constitute of two renovated elements and only for one of these are
the global savings lower than the sum of individual actions. Furthermore, a mismatch
between global saving and sum of individual elements is also present for packages 1 and
6-10, which comprise three or more elements. On the contrary, package 7 consist of five
elements and has equal global and summed energy savings, while package 3 consist of
two elements but the sum and global savings differ. This indicates that both the type and
number of elements included in the package have an influence on how close the expected
and achieved savings are.
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Figure 6. Energy renovation packages, shown for each of the investigated primary energy supply options.
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Figure 7. Selected renovation packages shown for each main supply option.

Analyzing the packages with 20% target savings, it can be noted that package 2
provides the most savings for the least cost-increase (25% energy savings for 14% higher
NPV compared to reference). Package 6 is the least efficient and the most expensive of the
six packages, providing 8% energy reduction but 26% global cost increase. Packages 3, 4,
and 5 provide comparable energy savings of approximately 20%, but they vary in NPV.
Respectively, there is a 17, 25, and 19% increase in NPV for packages 3, 4, and 5. Package 1
provides an 11% primary energy reduction and 24% increase in NPV.

Even though the relative relationship between packages 1 and 6 is similar for all
other supply systems, it is noticed that the type of main system can influence their order
in respect to cost and energy savings. For example, packages 1 and 6 are nearly equal
in terms of energy savings and cost for scenarios with district heating and A/W heat
pumps, while for scenarios with gas and W/W heat pumps, their cost differs noticeably.
As expected, scenarios with heat pumps bring the largest energy savings compared to the
reference (35-50% savings), where in the case of W/W heat pumps, this is enough to satisfy
renovation class 2.
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From Figure 6, it becomes apparent that packages 7 and 8 perform equally in regard
to energy reduction but with considerably different NPV values. Regardless of the applied
supply system, package 7 is substantially cheaper than package 8. A possible explanation
of the great cost difference can be contributed to the addition of mechanical ventilation
with heat recovery to package 8. It can also be noticed that for scenarios with heat pumps,
package 7 is the cheapest of all packages, while for district heating and gas, the cost and
achieved savings of package 7 are comparable to those of packages 1-6. Higher energy
savings outweigh the additional implementation and running cost for package 7 compared
to packages 1-6. This shows that higher energy savings does not necessarily mean greater
global cost; moreover, how energy savings are achieved can have a large influence on the
total global cost. Considering that the approach for compiling package 7 is purely based
on the CEP, sorted across all investigated elements, it can be argued that the approach can
yield cost-optimal packages.

Packages 9 and 10 compare well in terms of economic and energy performance. Both
of the packages include mechanical ventilation with heat recovery; thereby, they are most
the expensive and comparable in cost with package 8. In all cases, package 9 is cheaper
and more energy efficient than package 10. The cost difference is larger for the two heat
pumps scenarios, in which case package 9 is also cheaper than package 8.

Finally, all renovation packages are combined with each of the studied renewable
energy systems. Figure 7 presents the resulting energy demand and NPV, where for
clarity, only the best and worst performing packages with 20% target savings are shown.
The tendencies observed in Figure 4 for the addition of renewable systems alone remain
unchanged when they are further combined with renovation packages. Namely, PV and
DWT lower both the global cost and energy demand. The present analysis excludes the
potential reduction of system capacity, resulting from achieved energy savings by a given
renovation package. Further considerations in this regard may lower the global cost
of energy-producing systems as a consequence of lower investment, replacement, and
possibly operation and maintenance cost.

For district heating as the main supply option, only package 2 achieves renovation
class two when combined with the largest sizes of PV and DWT. It is noticed that global
costs for the largest DWT are also lower than the reference. Neither of the cases incorpo-
rating package 6 result in renovation class classification. Packages 7 and 8 in combination
with two of the DWT or PV solutions satisfy renovation class two, where the larger system
sizes reach the limit for renovation class one. The offset in global cost between packages 7
and 8 appears to remain unchanged. Despite the relatively large savings obtained from
packages 9 and 10, reaching NZEB with district heating is still not possible, even with the
addition of renewable secondary supply.

As explained previously, natural gas and district heating have equal heating demand;
however, due to the higher primary energy factor for gas, these scenarios observe higher
primary energy demand. Hence, the only solutions satisfying any of the denoted building
renovation classes are also the ones with the highest savings. In fact, only a few solutions
combining gas and large DWT or PV systems surpass requirements for renovation class one.
The results in Figure 7 confirm that natural gas would likely not be the favored solution for
cases in Denmark where the target is NZEB, even with the addition of renewable energy
production. However, natural gas could be applicable if the target is global cost reduction.

Nearly all solutions incorporating heat pumps and renovation packages satisfy renova-
tion class two. Actually, when the more efficient W/W heat pump is combined with larger
PVs or DWT, renovation class 2 can be achieved without the addition of energy-saving
measures (marked in gray in Figure 7). This is also true for the A/W heat pump, although
only for the largest PV and DWT systems. It can be noticed that for both heat pumps
types, package 7 combined with 25 kW DWT is the cheapest solution of all. Although
package 7 combined with either PV or DTW does not satisfy the NZEB requirement, it
can be foreseen that a small optimization of selecting one or more elements in the package
with higher energy saving could make that possible. Additional reductions of about 4
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and 10 kWh/m? per year are needed for W/W and A/W heat pumps to reach the limit
value, respectively. Most solutions involving packages 9 and 10 in combination with heat
pumps and secondary renewables lay in the region between 27 and 52 kWh/m? year. The
solutions satisfying the NZEB requirement consist of A/W heat pumps combined with
packages 9 and 110, 150 kWp PVs, or 25 kW DWT. In the case of W/W heat pumps, both
packages 9 and 10 combined with the aforementioned renewables fit with the NZEB limit.

4. Discussion

The suggested methodology gives the opportunity to consider a wide variety of
necessary activities and select a renovation strategy based on a structured approach. The
different stages link regulatory and computational considerations for the comparison and
selection of renovation actions, considering energy demand and costs.

The methodology is demonstrated using case study buildings that require extensive
renovation and energy savings (80% reduction) to reach the NZEB standard. The exiting
state of the selected case study provides the possibility for the application of a wide range of
energy-efficiency measures and requires a substantial energy reduction. Thus, the selection
of which building parts to be renovated and to what extend is crucial for reaching a cost-
optimal NZEB solution. The case study results showed a number of different ways for
reaching the NZEB target. Furthermore, the applied method helped to identify solutions
that have the potential to reach the NZEB target with significantly reduced cost.

While the targets for the specific project at hand can vary, the method is refined for
renovations targeting the NZEB standard. Currently, an NZEB is defined in the EPDB [7] as
“[a] building that has a very high energy performance, as determined in accordance with
Annex I. The nearly zero or very low amount of energy required should be covered to a
very significant extent by energy from renewable sources, including energy from renewable
sources produced on-site or nearby.” In most Member States, the limit value of how low
the energy demand of the building needs to be is defined by the maximum primary energy.
The limit value varies greatly from country to country in both magnitude and the way
the indicator is determined. In some Member States, the indicator is a non-dimensional
parameter relative to a reference building [8]. In a few countries, carbon emissions is the
main indicator, while in others, emissions are used as a secondary indicator to primary
energy [8]. Since the release of the EPBD, recast various definitions and calculation methods
for NZEB have been applied [46]; moreover, the definitions are still evolving and changing.
Therefore, the fact that the methodology is not tailored to a specific limit value but rather
focused on activities to acquire and evaluate the parameters in question is considered as
a strength.

For the demonstration of the method in this paper, single actions are evaluated based
on cost and energy savings. The suggested approach is flexible toward the specific energy
modeling method. While the presented work adopts a simple, standardized approach,
it is possible to be done using other calculation methods tailored to the project needs or
local requirements. The accuracy of derived energy savings is dependent on the selected
method and accompanying assumptions.

Similar statements can be made for the estimation and calculation of costs. Nowadays,
this is a much less regulated topic compared to energy performance, but it can be noticed
that this is changing with the implementation of new emerging standards [38] and expected
EPBD revision before July 2021 [47]. The suggestion for addressing costs, first on a single
element level and then by LCC, is in line with a number of the key principles communicated
in the Renovation Wave [6]. Addressing single actions in a simplified way may also help
bridge the gap of practitioners understanding life cycle thinking.

Regardless of the applied approach, any cost results will be dependent on the depth
of the analysis and the sources for prices of the different actions (database, specific tender
offer, selected websites/companies, product catalogues, etc.). As discussed in Section 2.2,
some cost reductions may also occur as a result of the contents of a renovation package.
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Especially for packages with large energy savings, the total cost may be reduced due to
synergies of the performed actions and reduction of the required system capacity.

Figure 8 gives an example of the corresponding investment cost (left) alongside the
operation and maintenance cost (right) as a function of system capacity. Data for each of the
four compared systems are obtained from the Danish technology data catalogues [40,41].
The comparison shows that for some systems such as district heating and gas, there would
not be great differences in the resulting investment or operation and maintenance cost
due to reduction of the required capacity. This differs for heat pumps, as an evidently
considerable investment cost reduction can be achieved by reducing the size of a heat pump.
The strongest cost-dependence on the size is observed for W/W heat pumps. Operation
and maintenance costs for the two heat pumps are equal and remain the same for 160 and
400 kW systems, but they decrease for systems smaller than 160 kW.

Investment Operation and Maintenance
3 3
20 x 10 " 5 %10
—— District heating
gl = 0 15
—+H— Water/water
—¥— Air/water A %
10 ] 10t
5t 5|
0 n i 0 H— = -
0 100 200 300 400 0 100 200 300 400

System capacity [kW]

Figure 8. Investment (left) and operation and maintenance (right) costs as a function of system capacity for selected

energy-producing systems.

The investment, operation, and maintenance costs are only a couple of the parameters
involved in the methodology. To identify which model parameters have the highest
impact on the CEP and LCC results, a sensitivity analysis of energy and cost calculations
is necessary. Furthermore, such will determine the robustness of the solutions and the
methodology overall.

The comparison of CEP and NPV of individual building elements showed the same
disposition for nearly all investigated elements. This suggests that a selection of package
contents based on NPV would not be very different to a selection based on CEP. However,
as presented in the paper, the two parameters are obtained by different methods, where
NPV requires a greater number of inputs and arguably grater complexity and time. The
CEP provides the possibility for choosing actions by considering the cost of saved kWh
and gives the possibility of applying different approaches for compiling a package. Sorting
on an element level, one can apply the CEP to select specific types from a range of options.
The applied methodology for the compilation of packages showed that selected actions
vary with different project goals. Sorting across all possible investigated options provided
the package with the most savings for the least cost.

The CEP of renewable energy-producing systems was shown to be much lower than
those of energy-efficiency actions by means of building renovation. This was further
confirmed through LLC analysis, as nearly all investigated renewable solutions resulted
in both lowered global cost and energy demand. The results indicate that with high self-
consumption, large system sizes bring the biggest global cost reduction. Nevertheless, in a
few scenarios with PV, a local optimal is present where the second largest system is with
the lowest global cost.
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Comparing the methodology proposed in this paper with the work presented in [24],
it can be argued that the CEP parameter helps to reduce the economic gap between cost-
optimal and NZEB solutions, as it seeks to implement a package that delivers the most
energy savings for the least investment. While the aim of the study [14] was to find
building system configurations that comply with a minimum share of renewables in an
Italian setting, the achieved results for applicable renewable systems are in good agreement
with those found in this paper: namely, heat pumps combined with PV systems and
small solar heating plants. In a similar manner, results related to cost-optimality presented
in [31,32] have a comparable composition of optimal package, as found in this paper. In fact,
both papers found that interventions of multiple building parts and systems are necessary
to reach NZEB. In [31], the cost-optimal package consists of basic insulation of all building
elements, a heat pump or gas boiler, and renewable production. A number of similarities
can also be observed between results for the cost-optimal renovation of a Finish apartment
building provided in [29] and this study. First, mechanical ventilation and additional
insulation were not cost-effective solutions, despite the large share of saved energy. In
addition, heat pumps provide the best economic performance, whereas PVs are especially
recommendable due to the achievable reduction of global cost and energy demand.

However, neither of the papers evaluate single actions in the same manner as proposed
in this paper. A comparable approach that considers environmental impact, instead of
global cost, is presented in [34]. The method ranks thermal insulation and finds that there
are several solutions significantly reducing energy demand, but those are also characterized
with different environmental impacts.

Association of the proposed method with a more comprehensive Multi-Objective
Parametric Analysis (MOPA) [35] can also be drawn. The MOPA method is divided in
three stages, which are different in essence from the stages presented here; however, the
approach is generally similar. Although MOPA is applied to lightweight addition instead
of the whole building, the first stage consists of analyzing components separately and then
performing analysis for obtaining optimum design parameters. The third stage deals with
the analysis of renewable energy resources. Indeed, MOPA is a parametric methodology
that provides a much wider range of solutions. On the contrary, those solutions stem from
the parameter variation, rather than real-life products, as is the case in this method.

The proposed method can be used as template for guiding the building owner through
the tasks, activities, and decisions needed for the selection of a renovation plan to reach
the NZEB standard. Furthermore, consultants and energy-saving companies could also
apply it to compose renovation scenarios. Currently, the method accounts for energy
and economic indicators only, but it can be expanded to account for additional indicators
describing CO, emissions, life cycle analysis, comfort, etc.

5. Conclusions

The paper presents a methodology for the selection and evaluation of renovation
alternatives with the nearly Zero Energy Building (NZEB) target. The outline of the
method can serve as a flowchart that presents steps for data acquisition and handling in
a structured manner, with the aim of simple, transparent, and justified decision making.
The methodology is applied to a case study, where the performed analysis points to the
following conclusions.

The cost-effectiveness parameter (CEP) can be useful for estimating cost-benefits of
various energy producing and saving actions. Although some discrepancies are noticed
when comparing single action ranking based on the CEP and NPV, most actions retain
their relative order.

The CEP can be used for the sorting of renovation actions across different levels,
depending on the focus of the project. As demonstrated, soring across pre-selected building
element types, or all elements, yields different contents for renovation packages. The results
also showed that creating a package, solely based on the CEP, provides a package with the
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largest savings for the least cost increase. Although the results in this area are promising,
further research including a higher number of packages is needed.

Even though the selected case study buildings require an energy demand reduction
of about 80%, applying the proposed method converged several solutions satisfying the
NZEB target. This can partly contribute to the large amount of energy-saving measures
applied in this study; however, in cases where the initially determined single actions are
limited and none of their combinations satisfies the targets, the user can iterate back to
creating one or more single actions or variants of the already determined actions.

Analyses related to renewable energy production show that in nearly all cases, it
is cheaper to implement a renewable energy system than do nothing. A considerable
difference in both energy and cost is noted for the investigated main supply systems. Heat
pumps prove to be most favorable when the target is NZEB. It was shown that the primary
energy factor plays a big role in reaching a limit value for building energy class.

Further studies should explore the robustness of the proposed method and the sen-
sitivity of the different economic and energy parameters. Another viable topic could be
to expand the current methodology with more evaluation parameters beyond economics
and energy efficiency. Those could be related to a reduction of CO, emissions, greenhouse
gases, or comfort indicators for the occupants.
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Appendix A

The following appendix contains a list of results for primary energy savings, imple-
mentation cost, assumed lifespan, and the resulting cost-effective parameter (CEP) for
single renovation actions, proposed in [37]. The Net Present Value (NPV), resulting from
the LCC analysis presented in Figure 2, is also shown for each action. For ease of the reader,
each building part is presented in a separate table, accompanied by a brief explanation of
the considered renovation action types and their variations. The names of the actions are
kept as presented in [37] and are consistent with the accompanying data files provided
in the Data Availability Statement. The name consists of an abbreviation of the building
part, followed by a number and letter, representing the type of solution and variation of
insulation thickness (energy class for windows), respectively.

Table Al shows data for external wall solutions. Three different renovation types
consider removal of the existing lightweight facade and external insulation of the load-
bearing brick wall.

e  [External wall type 1—Insulation, new lightweight timber construction, and wooden
plank facades.
External wall type 2—Insulation, new external brick fagade.
External wall type 3—Commercially available ROCKWOOL REDArt solution.

Detailed calculations of the implementation costs presented in Table Al can be found
in the Data Availability Statement.
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Table A1l. Single renovation actions for external walls.

Name Implementation Cost Energy Savings Lifetime CEP NPV
DKK kWh/m? Year Year DKK/Saved kWh DKK
Ex. Wall-1a 1,232,139 6.2 40 0.81 —19,888,992
Ex. Wall-1b 1,244,587 9.2 40 0.58 —19,598,135
Ex. Wall-1c 1,298,293 11.3 40 0.50 —19,456,154
Ex. Wall-1d 1,342,342 12.7 40 0.47 —19,374,918
Ex. Wall-1e 1,403,070 13.6 40 0.46 —19,357,620
Ex. Wall-1f 1,431,027 143 40 0.45 —19,304,343
Ex. Wall-1g 1,493,643 15.1 40 0.44 —19,305,656
Ex. Wall-1h 1,493,643 15.5 40 0.43 —19,315,806
Ex. Wall-2a 3,277,279 10.2 40 1.39 —22,361,253
Ex. Wall-2b 3,339,311 12.0 40 1.22 —17,093,374
Ex. Wall-2¢ 3,402,805 13.3 40 1.13 —17,034,224
Ex. Wall-2d 3,527,107 15.0 40 1.05 —22,178,831
Ex. Wall-2e 3,587,196 15.6 40 1.03 —22,193,705
Ex. Wall-2f 3,645,716 16.1 40 1.02 —22,212,767
Ex. Wall-3a 3,151,940 11.5 40 1.20 —21,559,802
Ex. Wall-3b 3,445,418 12.7 40 1.10 —21,762,299
Ex. Wall-3¢ 3,807,338 14.5 40 0,97 —21,996,700
Ex. Wall-3d 3,267,038 15.1 40 0.93 —21,332,489

Investigation of attic renovation is examined for two overall scenarios. The first is
a scenario where the function of the attic is kept the same (common storage and drying
facilities). This case considers removal and re-establishment of the wooden floor and a
number of insulation types and thicknesses, which are all presented in Table A2. The
results for the second scenario presented in Table A3 include the same insulation types and
thicknesses but exclude re-establishment of the floor. This changes the space to unusable
but reduces cost considerably. The different attic renovation types are based on the type
and class of insulation as follows:

Attic 1—Flexi batts insulation class 37: a 70—h 245 mm

Attic 2—Flexi batts insulation class 34: a 95—c 145 mm

Attic 3—Rolled batts insulation class 37: a 38—d 170 mm

Attic 4—Blown-in granule of mineral wool class 40: a 70—d 150 mm
Attic 5—Blown-in granule of paper wool, class 40: a 50—d 150 mm
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Table A2. Single renovation actions for attic floor slab, with re-establishment of the floor (usable attic space).

Name Implementation Cost Energy Savings Lifetime CEP NPV

DKK kWh/m? Year Year DKK/Saved kWh DKK
Attic 1-a 2,493,070 2.6 40 0.21 —19,161,528
Attic 1-b 2,499,790 3.0 40 0.19 —19,127,272
Attic 1-c 2,529,064 3.3 40 0.21 —19,141,125
Attic 1-d 2,553,116 3.6 40 0.22 —19,160,525
Attic 1-e 2,586,170 29 40 0.24 —18,985,270
Attic 1-f 2,601,514 3.0 40 0.25 —19,208,829
Attic 1-g 2,601,514 3.1 40 0.28 —19,253,766
Attic 1-h 2,635,590 3.2 40 0.34 —19,246,288
Atticl-h +a 2,724,266 44 40 0.32 —19,243,021
Attic1-h +b 2,730,986 47 40 0.32 —19,223,721
Attic1-h + ¢ 2,760,260 49 40 0.32 —19,252,529
Attic1-h +d 2,784,312 5.0 40 0.34 —19,271,929
Atticl-h + e 2,832,710 5.2 40 0.35 —19,316,520
Attic1-h + f 2,832,710 5.3 40 0.5 —19,320,233
Atticl-h+¢g 2,866,786 5.5 40 0.37 —19,374,143
Atticl-h +h 2,866,786 5.6 40 0.37 —19,359,187
Attic 2-a 2,541,034 3.1 40 0.18 —19,083,424
Attic 2-b 2,574,816 3.3 40 0.26 —19,129,327
Attic 2-c 2,609,382 3.3 40 0.29 —19,176,641
Attic2-c+a 2,746,022 3.5 40 0.40 —19,406,345
Attic2-c+Db 2,779,804 3.9 40 0.40 —19,413,363
Attic2-c+c¢ 2,814,370 43 40 0.40 —19,420,298
Attic—3 a 2,526,810 3.0 40 0.23 —18,974,049
Attic—3 b 2,556,084 3.3 40 0.24 —19,189,801
Attic—3 ¢ 2,569,622 3.6 40 0.24 —19,190,261
Attic—3 d 2,612,812 -2.9- 40 0.27 —19,033,265
Attic—3d +a 2,735,228 3.8 40 0.39 —19,348,016
Attic—3d +Db 2,764,502 41 40 0.39 —19,354,390
Attic—3 d + ¢ 2,778,040 44 40 0.37 —19,339,894
Attic—3d +d 2,821,230 47 40 0.39 —19,386,294
Attic 4-a 2,642,020 2.1 40 0.60 —19,409,651
Attic 4-b 2,697,984 2.6 40 0.57 —19,437,343
Attic 4-c 2,789,784 31 40 0.59 —19,527,173
Attic 4-d 2,935,848 3.6 40 0.68 —19,681,057
Attic 5-a 2,705,728 2.1 40 0.74 —19,38,2581
Attic 5-b 2,769,699 2.5 40 0.71 —19,405,679
Attic 5-c 2,873,229 3.0 40 0.73 —19,486,254

Attic 5-d 3,037,738 3.5 40 0.82 —19,632,620
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Table A3. Single renovation actions for attic floor slab, without re-establishment walking bridge (unusable attic space).

Name Implementation Cost Energy Savings Lifetime CEP NPV

DKK kWh/m? Year Year DKK/Saved kWh DKK
Attic 1.1-a 127,819 1.9 40 3.30 —21,728,534
Attic 1.1-b 134,539 24 40 2.98 —21,701,756
Attic 1.1-¢ 163,813 2.8 40 2.80 —21,514,905
Attic 1.1-d 187,865 3.0 40 2.64 —21,742,486
Attic 1.1-e 220,919 3.3 40 3.16 —22,099,647
Attic 1.1-f 236,263 3.5 40 3.10 —21,799,764
Attic1.1-g 270,339 3.6 40 3.02 —21,852,178
Attic 1.1-h 270,339 2.8 40 2.99 —21,696,641
Attic1.1-h + a 359,015 43 40 2.40 —21,621,588
Attic1.1-h +b 365,736 54 40 2.28 —21,822,133
Attic1.1-h + ¢ 395,010 54 40 2.23 —21,635,133
Attic1.1-h +d 419,062 54 40 2.21 —21,879,315
Atticl.1-h +e 452,116 54 40 2.16 —21,922,410
Attic 1.1-h + f 467,460 54 40 2.14 —21,942,574
Atticl.l-h+g 501,535 54 40 2.10 —21,778,133
Attic1.1-h +h 501,535 54 40 2.07 —21,987,510
Attic2.1-a 175,783 3.6 40 2.95 —21,457,654
Attic 2.1-b 209,565 29 40 2.85 —21,727,739
Attic 2.1-c 244,132 3.5 40 2.89 —21,782,531
Attic2.1-c+a 380,772 35 40 291 —22,012,235
Attic2.1-c+b 414,554 39 40 2.70 —22,245,081
Attic2.1-c+c¢ 449,120 4.3 40 2.53 —22,033,665
Attic—3.1a 161,560 24 40 3.01 —21,750,432
Attic—3.1b 190,834 2.8 40 2.83 —21,779,240
Attic—3.1c 204,372 3.0 40 2.66 —21,772,222
Attic—3.1d 247,562 33 40 3.19 —21,835,072
Attic—3.1d +a 369,978 3.5 40 2.71 —21,725,984
Attic—3.1d +b 399,252 3.9 40 2.58 —21,960,280
Attic—3.1d + ¢ 412,790 43 40 245 —21,953,262
Attic—3.1d +d 455,980 4.5 40 2.36 —22,007,139
Attic4.1-a 276,770 1.2 40 4.06 —21,960,206
Attic 4.1-b 332,734 1.8 40 3.57 —22,011,826
Attic 4.1-c 424,534 24 40 3.24 —22,148,018
Attic 4.1-d 570,598 3.0 40 3.04 —22,271,991
Attic5.1-a 340,478 1.2 40 4.16 —21,933,135
Attic 5.1-b 404,449 1.7 40 3.77 —21,972,685
Attic 5.1-c 507,979 2.3 40 342 —22,060,737

Attic 5.1-d 672,488 29 40 3.21 —22,216,077
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Investigated single renovation actions for change of windows are presented in Table A4.
The variation between the renovation actions is frame material, energy class, and opening
mechanism for the window. The differentiation of saved energy is made only for the differ-
ent frame materials and energy classes. In other words, the different opening mechanisms
are assumed to have equal energy savings if they are of the same material and energy
class [37].

Table A4. Single renovation actions for change of windows.

Name Implegl:sr;tation Energy Savings Lifetime CEP NPV
DKK kWh/m? Year Year DKK/Saved kWh DKK
Wood-B fixed 1,272,550 13.7 30 0.55 19,590,699
Wood-B top-hinged 1,555,485 13.7 30 0.67 20,003,144
Wood-B side-hinged 1,861,966 13.7 30 0.80 19,786,233
Wood-B 2 section side-hinged 2,204,892 13.7 30 0.95
Wood-B 3 section side-hinged 2,377,627 13.7 30 1.03
Wood-B “Dannebrog” side-hinged 2,378,732 13.7 30 1.03
Wood-A fixed 1,652,806 17.6 40 0.42 19,060,557
Wood-A top-hinged 1,952,558 17.6 30 0.50 19,497,505
Wood-A side-hinged 2,368,849 17.6 30 0.81 20,104,607
Wood-A 2 section side-hinged 2,781,856 17.6 30 0.95
Wood-A 3 section side-hinged 3,065,090 17.6 30 1.05
Wood-A ”"Dannebrog” side-hinged 2,893,146 17.6 30 0.99
Plastic-B fixed 1,119,046 14.8 30 0.45 19,381,684
Plastic-B top-hinged 882,688 14.8 30 0.35 19,037,026
Plastic-B 2 section side-hinged 1,337,571 14.8 30 0.54 19,700,464
Plastic B “Dannebrog” side-hinged 2,776,934 14.8 30 1.12
Plastic-A fixed 1,189,557 17.3 30 0.41 18,962,563
Plastic-A top-hinged 1,408,274 17.3 30 0.59 19,281,572
Plastic-A 2 section side-hinged 1,440,473 17.3 30 0.50 19,700,464
ALU-B fixed 1,759,200 144 30 0.73 19,920,367
ALU-B side-hinged 2,873,599 144 30 1.18 21,193,426
ALU-A fixed 1,773,797 18.4 30 0.58 19,675,237
ALU-A side-hinged 2,653,517 184 30 1.58 21,766,026
Table A5 presents results concerning changing of terrace doors. Similarly to windows,
the solutions for terrace doors differ by frame material and energy class.
Table A5. Single renovation actions for change of terrace doors.
Name Implementation Cost Energy Savings Lifetime CEP NPV
DKK kWh/m? Year Year DKK/Saved kWh DKK
Plastic-B 1,259,060 6.6 30 1.13 18,967,286
Plastic-A 1,188,570 5.7 30 1.06 18,766,026

Wood/Alu-A 1,401,650 74 30 1.07 19,817,891
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Table A6 shows values concerning insulation of the basement ceiling. Due to height
limitation, the investigated insulation thicknesses are limited to 120 mm. Basement insula-
tion type 1 consist of four thicknesses of mineral wool class 37, whereas, type 2 considers
mineral wool insulation class 34 for four varying thicknesses.

Table A6. Single renovation actions for insulation of the basement ceiling.

Name Implementation Cost Energy Savings Lifetime CEP NPV
DKK kWh/m? Year Year DKK/Saved kWh DKK
BS 1a 286,427 14 40 0.57 19,210,946
BS 1b 297,002 14 40 0.59 19,224,045
BS 1c 303,770 14 40 0.61 19,231,603
BS 1d 333,240 14 40 0.66 19,266,702
BS 2a 328,671 1.5 40 0.63 19,253,783
BS 2b 303,770 1.5 40 0.58 19,224,125
BS 2c 345,295 1.5 40 0.66 19,224,125
BS 2d 379,304 1.5 40 0.73 19,314,090
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