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Abstract: We analyze conventional retrofit building materials, aluminum, rock, and glass wool
materials and compared such materials with wood-based materials to understand the lifecycle
primary energy implications of moving from non-renewable to wood-based materials. We calculate
cost optimum retrofit measures for a multi-apartment building in a lifecycle perspective, and lifecycle
primary energy savings of each optimized measure. The retrofit measures consist of the thermal
improvement of windows with varied frame materials, as well as extra insulation of attic floor,
basement walls, and external walls with varied insulation materials. The most renewable-based heat
supply is from a bioenergy-based district heating (DH) system. We use the marginal cost difference
method to calculate cost-optimized retrofit measures. The net present value of energy cost savings of
each measure with a varied energy performance is calculated and then compared with the calculated
retrofit cost to identify the cost optimum of each measure. In a sensitivity analysis, we analyze the
cost optimum retrofit measures under different economic and DH supply scenarios. The retrofit
costs and primary energy savings vary somewhat between non-renewable and wood-based retrofit
measures but do not influence the cost optimum levels significantly, as the economic parameters do.
The lifecycle primary use of wood fiber insulation is about 76% and 80% less than for glass wool
and rock wool, respectively. A small-scale DH system gives higher primary energy and cost savings
compared to larger DH systems. The optimum final energy savings, in one of the economic scenarios,
are close to meeting the requirements in one of the Swedish passive house standards.

Keywords: energy retrofit; retrofit cost; district heating; building material; life cycle

1. Introduction

Buildings are responsible for 32% of total final energy use and 19% of the energy-
related greenhouse gas emissions, globally [1]. About two-thirds of the greenhouse gas
emissions of buildings are related to the use of energy for electricity, heating, and cool-
ing [2]. Other emissions are generated during the production of materials, as well as the
maintenance and demolition of buildings.

Energy efficiency standards for buildings are cost-effective instruments to reduce
greenhouse gas (GHG) emissions, contributing to the lower total energy demand of build-
ings [3]. Energy efficiency standards apply to both new buildings and existing buildings
undergoing major renovations. Existing buildings represent a significant energy-saving
potential, especially in those countries having an established building stock. In Europe,
the revised Energy Performance of Buildings Directive (2018/844/EU) [4] and Energy
Efficiency Directive (2018/2002/EU) [5] stress the importance of improving the energy
efficiency of existing buildings built before 1970, i.e., before the first thermal regulations
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appeared in building codes. Besides, buildings built before 1970 consist of about 50% of the
building stock [6].

Energy retrofits can improve the thermal performance of the building envelope, as
well as the energy efficiency of technical installations for heating and cooling, at different
performance levels. High energy performance retrofits, namely deep energy retrofits,
can reduce the heat energy demand by well over 50% in existing buildings [7] and thus
help achieve the European target of 55% GHG emissions reduction by 2030 [8]. However,
deep energy retrofits also entail the use of significant amounts of material, especially used
to improve the thermal performance of the building envelope. To minimized the GHG
emissions related to the use of materials, the European Renovation Wave Strategy has
recently provided several recommendations, including the increased use of wood-based
materials [9]. In Sweden, the calculation of primary energy use and GHG emissions
generated from the production of materials is mandatory for new buildings built after 2021,
and retrofitted buildings are also expected to comply with the same requirement soon [10].
However, limit values for primary energy use or GHG emissions of building materials have
not been included in the building codes yet.

Although 11%, by floor area, of the total building stock is renovated yearly, only 0.2%
undergoes deep energy retrofit measures [9]. Furthermore, deep energy retrofits usually
result in high initial investment costs [11]. For this reason, it is crucial to identify the cost-
optimal balance between the investments involved and the energy costs saved throughout
the lifecycle of the building. Nevertheless, several factors can influence cost-optimum
retrofits. The European Commission’s delegated regulation N. 244 /2012 [12] recommends
calculating cost-optimal levels of retrofitted building elements in terms of net present
value (NPV), having performed sensitivity analyses on key economic parameters such
as discount rate and energy price. In Europe, discount rates are assumed to be between
1-7%, depending on calculation methods and economic sectors, and specifically between
3-4% for energy efficiency measures in residential buildings [13]. Bonakdar et al. [14]
and Dodoo et al. [15] show that the cost efficiency of retrofit measures is highly sensitive
to economic parameters. They used a real discount rate of 5%, 3%, and 1%, and a real
energy price increase of 1%, 2%, and 3%, respectively. Both studies concern Sweden,
where trends of district heat price for the residential sector show an annual increase of 2%,
between 2008-2017 [16]. The same economic parameters were assumed in the present study.
Furthermore, the aforementioned European regulation defines as cost-optimal those retrofit
measures having the lower use of primary energy and the lower life cycle cost, which
includes the costs of both retrofit materials and energy throughout the life cycle of the
retrofitted building. The present study considers the same types of cost but rather identifies
cost-optimal retrofit measures based on a marginal approach. Therefore, cost-optimal
retrofit measures have the lower marginal cost of retrofit materials per marginal increase of
energy cost savings. The primary energy use is also calculated for both retrofit materials
and energy savings.

Recent studies investigate the factors influencing the cost efficiency of single and
aggregated retrofit measures to achieve high energy performance levels. Liu et al. [17]
analyze the cost efficiency of retrofit measures in a cold climate, including envelope retrofit,
solar thermal panels, and efficient heat exchange and recovery ventilation system, showing
that the cost efficiency of envelope retrofits increases when supported by the upgrade of
technical installations. Arumagi and Kalamees [18] find similar results, though highlighting
that the assumed heat source influences the primary energy and energy cost savings
significantly. Mata et al. [19] highlight that envelope retrofits are profitable in cold climates
when assuming a service life of 40-50 years but less profitable in warm climates [20]. In
Sweden, La Fleur et al. [21] show that attic floor insulation is the most profitable insulation
measure with a service life of 40 years, but the insulation of external walls is needed to
achieve high energy performance levels. In Norway, Chen et al. [22] find that insulation
measures give the highest energy savings but they are profitable only when coupled with
new efficient technical installations. Mauro et al. [23] analyze cost-optimal retrofit measures
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in a Mediterranean climate, including envelope retrofit, replacement of heating and cooling
systems, and installation of photovoltaic panels, with and without incentives, showing that
cost-optimal levels do not usually include envelope retrofit. Zangheri et al. [24] observe
that envelope retrofits can be cost-efficient in a warm climate when avoiding the need
for cooling systems. D’Agostino et al. [25] show that, in a warm climate, the insulation
thickness of cost-optimal envelope retrofits is below 10 cm and this value is consistent
with other similar studies, i.e., [26]. Fokaides et al. [27] show that the use of photovoltaic
panels in a warm climate is effective to achieve nearly-zero energy standards, as it can
reduce fossil-based energy use for cooling significantly. These studies suggest that envelope
retrofits are usually less profitable than the upgrade of technical installations, but they do
not investigate how to optimize the cost of envelope retrofits. Furthermore, the costs of
envelope retrofits usually include the costs of retrofit materials and construction but do not
include the retrofit’s end of life.

Although the profitability of envelope retrofits is challenging, a few studies analyze
the effects of using different materials on the energy and cost savings of envelope retrofits.
These studies usually focus on insulation materials. Lucchi et al. [28] calculate cost-optimal
materials for internal insulation of walls and find that polystyrene, glass wool, rock wool,
and wood fiber have the lowest life cycle cost, even though the cost difference between
materials is less significant when increasing the insulation thickness. Annibaldi et al. [29]
calculate cost-optimal materials for external insulation of walls, finding that rock wool
and glass wool have the lowest life cycle cost but wood-based insulation is competitive
with low insulation thickness. Furthermore, the study shows that cost-efficiency could be
reduced in real retrofits, due to underestimated thermal transmittance of existing walls and
material wastage on site. Basiriska et al. [30] find that hygro-thermal properties of insulation
materials have negligible effects on the energy demand of a building. Marrone et al. [31]
show that super insulation materials give competitive cost savings compared to traditional
insulation materials (e.g., rock wool) when incentives are applied, though the assumed
service life could influence the profitability of such insulation materials. All the presented
studies compare the profitability of insulation materials in terms of minimum life cycle
costs or maximum cost savings. Instead, the present study compares both insulation and
windows materials in terms of marginal cost savings in the context of different envelope
retrofit measures.

Another approach is to use multi-objective optimization models to optimize the
selection of various retrofit choices. For example, Diakaki et al. [32] use the multi-objective
approach to select insulation materials and highlight that the cheapest insulation material
is preferable when cost efficiency is prioritized in envelope retrofits. However, the multi-
objective optimization approach does not allow to identify the cost-optimal solution, but
only to select the most convenient set of choices based on pre-defined criteria.

Finally, there is growing attention on the use of materials in retrofit interventions.
This study provides an insight into the primary energy use and costs of retrofit materials
for insulation and windows. Furthermore, this study fills the gap of previous literature
by analyzing the effects of using different retrofit materials on the cost-optimal levels of
envelope retrofit measures adopting a marginal approach. We analyze conventional retrofit
building materials, such as aluminum, rock, and glass wool materials, and compare such
materials with wood-based materials to understand the lifecycle primary energy impli-
cations of moving from non-renewable to wood-based materials. The cost-optimal levels
are calculated considering the entire life cycle of retrofit materials. Insulation materials
and window materials are the focus of this study. We use a typical building, from the
Swedish million program from the seventies, to illustrate the outcome of the analysis and
to connect the analysis to a real context. Renewable-based district heating (DH) systems
are assumed to supply the heat to the building. The study also explores the sensitivity of
calculated cost-optimal retrofit measures when assuming different economic and district
heating supply scenarios.
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2. Considered Building and Retrofit Measures

The considered building is a 3-story multi-apartment building built-in 1972 in Ronneby,
Sweden (56.2° N, 15.3° E). It comprises 27 apartments with a total heated floor area of 4000 m?
and a ventilated volume of 5200 m>. Figure 1 shows the floor plan. The building is constructed
in a concrete frame. The external walls have 95-120 mm of mineral wool and/or polystyrene
insulation and are covered with partially bricks and partially wood panels (East and West
fagades). The basement walls, which are partially underground and partially above ground,
are not insulated. Figure 2 shows the construction details of the existing external walls
and basement walls. The attic floor consists of 160 mm of concrete slab and 130 mm of
mineral wool insulation. The U-value is equal to 0.29, 0.31-0.35, and 1.34-1.45 W/ m2K in the
attic floor, external walls, and basement walls, respectively. The existing windows have an
estimated U-value of 2.9 W/m?K. The building has a mechanical exhaust ventilation system
and is connected to the local district heating (DH) system. The considered building shows
typical construction features of buildings built within the Swedish Million Programme in the
Seventies [33]. Multi-apartment buildings built within the Million Programme are equal to
about 30% of the existing multi-apartment buildings in Sweden [34].
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Figure 1. Floor plan of the considered building with typical context.
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Figure 2. Construction details of the external wall with brick/wood cladding and basement wall.

The heat supply to the building is from the DH system of Ronneby. This DH system
is composed of heat-only boilers (HOBs), including two wood chip boilers with flue gas
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condensers, three wood pellet boilers, and three oil boilers. Oil HOBs are mostly used as a
peak-load unit, while wood pellets and wood chips HOBs a medium- and base-load units,
respectively. The base-, medium- and peak-load production units operate depending on
the variations of the district heat demand over the year and the operating cost of each unit.
The annual heat production is 110 GWh and the peak heat demand is 33 MW based on
2013 data, under climate conditions fairly representative of the climate normal.

Analyzed retrofit measures are extra insulation in the attic floor, external and basement
walls, as well as the substitution of old windows with new windows with lower U-value.
The extra insulation in the external and basement walls is assumed to be applied on the
outer side of the existing walls. We consider three different insulation materials for attic
floor and external walls: glass wool, rock wool, and wood fiber, having a thermal conduc-
tivity of 0.042, 0.037, and 0.038 W/mK and density of 20, 40, and 40 kg/m?3, respectively;
as well as extruded polystyrene XPS for basement walls, having a thermal conductivity of
0.030 W/mK and density of 32 kg/m?, as they are the most common and suitable insulation
materials in a Nordic context including Sweden. Extruded polystyrene is selected for
basement walls as it shows higher moisture resistance compared to the other insulation
materials. We also considered thermally-improved windows with U-value between 1.2 and
0.6 W/m2K with aluminum and wood frame, respectively. Window frames having differ-
ent frame materials but improved thermal insulation can perform equally [35]. Different
U-values of windows can be achieved with different types of glazing units, low-emittance
coating, and high-density gas fill. U-values equal to 1.2 and 1.0 W/m?K are achievable
with double-glazed windows having a single low-e coating, and argon and krypton gas
fills, respectively. U-values equal to 0.8 and 0.6 W/m?K are achievable with triple-glazed
windows with double low-e coating, and argon or krypton gas fills, respectively. Spacers
with improved thermal insulation properties are also considered in all the windows. We
select improved U-value ranges for the attic floor, external walls, basement walls, and win-
dows based on previous studies on retrofitted buildings with passive house levels [36,37].
We assume a remaining service life of the retrofitted building of 50 years.

3. Methodology

This study uses a four-fold approach: (i) modeling the retrofit measures for the thermal
building envelope to calculate the final energy savings for space heating; (ii) calculating the
primary energy savings due to the retrofit and the primary energy use for the production
and disposal of retrofit materials; (iii) performing the cost optimization analysis for each
retrofit measure using the marginal cost difference method; (iv) analyzing the sensitivity of
cost-optimal measures to discount rates and energy price increase, as well as to the price of
district heat under different scales of DH systems.

The primary energy and cost optimum calculations have been developed following a
life cycle approach including production, use, and end-of-life stages of retrofit measures.

3.1. Final Energy Calculation

We calculate the final energy use for space heating of the analyzed building with and
without retrofit measures. We use the VIP-Energy simulation software [38] to perform
dynamic hourly energy balance calculations of the building. VIP-Energy is validated by the
International Energy Agency’s BESTEST, ANSI/ ASHRAE Standard 140 and CEN 15,265
to have reliable algorithms and calculation models and widely used by consultants and
researchers in a Nordic context. The detailed hour-by-hour dynamic calculation of the
energy balance of a building is based on the interaction of thermal envelope characteristics,
technical installations, and outdoor climate variables. The software has multi-zone features
and uses a series of one-, two- and three-dimensional models to calculate the energy balance
of buildings. Energy flows calculations are based on transmission and heat storage capacity,
air infiltration, ventilation, hot water, cooling, solar heat gains, recovered heat, persons,
and process heat gains. The heat storage capacity of the building structure is calculated as
a series of thermal resistance and capacitance with a finite difference in response to thermal
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variations. For a summary of used models and equations see [39]. Detailed mathematical
descriptions of the model for heat storage capacity are given in Johannesson [40] while
Nylund [41] gives the equations used for modeling ventilation systems and air infiltration.
The HDKR (Hay-Davies-Klucher-Reindl) model is used to calculate the solar radiation
available in a building and the mathematical description of this model is given in [42].
The energy balance calculation adopts hourly climate data for Ronneby in 2013 retrieved
from the Meteonorm database [43], which includes profiles of outdoor air temperature,
relative humidity, solar radiation, and wind speed. The climate of Ronneby is a temperate
continental climate without dry seasons and with warm summer (i.e., class Cfb of Képpen
climate classification). The following key parameter values are adopted for the building:
indoor air temperatures of 22 °C for living areas and 18 °C for common areas, respectively;
internal heat gains from building occupants and electrical appliances of 2.16 and 3 W/m?,
respectively, with a constant profile over the year. The ventilation system installed in the
studied building includes ventilation fans with assumed efficiency of 33% and a pressure
of 400 Pa without ventilation heat recovery (VHR) units. We assume these ventilation fans
as representative of standard fans in existing buildings such as the considered building.
The air exchange rate is assumed to be 0.1 and 0.35 1/s m? when the building is unoccupied
and occupied, respectively, based on the Swedish building code [44].

3.2. Life Cycle Primary Energy Calculation
3.2.1. Primary Energy Savings

The primary energy savings due to different retrofit measures depend on the DH
system supplying heat to the building. Nevertheless, as the retrofit measures are expected
to last for the remaining lifetime of the building, they influence the energy supply during
that time. In this study, we assume that a change in heat demand immediately influences
the operation of a DH production unit. That production unit is the marginal production
unit of the DH system at that specific instance. We identified the marginal production unit
of the DH system of Ronneby based on the 2013 hour-by-hour production data. In the
DH system of Ronneby, the conversion efficiency of HOBs based on fuel oil, wood chips,
and wood pellets is 90, 108, and 89%, respectively, considering the lower heating value
of fuels [45]. The conversion efficiency of HOBs using wood chips is above 100% due to
the recovery of condensation heat through the flue gas condenser. The fuel cycle energy
input of the energy carriers is assumed to be 11% for fuel oil and wood pellets, and 3%
for wood chips [46] and includes the energy used to extract, refine and transport fuels to
the conversion plant and excludes the conversion of fuel to heat at the conversion plant.
The distribution loss when heat is delivered is assumed to be 11.7% based on 20082017
Swedish average data [16].

3.2.2. Primary Energy Use for Retrofit

The primary energy use associated with the production and final disposal of retrofit
materials, including transport, is calculated based on ecoinvent data [47]. We assume that
the insulation materials and windows used in the retrofit measures do not need replacement
during the remaining service life of the building. Besides, a previous study shows that
primary energy use for maintenance is negligible [36]. The transport of construction and
demolition waste is calculated based on haul distances in Sweden: 10 km for landfill and
processing; 90 km for incineration; 100 km for aluminum recycling; 200 km for mineral
wool; and 1000 km for glass recycling. We assume burnable materials (i.e., XPS, wood fiber,
and windows’ rubber and wood) to be incinerated, and other materials to be recycled at the
end of the life cycle. The remainder is delivered to landfill. The primary energy savings due
to recycling are included assuming the substitution of primary raw materials with recycled
retrofit materials with an efficiency of 92% for aluminum [48], 120% for glass [49], and 9%
for glass/rock wool [50]. The heating value of wood materials is calculated assuming that
95% of end-of-life wood could be recovered with a moisture content of 15%.
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3.3. Life Cycle Cost and Cost Optimum Calculation

To identify cost-optimal retrofit measures, we calculate the cost-optimal balance be-
tween the marginal energy cost savings and the respective marginal costs of the retrofit
measures as in Equation (1):

£(x) = S(x) ~ I(x) M

where S(x) is the saved cost of final energy and I(x) is the investment for implementing the
measure.
All costs are expressed in terms of net present value (NPV) as in Equation (2):
Ci

NPV = 10 —— 2
t=1(1+1)" @

where n = service life of the buildings (years); t = a specific year; C; = annual net cost
for a specific year; and r = real discount rate. The costs refer to the year 2021, with an
average exchange rate of 1 € = 10.59 SEK, based on the European Central Bank. We assume
a reference economic scenario with a real discount rate of 3% and an annual energy price
increase of 2%. In a sensitivity analysis, we use two alternative economic scenarios, namely
Business-as-usual (BAU) and Sustainability, with a discount rate of 5 and 1% and an energy
price increase of 1 and 3%, respectively. Table 1 summarizes the economic scenarios and
adopted values for real discount rate and energy price increase.

Table 1. Real discount rate and energy price increase in BAU, Reference, Sustainability scenarios.

BAU Reference Sustainability
Real discount rate 5% 3% 1%
Energy price increase 1% 2% 3%

3.3.1. Energy Cost Savings

We calculate the heat energy cost savings due to different retrofit measures on annual
basis, using the 2021 DH tariff of Ronneby. The district heat tariff is based on a charge
of 10.86 €/MWh per year for buildings having an annual district heat demand below
200 MWh, and a variable charge of 0.055 €/kWh [51], excluding value-added tax. Energy
cost savings are expressed as positive values.

3.3.2. Retrofit Costs

The material and labor costs are based on the 2021 database of average contractor
prices in Sweden [52]. The cost of extra insulation on external walls includes scaffolding.
The cost of final demolition and waste transport is based on [52]. We consider that 95% by
weight of demolition waste is recovered for energy purposes (i.e., burnable materials) or
recycling (i.e., recyclable materials), while the remainder is landfilled. The landfill cost is
based on the 2021 landfill tax, equal to 52.4 €/ton [53], and increased by an annual rate of
4%, equivalent to the average annual increase of the landfill tax in Sweden between 2000
and 2020. The incineration cost of waste from construction and demolition activities is
based on the 2021 incineration tax, equal to 9.4 €/ton [54], and increased by an annual rate
of 25%, according to the calculation method set by the Incineration Tax Act 2019:1274 [55].
However, it cannot be higher than the landfill cost, as suggested by European policy [56].
The incineration tax does not apply to wood materials in Sweden [57]. Recyclable materials
(i.e., glass and rock wool in insulation, glass, and aluminum in windows) are assumed to
have no disposal cost.

4. Results
4.1. Cost-Optimal Retrofit Measures

Tables 2—4 show the improved U-values of the attic floor, external walls, and basement
walls, respectively, due to implementing different thicknesses of extra insulation made up of
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different materials. Table 5 shows different U-values of new windows. The respective final
and primary energy savings, as well as the energy cost savings and retrofit costs of different
material options, are also shown in the aforementioned tables. Both the energy cost savings
and retrofit costs are calculated in terms of NPV based on the economic assumptions in
the Reference scenario. The final and primary energy savings are calculated considering
marginal changes in the DH supply systems due to different retrofit measures. The initial
building (without retrofit options) shows a final energy use of 108 kWh/m?/year and
primary energy use of 157 kWh/m?/year for space heating.

Table 2. Thicknesses, final and primary energy savings, energy cost savings, and retrofit costs of
extra insulation of different materials on the attic floor with equally improved U-value.

g . Final Primary Primary Energy Retrofit
U-Value Thickness Energy Saving  Energy Saving Energy Use Cost Savings Costs
W/m?2K m m m kWh/m?/Year kWh/m?/Year kWh/m?/Year k€ k€
Glass Rock Wood Glass Rock  Wood Glass Rock Wood
Wool Wool Fiber Wool  Wool  Fiber Wool Wool Fibre
0.180 0.12 0.09 0.09 44.3 49.7 0.19 0.13 0.03 231.8 9.2 8.3 11.7
0.160 0.13 0.12 0.12 44.8 50.2 0.20 0.18 0.04 234.4 9.6 9.2 13.2
0.140 0.17 0.16 0.16 45.3 50.8 0.27 0.24 0.05 237.0 11.4 11.0 16.3
0.120 0.23 0.20 0.20 45.6 51.2 0.36 0.29 0.07 239.0 13.6 12.7 19.3
0.100 0.32 0.28 0.28 46.2 51.8 0.50 0.41 0.10 241.8 18.6 16.3 25.6
0.080 0.44 0.40 0.40 46.7 52.4 0.69 0.59 0.14 244.4 24.0 22.1 35.4
Table 3. Thicknesses, final and primary energy savings, energy cost savings, and retrofit costs of
extra insulation of different materials on external walls with equally improved U-value.
~ . Final Primary Primary Energy Retrofit
U-Value Thickness Energy Saving  Energy Saving Energy Use Cost Savings Costs
W/m2K m m m kWh/m?/Year kWh/m?/Year kWh/m?/Year k€ k€
Glass Rock Wood Glass Rock  Wood Glass Rock Wood
Wool Wool Fiber Wool  Wool  Fiber Wool Wool Fibre
0.180 0.11 0.10 0.10 51.8 58.2 0.28 0.24 0.06 271.2 16.0 15.5 21.1
0.160 0.14 0.13 0.13 53.0 59.6 0.35 0.31 0.07 277.8 19.4 18.0 249
0.140 0.19 0.18 0.18 54.3 61.1 0.48 0.43 0.10 284.6 22.6 21.5 31.1
0.120 0.25 0.22 0.22 55.1 61.9 0.63 0.52 0.12 288.5 26.5 244 36.1
0.100 0.33 0.30 0.30 56.1 63.1 0.84 0.71 0.17 294.0 324 30.3 46.3
0.080 0.46 0.42 0.42 57.1 64.2 1.16 1.00 0.23 299.0 43.1 40.1 63.1
Table 4. Thicknesses, final and primary energy savings, energy cost savings, and retrofit costs of
extra insulation of polystyrene (XPS) on basement walls with improved U-value.
U-Value Increased Thickness Final ) anary' Primary Energy Retrofit
U-Value Energy Saving Energy Saving Energy Use Cost Savings Costs
W/m?2K W/m?2K m KkWh/m?/Year KkWh/m?/Year KkWh/m?/Year k€ k€
0.420 0.98 0.50 6.9 7.8 0.16 36.2 11.3
0.370 0.05 0.60 7.3 8.2 0.19 38.3 13.3
0.300 0.07 0.80 79 8.9 0.25 41.3 16.0
0.260 0.04 0.10 8.3 9.4 0.32 43.6 19.3
0.220 0.04 0.12 8.6 9.7 0.38 452 22.6

0.180 0.04 0.15 9.0 10.1 0.47 46.9 27.7
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Table 5. Final and primary energy savings, energy cost savings, and retrofit costs of new windows
using aluminum and wood frames with equally improved U-value.

U-Value Increased Final Energy Primary Energy Primary Energy Energy Retrofit
U-Value Saving Saving Use Cost Savings Costs
W/m?K W/m?2K kWh/m?/Year kWh/m?/Year kWh/m?/Year k€ k€
Alum. Wood Alum. Wood
1.2 0.2 54.8 61.6 0.51 0.22 287.0 135.5 117.9
1.0 0.2 55.9 62.9 0.55 0.26 292.9 140.6 1221
0.8 0.2 57.0 64.2 0.61 0.32 298.8 161.9 139.8
0.6 0.2 57.9 65.1 0.71 0.41 303.1 200.6 1719

Decreasing the U-value by insulating the building envelope (i.e., attic floor, external
walls, basement walls) reduces the final energy use and, proportionally, the primary energy
use and costs for space heating. However, decreasing the U-value by a constant amount
requires increasingly thicker insulation, resulting in increasingly higher primary energy
use and costs due to retrofit materials. The primary energy use varies widely depending
on the retrofit material. For example, wood fiber insulation uses about 76% and 80% less
primary energy than glass wool and rock wool, respectively. Wood frames in windows use
about 60% less primary energy than aluminum frames. Compared to the primary energy
savings due to retrofit, the primary energy use of insulation materials is low, less than 1%,
for U-values higher than 0.1 W/m?K but is more significant for lower U-values. Besides,
the percentage may vary depending on the energy supply system (see sensitivity analyses
in Section 4.2).

The retrofit costs vary widely depending on the retrofit measures and materials. In the
analyzed retrofit measures, the energy cost savings per unit of retrofit cost are larger for
the extra insulation of attic floor, followed by the extra insulation of external and basement
walls, and the substitution of old windows with new thermally-efficient windows. The
cost of extra insulation on the attic floor is about 8% and 33% lower when using rock wool
instead of glass wool and wood fiber, respectively. The respective values for extra insulation
on external walls are about 6 and 31%. The cost of wood-framed windows is 14% lower
than aluminum-framed windows. Cost variations are mainly due to the cost of retrofit
materials as the respective work cost is assumed to be unchanged.

Figures 3-6 show the marginal energy cost savings (i.e., black dotted line) and the
marginal retrofit costs (i.e., colored dotted line) of the considered measures, including costs
to build and dispose of materials. The cost-optimal retrofit measure for different materials
is achieved when the energy cost saving line intersects the retrofit cost line. In the attic floor,
the cost-optimal level of rock wool, glass wool, and wood fiber insulation are achieved
with U-values of about 0.110, 0.130, and 0.150 W/m?K, respectively. In the external walls,
the respective U-values are about 0.110, 0.120, and 0.140 W/ m2K. In the basement walls,
the cost-optimal level of XPS is about 0.370 W/m?K. The cost-optimal level of windows
is achieved when adopting a U-value of about 1.0 W/m?K without significant variations
between different frame materials. Variations of cost-optimal U-values are primarily due
to the cost to build retrofit materials, followed by disposal costs. In the attic floor and
external walls, it is also possible to observe that the marginal retrofit costs of materials do
not always linearly depend on the U-values, especially when considering non-profitable
U-values. This mainly depends on the retrofit costs, specifically the costs of production and
installation of insulation materials in different thicknesses.
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Figure 3. Marginal energy cost savings and marginal retrofit costs of extra insulation on attic floor
using glass wool, rock wool, and wood fiber.
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Figure 4. Marginal energy cost savings and marginal retrofit costs of extra insulation on external
walls using glass wool, rock wool, and wood fiber.
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Figure 6. Marginal energy cost savings and marginal retrofit costs of new thermally-efficient windows
using aluminum and wood frames.

4.2. Sensitivity Analyses

The sensitivity of cost-optimal retrofit measures to different discount rates and energy
price increases is shown in Tables 6 and 7. Compared to the Reference scenario, previously
analyzed, the cost-optimal U-values increase in the BAU scenario and decrease in the
Sustainability scenario. Different discount rates and energy price increases influence the
energy cost savings as well as the costs to dispose of retrofit materials. The costs to build
retrofit materials are not influenced as they occur in year zero. Both energy cost savings
and retrofit costs decrease in the BAU scenario and increase in the Sustainability scenario.
However, energy cost savings vary significantly between BAU and Sustainability scenarios,
due to different energy price increase and discount rates.

Table 6. U-values (W/m?K) of cost-optimal extra insulation, using different materials, under different

economic scenarios.

Attic Floor External Walls Basement Walls
Glass Wool Rock Wool Wood Fibre Glass Wool Rock Wool Wood Fibre XPS
Reference 0.130 0.110 0.150 0.120 0.110 0.140 0.370
BAU 0.140 0.140 0.160 0.130 0.140 0.160 0
Sustainability 0.090 0.090 0.110 0.080 0.080 0.100 0.220

Table 7. U-values (W/m?K) of cost-optimal windows, using different frame materials, under different

economic scenarios.

Windows
Aluminum Wood
Reference 1.00 1.00
BAU 1.00 1.00
Sustainability 0.90 0.90

The sensitivity of cost-optimal retrofit measures to the price of district heat in different
scales, in the Reference economic scenario, is shown in Tables 8 and 9. The DH system of
Ronneby is representative of a small-scale system in Sweden. The DH systems of Vaxjé and
Helsingborg represent medium- and large-scale systems, respectively, having an annual heat
production of 630 and 1100 GWh and peak heat demand of 180 and 340 MW, respectively,
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based on 2013 data. The district heat production of Vaxjo and Helsingborg includes combined
heat and power (CHP) units for base-load production and heat-only boilers (HOBs) for peak-
and medium-load productions. The HOBs in Vixjé amd Helsingborg are assumed to be
fueled by oil and biomass and by oil and biogas, respectively. The conversion efficiency of
HOBs based on biogas is 97% [45]. The district heat tariff of Helsingborg is based on an
annual fixed charge of 268.58 € and a variable charge of 0.069, 0.038, 0.010 €/kWh in winter,
spring/autumn, and summer, respectively. The district heat tariff of Vaxjo is based on a
capacity cost of about 90 €/kW for buildings having a peak heat demand below 100 kW, a
heat flow cost of 0.38 €/m?, and a seasonal energy price of 0.033 and 0.019 €/kWh in winter
and summer, respectively. The results show no significant variations in the cost-optimal level
of retrofit measures and material options.

Table 8. U-values (W/m?K) of cost-optimal extra insulation, using different materials, under different
scales of district heating systems and district heat price.

Attic Floor External Walls Basement Walls
Glass Wool Rock Wool Wood Fibre Glass Wool Rock Wool Wood Fibre XPS
Ronneby 0.130 0.110 0.150 0.120 0.110 0.140 0.370
Vixjo 0.130 0.120 0.150 0.120 0.100 0.140 0.370
Helsingborg 0.130 0.120 0.150 0.120 0.110 0.140 0.370

Table 9. U-values (W/m?2K) of cost-optimal windows, using different frame materials, under different
scales of district heating systems and district heat price.

Windows
Aluminum Wood
Ronneby 1.00 1.00
Viéxjo 1.00 1.00
Helsingborg 1.00 1.00

Finally, the sensitivity of primary energy savings due to retrofit measures when
assuming different scales of DH systems is shown in Tables 10-12. The DH systems of
Viaxjo and Helsingborg are compared with Ronneby. The calculation of primary energy
savings follows the method described in Section 3.2.1. The results show a significant
decrease in primary energy savings when assuming a medium- or large-scale DH system
instead of a small-scale DH system. When the primary energy savings decrease, the
respective primary energy use due to retrofit materials is more relevant.

Table 10. Primary energy savings (kWh/ m?/ year) of extra insulation on the attic floor and external
walls under different scales of district heating systems.

U-Value .
W/m2K Attic Floor External Walls
Ronneby Vixjo Helsingborg Ronneby Vixjo Helsingborg

0.180 49.7 34.1 29.4 58.2 40.2 34.2
0.160 50.2 34.5 29.7 59.6 41.2 35.0
0.140 50.8 349 30.0 61.1 4.3 35.8
0.120 51.2 35.2 30.3 61.9 429 36.3
0.100 51.8 35.7 30.6 63.1 43.7 36.9

0.080 52.4 36.1 30.9 64.2 44.5 37.5
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Table 11. Primary energy savings (kWh/m?/year) of extra insulation on basement walls under
different scales of district heating systems.

U-Value W/m2K Basement Walls
Ronneby Vixjo Helsingborg
0.420 7.8 5.3 45
0.370 8.2 5.7 4.7
0.300 8.9 6.1 5.1
0.260 9.4 6.4 5.4
0.220 9.7 6.7 5.6
0.180 10.1 6.9 5.8

Table 12. Primary energy savings (kWh/m?/year) of new windows under different scales of district
heating systems.

U-Value W/m?K Windows
Ronneby Vixjo Helsingborg
12 61.6 42.6 36.1
1.0 62.9 43.6 36.8
0.8 64.2 44.5 375
0.6 65.1 45.2 38.0

5. Discussion

In this study, we perform an hourly-based energy balance analysis of an existing building
assuming different retrofit measures and materials for the thermal building envelope. Next,
we calculate the cost-optimal level of retrofit measures and material options using the marginal
cost difference method. The cost-optimal level is expressed in terms of the U-value.

All the analyzed retrofit measures and material options are cost-efficient, as the retrofit
costs are lower than the respective energy cost savings calculated over a service life of 50 years.
However, only cost-optimal retrofit measures lead to the highest energy cost savings with
the lowest retrofit costs in the estimated service life. Differently from the life cycle cost (LCC)
method, the marginal cost difference method allows us to identify the energy performance
level where these retrofit measures and material options have the highest profitability.

The results show that decreasing the U-value of the thermal building envelope in-
creases the energy cost savings, even though different retrofit measures show significantly
different contributions. The energy cost savings per unit of retrofit cost are larger for the
extra insulation of the attic floor, followed by the extra insulation of external and basement
walls, and the substitution of old windows with new thermally-efficient windows. How-
ever, in absolute numbers, the extra insulation on external walls has the highest retrofit
cost and gives the highest energy cost savings, whereas attic floor and basement walls give
16 and 83% less energy cost savings, respectively. The substitution of old windows with
new windows having a U-value of 1.0 W/m?K gives energy cost savings similar to extra
insulation on external walls having a U-value of 0.1 W/ m2K.

Retrofit costs include the cost of materials and construction works, as well as disposal
costs of non-recycled materials excluding wood materials. However, initial costs for
materials and construction works are significantly higher than disposal costs due to the
discount rate applied to future costs.

Different insulation materials (i.e., rock wool, glass wool, wood fiber) can influence
the cost-optimal level of extra insulation on the attic floor and external walls. For example,
using rock wool instead of glass wool and wood fiber decreases the cost-optimal U-value
by 11% and 22% for the attic floor and by 13% and 24% for the external walls, respectively.
Lower cost-optimal U-value results in higher final energy savings, which account for a
maximum of 1.8 and 2.5 MWh/year for attic floor and external walls, respectively. However,
the respective energy cost savings and retrofit costs calculated for different materials show
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minor variations, assuming a remaining service of the building of 50 years. Different
frame materials (i.e., aluminum, wood) do not influence the cost-optimal U-values of new
windows, nor the final energy savings due to cost-optimal windows.

Different economic scenarios can influence the cost-optimal level of extra insulation
and new windows. In general, the BAU scenario gives cost-optimal U-values 3-4% and
10-34% higher than the Reference scenario for new windows and extra insulation, respec-
tively, resulting in lower energy savings. The Sustainability scenario gives cost-optimal
U-values 8-10% and 24-47% lower than the Reference scenario for new windows and extra
insulation, respectively, resulting in higher energy savings.

The price of district heat in different scales of DH systems has a minor impact on the
cost-optimal level of retrofit measures and material options. The DH systems of Véxjo and
Helsingborg, as a medium- and large-scale systems, give fairly lower energy cost savings
compared to the DH system of Ronneby. However, the scale of DH systems can affect
the primary energy savings of retrofit measures significantly. The DH systems of Vaxjo
and Helsingborg give about 30 and 40% lower primary energy savings compared to the
DH system of Ronneby, respectively, with minor variations among the retrofit measures.
This is due to the higher efficiency level of biomass-based medium- and large-scale DH
systems using CHP units, compared to small-scale DH systems using only heat boilers. The
primary energy use of different retrofit measures and material options vary significantly
but is always minor compared to respective primary energy savings, especially when
retrofit U-values of walls and floors are higher than 0.1 W/m?K. Assuming different DH
supply scenarios, the primary energy use due to retrofit materials is more relevant when
the primary energy savings decrease, as in the case of medium- and high-scale DH systems.

6. Conclusions

The marginal cost difference method adopted in the present study allows us to identify
cost-optimal U-values for different retrofit measures and material options in different economic
and energy supply scenarios. This method is different from other cost optimum calculation
methods based on life cycle cost or payback time. The cost optimum calculations show that
the cost-optimal insulation and windows materials have an almost linear increase of marginal
retrofit costs when increasing the marginal energy cost savings. Cost optimality of retrofit
measures is mostly affected by economic parameters such as real discount rate and energy
price increase. Retrofit materials can influence the retrofit costs of envelope retrofits during the
life cycle and mostly by the material and work costs. The disposal costs of retrofit materials,
even considering the future increase of landfill and incineration taxes, are negligible. A careful
selection of retrofit materials could somewhat increase the cost efficiency of retrofit measures,
especially in the Business-as-usual (BAU) scenario, when the real discount rate is higher. The
choice of retrofit material can strongly reduce the primary energy use of envelope retrofits.
However, the primary energy reduction due to retrofit materials is much lower than the
primary energy reduction due to different scales of DH systems.

Wood-based materials give lower primary energy use than non-renewable materials.
Wood-based materials are also more profitable than aluminum in window frames. However,
wood-based insulation is less profitable than glass and rock wool insulation, especially
when U-values are higher than 1.2 W/m?K. This suggests that, to increase the use of wood-
based materials in envelope retrofits in a way that can be profitable for users, incentives
may be considered. Also, modern wood insulation materials are in an early phase of
implementation and increased use of such materials and further development is expected
to decrease the production cost and increase the profitability of wood-based materials.

In previous studies considering the same building [36,37], we analyzed retrofit mea-
sures needed to achieve passive house standards. We considered two standards having a
final energy use for space and tap water heating of 50 and 30 kWh/m? per year, respec-
tively, of which tap water heating accounting for 15 kWh/m? per year. The first passive
house level implies a reduction of 85 kWh/m? per year by reducing the U-value of the
attic floor, basement walls, and windows to 0.07, 0.12, and 0.8 W/m?2K, respectively. We
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conclude that the cost-optimal retrofit measures identified here are close but do not meet
the U-values required to meet the requirements of the passive standard of 50 kWh/m?
per year. This is consistent with previous studies [17,18] showing that envelope retrofit
measures in cold climates are usually close to being, but not, profitable if we consider
passive house standards.

Author Contributions: Conceptualization, L.G. and C.P,; methodology, L.G. and C.P; formal analysis,
L.G. and C.P,; writing—original draft preparation, L.G. and C.P,; writing—review and editing, L.G.
and C.P; visualization, C.P,; supervision, L.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

13.
14.

15.

16.

17.

18.

Lucon, O,; Urge—Vorsatz, D.; Ahmed, A.Z.; Akbari, H.; Bertoldi, P; Cabeza, L.F; Eyre, N.; Gadgil, A.; Harvey, L.D.D,; Jiang, Y.; et al.
Buildings. In Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group 1II to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change; Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Farahani, E., Kadner, S., Seyboth, K.,
Adler, A., Baum, L, Brunner, S., Eickemeier, P, et al., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2014.
United Nations Environment Programme. 2021 Global Status Report for Buildings and Construction. Available online: http:
/ /www.unep.org/resources/report/2021-global-status-report-buildings-and-construction (accessed on 22 December 2021).
IPCC. Climate Change 2014. Mitigation of Climate Change. Working Group III Contribution to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2014.

European Parliament and Council. Directive 2018/844 of 30 May 2018 Amending Directive 2010/31/EU on the Energy Performance
of Buildings and Directive 2012/27/EU on Energy Efficiency. PE/4/2018/REV/1. Off ] Eur, L 156; European Parliament and Council:
Strasbourg, France, 2018.

European Parliament and Council. Directive 2018/2002 of the European Parliament and of the Council of 11 December 2018 Amending
Directive 2012/27/EU on Energy Efficiency. PE/54/2018/REV/1. Off ] Eur, L 328; European Parliament and Council: Strasbourg,
France, 2018.

Filippidou, F.; Navarro, J.P.J. Achieving the Cost-Effective Energy Transformation of Europe’s Buildings; Publications Office of the
European Union: Luxembourg, 2019.

IEA. World Energy Outlook 2020; IEA: Paris, France, 2020.

European Commission. Communication from the Commission—Stepping up Europe’s 2030 Climate Ambition Investing in a Climate-
Neutral Future for the Benefit of Our People; COM(2020) 562 Final; European Commission: Brussels, Belgium, 2020.

European Commission. Communication from the Commission—A Renovation Wave for Europe—Greening Our Buildings, Creating Jobs,
Improving Lives; COM(2020) 662 Final; European Commission: Brussels, Belgium, 2020.

Boverket. Regulation on Climate Declarations for Buildings; REPORT 2020:28; Boverket: Karlskrona, Sweden, 2020.

Streicher, K.N.; Mennel, S.; Chambers, J.; Parra, D.; Patel, M.K. Cost-effectiveness of large-scale deep energy retrofit packages for
residential buildings under different economic assessment approaches. Energy Build. 2020, 215, 109870. [CrossRef]

European Commission. Guidelines Accompanying Commission Delegated Regulation (EU) No. 244/2012 of 16 January 2012 Supple-
menting Directive 2010/31/EU of the European Parliament and of the Council on the Energy Performance of Buildings by Establishing A
Comparative Methodology Framework for Calculating Cost-Optimal Levels of Minimum Energy Performance Requirements for Buildings
and Building Elements. Off | Eur, 2012/C 115/01; European Commission: Brussels, Belgium, 2012.

Steinbach, J.; Staniaszek, D. Discount Rates in Energy System Analysis; Buildings Performance Institute Europe: Brussels, Belgium, 2015.
Bonakdar, F.; Dodoo, A.; Gustavsson, L. Cost-optimum analysis of building fabric renovation in a Swedish multi-story residential
building. Energy Build. 2014, 84, 662-673. [CrossRef]

Dodoo, A.; Gustavsson, L.; Tettey, U.Y.A. Final energy savings and cost-effectiveness of deep energy renovation of a multi-storey
residential building. Energy 2017, 135, 563-576. [CrossRef]

Swedish Energy Agency Energy in Sweden-Facts and Figures. 2019. Available online: http://www.energimyndigheten.se
(accessed on 31 August 2020).

Liu, L.; Moshfegh, B.; Akander, ].; Cehlin, M. Comprehensive investigation on energy retrofits in eleven multi-family buildings in
Sweden. Energy Build. 2014, 84, 704-715. [CrossRef]

Arumagi, E.; Kalamees, T. Analysis of energy economic renovation for historic wooden apartment buildings in cold climates.
Appl. Energy 2014, 115, 540-548. [CrossRef]


http://www.unep.org/resources/report/2021-global-status-report-buildings-and-construction
http://www.unep.org/resources/report/2021-global-status-report-buildings-and-construction
http://doi.org/10.1016/j.enbuild.2020.109870
http://doi.org/10.1016/j.enbuild.2014.09.003
http://doi.org/10.1016/j.energy.2017.06.123
http://www.energimyndigheten.se
http://doi.org/10.1016/j.enbuild.2014.08.044
http://doi.org/10.1016/j.apenergy.2013.10.041

Energies 2022, 15, 1009 16 of 17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

Mata, E.; Sasic Kalagasidis, A.; Johnsson, F. Cost-effective retrofitting of Swedish residential buildings: Effects of energy price
developments and discount rates. Energy Effic. 2015, 8, 223-237. [CrossRef]

Mata, E.; Wanemark, J.; Nik, VM.; Sasic Kalagasidis, A. Economic feasibility of building retrofitting mitigation potentials: Climate
change uncertainties for Swedish cities. Appl. Energy 2019, 242, 1022-1035. [CrossRef]

La Fleur, L.; Rohdin, P.; Moshfegh, B. Investigating cost-optimal energy renovation of a multifamily building in Sweden. Energy
Build. 2019, 203, 109438. [CrossRef]

Chen, X,; Qu, K.; Calautit, J.; Ekambaram, A.; Lu, W.; Fox, C.; Gan, G.; Riffat, S. Multi-criteria assessment approach for a residential
building retrofit in Norway. Energy Build. 2020, 215, 109668. [CrossRef]

Mauro, G.M.; Hamdy, M.; Vanoli, G.P.; Bianco, N.; Hensen, ].L.M. A new methodology for investigating the cost-optimality of
energy retrofitting a building category. Energy Build. 2015, 107, 456—478. [CrossRef]

Zangheri, P.; Armani, R.; Pietrobon, M.; Pagliano, L. Identification of cost-optimal and NZEB refurbishment levels for representa-
tive climates and building typologies across Europe. Energy Effic. 2018, 11, 337-369. [CrossRef]

D’Agostino, D.; de’ Rossi, F.; Marigliano, M.; Marino, C.; Minichiello, F. Evaluation of the optimal thermal insulation thickness
for an office building in different climates by means of the basic and modified “cost-optimal” methodology. J. Build. Eng. 2019,
24,100743. [CrossRef]

Alsayed, M.E; Tayeh, R.A. Life cycle cost analysis for determining optimal insulation thickness in Palestinian buildings. J. Build.
Eng. 2019, 22, 101-112. [CrossRef]

Fokaides, P.A.; Christoforou, E.A.; Kalogirou, S.A. Legislation driven scenarios based on recent construction advancements towards
the achievement of nearly zero energy dwellings in the southern European country of Cyprus. Energy 2014, 66, 588-597. [CrossRef]
Lucchi, E.; Tabak, M.; Troi, A. The “Cost Optimality” Approach for the Internal Insulation of Historic Buildings. Energy Procedia
2017, 133, 412-423. [CrossRef]

Annibaldi, V.; Cucchiella, F,; De Berardinis, P; Rotilio, M.; Stornelli, V. Environmental and economic benefits of optimal insulation
thickness: A life-cycle cost analysis. Renew. Sustain. Energy Rev. 2019, 116, 109441. [CrossRef]

Basiniska, M.; Kaczorek, D.; Koczyk, H. Economic and Energy Analysis of Building Retrofitting Using Internal Insulations.
Energies 2021, 14, 2446. [CrossRef]

Marrone, P.; Asdrubali, F.; Venanzi, D.; Orsini, E; Evangelisti, L.; Guattari, C.; De Lieto Vollaro, R.; Fontana, L.; Grazieschi, G.;
Matteucci, P; et al. On the Retrofit of Existing Buildings with Aerogel Panels: Energy, Environmental and Economic Issues.
Energies 2021, 14, 1276. [CrossRef]

Diakaki, C.; Grigoroudis, E.; Kolokotsa, D. Towards a multi-objective optimization approach for improving energy efficiency in
buildings. Energy Build. 2008, 40, 1747-1754. [CrossRef]

Stenberg, E. Structural Systems of the Million Program Era; KTH School of Architecture: Stockholm, Sweden, 2013.

Statistics Sweden Dwelling Stock. Available online: http:/ /www.scb.se/en/finding-statistics/statistics-by-subject-area/housing-
construction-and-building /housing-construction-and-conversion/dwelling-stock/ (accessed on 18 December 2021).
Gustavsen, A.; Jelle, B.P,; Arasteh, D.; Kohler, C. State-of-the-Art. Highly Insulating Window Frames—Research and Market Review;
INTEEF Building and Infrastructure: Oslo, Norway, 2007.

Piccardo, C.; Dodoo, A.; Gustavsson, L.; Tettey, U.Y.A. Retrofitting with different building materials: Life-cycle primary energy
implications. Energy 2020, 192, 116648. [CrossRef]

Piccardo, C.; Dodoo, A.; Gustavsson, L. Retrofitting a building to passive house level: A life cycle carbon balance. Energy Build.
2020, 223, 110135. [CrossRef]

StruSoft. VIP+ Software. Version 1.1.6; StruSoft: Malmo, Sweden, 2012.

StruSoft AB. VIP-Energy Manual Version 4.0 English. 2016. Available online: https://www.vipenergy.net/Manual ENG.htm
(accessed on 10 January 2022).

Joéhannesson, G. Active Heat Capacity: Models and Parameters for the Thermal Performance of Buildings; Byggnadsfysik LTH, Lunds
Tekniska Hogskola: Lund, Sweden, 1981.

Nylund, P. Rikna Med Luftlickningen. Samspel Byggnad-Ventilation; Swedish Council for Building Research: Stockholm, Sweden,
1984. (In Swedish)

Duffie, J.A.; Beckman, W.A. Solar Engineering of Thermal Processes; Wiley: New York, NY, USA, 2013; Volume 3.

Meteotest. Meteonorm Global Meteorological Database; V7.1.1.122; Meteotest: Bern, Switzerland, 2015.

Boverket. Boverket’s Mandatory Provisions and General Recommendations, BBR; BFS 2011:6 with Amendments up to BFS 2018:4; The
National Board of Housing, Building and Planning: Karlskrona, Sweden, 2018.

Truong, N.L.; Dodoo, A.; Gustavsson, L. Effects of energy efficiency measures in district-heated buildings on energy supply.
Energy 2018, 142, 1114-1127. [CrossRef]

Gode, J.; Martinsson, F.; Hagberg, L.; Oman, A; Hoglund, J.; Palm, D. Miljofaktaboken 2011. Uppskattade Emissionsfaktorer for
Briinslen, el, Viirme och Transporter; Varmeforsk: Stockholm, Sweden, 2011.

Swiss Centre for Life Cycle Inventories. Ecoinvent v.2.2; Swiss Centre for Life Cycle Inventories: Ziirich, Switzerland, 2010.
Rombach, G. Raw material supply by aluminium recycling—Efficiency evaluation and long-term availability. Acta Mater. 2013,
61, 1012-1020. [CrossRef]

Lebullenger, R.; Mear, F.O. Glass Recycling. In Springer Handbook of Glass; Musgraves, ].D., Hu, J., Calvez, L., Eds.; Springer
Handbooks; Springer International Publishing: Cham, Switzerland, 2019; pp. 1355-1377, ISBN 978-3-319-93728-1.


http://doi.org/10.1007/s12053-014-9287-1
http://doi.org/10.1016/j.apenergy.2019.03.042
http://doi.org/10.1016/j.enbuild.2019.109438
http://doi.org/10.1016/j.enbuild.2019.109668
http://doi.org/10.1016/j.enbuild.2015.08.044
http://doi.org/10.1007/s12053-017-9566-8
http://doi.org/10.1016/j.jobe.2019.100743
http://doi.org/10.1016/j.jobe.2018.11.018
http://doi.org/10.1016/j.energy.2013.12.073
http://doi.org/10.1016/j.egypro.2017.09.372
http://doi.org/10.1016/j.rser.2019.109441
http://doi.org/10.3390/en14092446
http://doi.org/10.3390/en14051276
http://doi.org/10.1016/j.enbuild.2008.03.002
http://www.scb.se/en/finding-statistics/statistics-by-subject-area/housing-construction-and-building/housing-construction-and-conversion/dwelling-stock/
http://www.scb.se/en/finding-statistics/statistics-by-subject-area/housing-construction-and-building/housing-construction-and-conversion/dwelling-stock/
http://doi.org/10.1016/j.energy.2019.116648
http://doi.org/10.1016/j.enbuild.2020.110135
https://www.vipenergy.net/Manual_ENG.htm
http://doi.org/10.1016/j.energy.2017.10.071
http://doi.org/10.1016/j.actamat.2012.08.064

Energies 2022, 15, 1009 17 of 17

50.

51.

52.
53.

54.

55.

56.

57.

Paroc. PAROC-WIM, Waste Injection into the Melting Furnace in Stone Wool Production; LIFE02 ENV /FIN/000328; European
Commission: Brussels, Belgium, 2004.

Miljoteknik District Heating—Prices and Terms. Available online: https://www.ronneby.se/sidowebbplatser /miljoteknik/
fjarrvarme/priser-villkor-for-fiarrvarme.html (accessed on 23 April 2021).

Wikells. Sektionsfakta ROT/VV'S 2020; Wikells Byggberdkningar: Vaxjo, Sweden, 2020.

katteverket Skatt pa Avfall. Tax on Waste, in Swedish. Available online: https:/ /www.skatteverket.se/foretagochorganisationer/
skatter /punktskatter /avfallsskatt (accessed on 31 August 2020).

Skatteverket Avfallsforbranningsskatt. Waste Incineration Tax, in Swedish. Available online: https://www.skatteverket.se/
foretagochorganisationer/skatter / punktskatter /avfallsforbranningsskatt (accessed on 31 August 2020).

Ministry of Finance. Lag (2019:1274) om Skatt pd Avfall Som Forbrinns; Law (2019:1274) on Tax on Incinerated Waste, in Swedish;
Ministry of Finance: Stockholm, Sweden, 2019.

European Commission. Communication from the Commission—The Role of Waste-to-Energy in the Circular Economy; COM/2017/034
Final; European Commission: Brussels, Belgium, 2017.

Skatteverket. Lag (2019:1274) om Skatt pa Avfall Som Forbranns. Law (2019:1274) on Incinerated Waste Tax. Available online:
https:/ /www4.skatteverket.se/rattsligvagledning /381660.html?date=2021-01-01#section1-1 (accessed on 31 August 2020).


https://www.ronneby.se/sidowebbplatser/miljoteknik/fjarrvarme/priser-villkor-for-fjarrvarme.html
https://www.ronneby.se/sidowebbplatser/miljoteknik/fjarrvarme/priser-villkor-for-fjarrvarme.html
https://www.skatteverket.se/foretagochorganisationer/skatter/punktskatter/avfallsskatt
https://www.skatteverket.se/foretagochorganisationer/skatter/punktskatter/avfallsskatt
https://www.skatteverket.se/foretagochorganisationer/skatter/punktskatter/avfallsforbranningsskatt
https://www.skatteverket.se/foretagochorganisationer/skatter/punktskatter/avfallsforbranningsskatt
https://www4.skatteverket.se/rattsligvagledning/381660.html?date=2021-01-01#section1-1

	Introduction 
	Considered Building and Retrofit Measures 
	Methodology 
	Final Energy Calculation 
	Life Cycle Primary Energy Calculation 
	Primary Energy Savings 
	Primary Energy Use for Retrofit 

	Life Cycle Cost and Cost Optimum Calculation 
	Energy Cost Savings 
	Retrofit Costs 


	Results 
	Cost-Optimal Retrofit Measures 
	Sensitivity Analyses 

	Discussion 
	Conclusions 
	References

