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Abstract: Most of today’s buildings will still be in use in 2050 and upgrades should therefore
contribute to reducing energy consumption and carbon footprint. This paper addresses a challenge
for upgrading of basement exterior walls of single-family dwellings, where ordinary retrofit insulation
can lead to the basement wall protruding from the existing outer wall. For some, this will be an
aesthetic barrier for an energy upgrade (an “ugly” solution). Superinsulation may solve this challenge
without compromising the energy performance. This study analyses energy, cost and carbon footprint,
to identify under which conditions upgrading with vacuum insulation panels (VIP) can be a preferred
solution. Three alternatives are analysed in a parametric model: ordinary upgrade with XPS (the
aesthetically “ugly”), upgrade with VIP above ground and XPS below ground (the aesthetically
“good”), and iii) no upgrade (the “bad”, as it does not contribute to reducing energy consumption).
Results show that using VIP and XPS to perform energy upgrade of a basement exterior wall may
lead to an aesthetically more pleasing solution than with only XPS, but that it will lead to higher
carbon footprint and higher costs. The least favourable option is to install a drainage system without
doing an energy upgrade, which will have negative impact for energy use, carbon footprint and life
cycle cost.

Keywords: energy upgrading; renovation; superinsulation; external thermal insulation; vacuum
insulation panels (VIP); life cycle cost; carbon footprint

1. Introduction

In the Norwegian building stock, dwellings currently consume nearly 40 TWh per
year [1]. As most of today’s buildings are expected to still be in use in 2050, reducing the
energy consumption of existing buildings is needed to reach energy and carbon targets. This
means that when existing buildings are upgraded, they should also contribute to reducing
energy consumption and carbon emissions from energy and material use. Previous research
has shown that there is a significant potential for reducing energy consumption and carbon
footprint from Norwegian dwellings through energy upgrading [1–3]. However, there are
also barriers that must be overcome, ranging from economy and psychology to technical
solutions and regulatory barriers [4–7].

This paper addresses one specific barrier: the lack of energy and carbon ambitions
when upgrading exterior basement walls. This is especially a challenge when the upgrade
is performed stepwise, where there is a risk that aesthetic choices lead to solutions with little
or no additional insulation and with little thought for the carbon footprint. The challenge
is illustrated in Figure 1, with an upgrade that is limited to the basement wall. Here, the
addition of ordinary retrofit insulation on the basement wall will lead to the basement
protruding from the existing exterior wall. This is a solution that may be considered an
aesthetically less pleasing solution (an “ugly” solution). If aesthetics is an important factor
for the homeowner, this may lead to reduced energy ambitions when upgrading basement
walls (a “bad” solution).
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which is a high-performance thermal insulation [8,9]. The purpose is to avoid suboptimal 
upgrades from an energy and carbon perspective, which may lead to building elements 
being “lost” for upgrades until the next time the building element is due to be maintained 
or replaced. For a basement, the window of opportunity for upgrading will be closed for 
20–60 years after an upgrade (depending on the service life of the building element). 
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Figure 1. Basement details illustrating the difference between (a) ordinary insulation and (b) 
superinsulation. With the ordinary insulation, the insulation will protrude from the wall and change 
the look of the building. 

The goal of this study is to address two research questions: (i) How can 
superinsulation be used to perform energy upgrade of basement exterior walls? and (ii) 
What is the economic, energy, and carbon performance of the upgrade solutions? An 
integrated approach is developed to address these questions from the perspectives of 
energy, carbon, and cost. The integrated model is parametrised, to be able to identify 
under which conditions upgrading of basement exterior walls with VIP can be a preferred 
solution. The approach is based on previous work on terraces with superinsulation [10]. 
Furthermore, it addresses a gap in current research that few studies have addressed [11], 
where studies on VIP that address the carbon footprint are typically performed at the 
product level [12,13], whereas studies at the building level mainly focus on energy and 
cost performance [14–16]. Looking exclusively at energy performance in the use phase, 
VIP will perform well. However, there is a risk of higher costs and higher carbon footprint, 
and this risk must be addressed through an integrated approach that analyse VIP use at 
the building level for carbon, cost and energy. 

2. Methods 
2.1. A Parametric Tool for Calculating Energy, Carbon, and Cost Performance 

An integrated approach is used to address the research questions from the 
perspectives of energy, carbon, and cost. The three analytical methods are combined in a 
generic and parametric tool for analysing basement upgrades. The tool is verified against 
case studies from the OPPTRE research project [3], which provide measured energy data 
before the upgrade and calculated results for two specific upgrading cases. 

The generic tool is based on varying five parameters that have significant impact on 
the energy, carbon, or cost performance. These are (i) earth filling height on basement 
wall, (ii) existing U-value of the basement wall construction, (iii) heated floor area in the 
basement, (iv) energy performance of the upgraded basement (specified either as thickness 
of VIP or a specific U-value), and (v) time perspective. The development of the tool is an 
expanded version of a tool first developed for evaluating superinsulation in terraces [10]. 

Figure 1. Basement details illustrating the difference between (a) ordinary insulation and (b) superin-
sulation. With the ordinary insulation, the insulation will protrude from the wall and change the look
of the building.

This paper addresses a solution to the specific challenge of upgrading a basement
wall without compromising the aesthetic aspect of the building (a “good” solution), by
using superinsulation. In this case, the superinsulation is vacuum insulation panels (VIP),
which is a high-performance thermal insulation [8,9]. The purpose is to avoid suboptimal
upgrades from an energy and carbon perspective, which may lead to building elements
being “lost” for upgrades until the next time the building element is due to be maintained
or replaced. For a basement, the window of opportunity for upgrading will be closed for
20–60 years after an upgrade (depending on the service life of the building element).

The goal of this study is to address two research questions: (i) How can superinsula-
tion be used to perform energy upgrade of basement exterior walls? and (ii) What is the
economic, energy, and carbon performance of the upgrade solutions? An integrated ap-
proach is developed to address these questions from the perspectives of energy, carbon, and
cost. The integrated model is parametrised, to be able to identify under which conditions
upgrading of basement exterior walls with VIP can be a preferred solution. The approach
is based on previous work on terraces with superinsulation [10]. Furthermore, it addresses
a gap in current research that few studies have addressed [11], where studies on VIP that
address the carbon footprint are typically performed at the product level [12,13], whereas
studies at the building level mainly focus on energy and cost performance [14–16]. Looking
exclusively at energy performance in the use phase, VIP will perform well. However,
there is a risk of higher costs and higher carbon footprint, and this risk must be addressed
through an integrated approach that analyse VIP use at the building level for carbon, cost
and energy.

2. Methods
2.1. A Parametric Tool for Calculating Energy, Carbon, and Cost Performance

An integrated approach is used to address the research questions from the perspectives
of energy, carbon, and cost. The three analytical methods are combined in a generic and
parametric tool for analysing basement upgrades. The tool is verified against case studies
from the OPPTRE research project [3], which provide measured energy data before the
upgrade and calculated results for two specific upgrading cases.

The generic tool is based on varying five parameters that have significant impact on
the energy, carbon, or cost performance. These are (i) earth filling height on basement
wall, (ii) existing U-value of the basement wall construction, (iii) heated floor area in the
basement, (iv) energy performance of the upgraded basement (specified either as thickness
of VIP or a specific U-value), and (v) time perspective. The development of the tool is an
expanded version of a tool first developed for evaluating superinsulation in terraces [10].
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2.2. Energy Demand and U-Values

For assessment of energy demand, SIMIEN [17], which is a simulation program for
calculating energy consumption and power requirements in buildings, was used. The
program can also be used for assessment of indoor climate, evaluation against building
regulations and passive house standards, as well as energy labelling. SIMIEN calculates
energy demand of buildings based on the Norwegian Standard NS 3031:2014 Calculation
of energy performance of buildings—Method and data [18]. Specific calculations for U-
values using VIP insulation are calculated based on the international standard NS-EN
ISO 13370:2017 Thermal performance of buildings—Heat transfer via the ground—Calculation
methods [19]. The energy model in SIMIEN calculates hourly values of energy consumption
and power demand, based on building parameters and indoor/outdoor climate, and
aggregates the values to a yearly consumption.

2.3. Carbon Footprint

Carbon footprint calculations are based on the life cycle assessment (LCA) methodol-
ogy, consisting of four stages: (i) goal and scope definition, (ii) life cycle inventory, (iii) life
cycle impact assessment and (iv) interpretation. The carbon footprint calculations for the
basement are based on the Norwegian standard NS3720 Method for greenhouse gas calcula-
tions for buildings [20], with life cycle modules A1–A3, A5 and B6 (as shown in Figure 2).
Carbon footprint calculations for the materials are based on the European standard EN15804
Sustainability of construction works—Environmental product declarations—Core rules for the
product category of construction products [21].
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Figure 2. Life cycle modules based on NS3720 and EN15804.

The focus of the carbon footprint study is to analyse the payback time of upgrades of
basement exteriors walls, without taking into account the location of the building (therefore
excluding A4 and B8). The scope is therefore limited to life cycle modules A1–A3 (material
production), A5 (construction site) and B6 (operational energy use). Basement exterior
walls are part of the superstructure and typically have a long lifetime with limited need for
activities in the use stage, therefore life cycle modules B1–B5 and B7 are not included. Any
activity in these modules will be related to exterior maintenance, and it is assumed that
maintenance will be done in regular intervals with or without an upgrade. The end-of-life
stage (C1–C4) is also not included. This is a simplification, as the focus here is on the carbon
footprint. Furthermore, with wastes leaving the system at the end-of-waste for material and
energy recovery, the carbon footprint of the end-of-life stage is typically low (estimated to
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be 2% of the carbon footprint for a wooden single-family house in Sweden [22]). Benchmark
values for carbon footprint of buildings have been developed for Norwegian conditions [23],
but these values are at a higher level of aggregation and are not available for basement
exterior walls.

For the energy use, the model is based on delivered electricity and does not consider
other energy sources (e.g., district heating or wood stoves). The delivered energy is calcu-
lated for a single year using SIMIEN, see Sections 2.2 and 3.1 for further details. For other
time periods, the energy demand is modelled as constant for all years (variation between
years is expected to average out over time, potential changes in climatic conditions are
not included). Three scenarios for modelling the carbon footprint of electricity are used.
The first two are taken from the Norwegian standard for carbon footprint of buildings [20].
Here, the average emission intensities are calculated towards 2050, for the physical pro-
duction mix of Norway (18 g CO2-eq. per kWh) and for the European production mix
(EU28 + NO, 136 g CO2-eq. per kWh). These provide two different system perspectives,
one with Norway as the system and one with Europe as the system. In addition, a third
and dynamic scenario is calculated based on the FutureBuilt ZERO methodology [24]. This
approach is the same approach as for the European production mix from the Norwegian
standard, but with annual emission intensities instead of averages over the entire period.
Here, the emissions start at ca. 300 g CO2-eq. per kWh in 2022 and, as fossil fuels are
phased out, decline until a steady state of 24 g CO2-eq. per kWh is reached in 2050. The first
two scenarios provide an upper and lower bound for the emission over time, whereas the
third scenario also will show the importance of when the upgrades are being performed.

The end of life of the materials is excluded as this will have little impact on the carbon
footprint of the materials used. Instead, the potential benefits are linked to reduced resource
use outside the system boundary. Resalati et al. [12] have analysed the circular properties
of VIPs and show how these can influence the environmental performance, especially for
the materials with high environmental impact in the production stage. The most significant
gain would be to use recycled core material today, but this is not current practice.

For the construction stage, the carbon footprint is mainly due to the energy consump-
tion of construction equipment. This is modelled based on the volume of earth that has to
be excavated in order to access the basement wall.

2.4. Investment Cost and Life Cycle Cost (LCC)

Cost calculations follow the same system boundary as the carbon footprint, which
means that it is material costs (A1–A3), labour costs (A5), and energy costs in the operation
(B6). The investment cost is the cost for A1–A3 and A5, covering both materials and labour
for the basement upgrade. The purpose of the investment cost analysis is to analyse what
the difference in investment cost is for the VIP/XPS versus only XPS upgrades. Life cycle
costs are calculated based on investment cost and energy cost. The purpose of the life
cycle cost is to analyse the payback periods for the various alternatives. Cost of repair and
maintenance are excluded, as these are assumed to be identical for the alternatives.

Material costs are based on a combination of sources, primarily the Norwegian con-
struction cost index Norsk Prisbok [25] and information from construction material manu-
facturers. Only aggregated values are provided, due to confidentiality. The energy cost is
based on the electricity price from Statistics Norway for Q1 in 2022, and with an estimated
annual increase of 2.6%. It should be noted that the electricity prices in Norway currently
are highly volatile, and it is difficult to predict future developments. This approach is an
estimate based on prices returning to a more normal situation.

2.5. Comparison with Case Studies from OPPTRE

The integrated approach is tested for two specific building cases, to see how the
results from the generic tool compare to real-life cases. The upgrades are from the OPPTRE
project [3]. OPPTRE was a research project on energy upgrading of wooden dwellings to
nearly zero energy level (nZEB), which ran from 2018–2022. A core element of OPPTRE
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was an architecture competition, where six architect teams designed upgrades for six
different real-life cases. These provided cases of state-of-the-art upgrading with high energy
ambitions, as well as the consequences on cost and carbon footprint. Two of the OPPTRE
cases included energy upgrading of the exterior basement walls. The OPPTRE project
provided SIMIEN files [17] that were used in an architectural competition on upgrading of
wooden dwellings. The SIMIEN files provided energy demand for the existing basement
and for the refurbished solution. Calculations were then performed to determine the
amount of materials needed for VIP/XPS and XPS only. Combined, this provided the
energy demand and the material consumption that were needed to calculate the carbon
footprint. The results are compared, with the two specific results from the OPPTRE project
plotted against results from the generic tool. A limitation of this approach is that it is based
on only two cases, where a positive correlation can only be used to support the findings.
However, significant deviations will be an indication that can invalidate the generic tool.

3. Parametric Model and Case Study
3.1. Generic Basement Model

A generic model of a basement was defined in order to investigate the possible
reduction in energy demand of basements with retrofit wall insulation. The basement
model is developed in Excel. The input into the generic model is the annual energy demand
and the amount and types of materials. Based on this input, the model calculates the carbon
footprint, investment cost and life cycle cost annually for a time period of 60 years. The
generic case study includes a 2.4 m high basement (floor dimension 10 × 6 m) with varying
ratios of the wall exposed over ground level. Two scenarios of existing wall constructions
are studied: (a) an uninsulated concrete wall and (b) an uninsulated light-weight aggregate
wall (LWA). Central material parameters and U-values of existing and retrofit basement
constructions are given in Tables 1 and 2. It is assumed that retrofitting is performed with
XPS insulation and a foundation wall plate below ground level and XPS or VIP insulation
(wrapped in a watertight membrane) covered with plaster above ground level. Only the
insulation materials, concrete and LWA are taken into account when calculating the U-
values of the retrofit construction, while all materials are taken into account in calculations
of carbon footprint (see Section 2.3).

Table 1. Material parameters and U-values of existing and retrofit wall construction. LWA = light
weight aggregate.

Element Material
Thickness λ U-Value

m W/mK W/m2K

Existing wall construction
(two alternatives)

Concrete (uninsulated) 0.2 2.0 3.704

LWA (uninsulated) 0.25 0.2 0.704

Retrofit wall construction
(two alternatives)

Concrete + VIP/Concrete + XPS 0.22/0.3 - 0.32

LWA + VIP/LWA + XPS 0.27/0.35 - 0.25

Existing floor construction
(same for both alternatives) Concrete and XPS

0.1 2.0
0.35

0.1 0.035
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Table 2. Materials used for retrofitting.

Material/Product
Thickness λ

mm W/mK

VIP 20 0.007

Waterproof membrane around
VIP - -

XPS 100 0.035

Foundation wall plate - -

Fastenings above ground - -

Fastenings between XPS and
VIP - -

Fibre-reinforced plaster 10 -

Glue 5 -

SIMIEN (Section 2.2) was used to calculate the yearly energy demand of the generic
basement. The calculation model includes the basement envelope, components for heating
and ventilation, and internal loads (technical equipment, lighting, and people). Stan-
dardized values for detached houses according to NS3031:2014 [26] were used as input
values for heating, ventilation, and internal loads. Calculations were performed for the
model with and without retrofit insulation on the basement walls, i.e., various basement
wall U-values. The heating and ventilation components and internal loads are equal in
all calculation cases. The calculations are performed for the climate of Oslo, Norway, in
accordance with NS3031:2014. Oslo is the standard climate used in energy calculations of
buildings according to the Norwegian building code. According to the Köppen climate
classification [27] Oslo is within the subarctic continental group (group Dfc), characterized
by the coldest month averaging below 0 ◦C and 1–3 months averaging above 10 ◦C.

Table 3 shows the U-values for the concrete and light-weight aggregate walls, with a
variation in how much of the lower part of the basement wall is below the ground. The
upper 30 cm of the wall are always above ground, and the percentages refer to how much
the lower 210 cm is below ground. For example, if the ratio is 40% below ground, this
means that 84 cm is below the ground (40% of 210 cm) and 156 cm is above the ground
(30 cm + 60% of 210 cm). The total area of the basement walls is ca. 81 m2.

Table 3. U-values of basement walls used in the energy calculations, calculated according to NS-EN ISO
13370:2017 Thermal performance of buildings—heat transfer via the ground—calculation methods.

Concrete Wall Light-Weight Aggregate Wall

Ratio of Lower
Wall below
Ground [%]

Above Ground Below
Ground

Original
U-Value
[W/m2K]

New U-Value
[W/m2K]

Original
U-Value
[W/m2K]

New U-Value
[W/m2K]

0% 30 + 210 = 240 cm 0 cm 3.70 0.22 0.704 0.175

20% 30 + 168 = 198 cm 42 cm 2.14 0.200 0.592 0.16

40% 30 + 126 = 156 cm 84 cm 1.60 0.191 0.531 0.154

60% 30 + 84 = 114 cm 126 cm 1.31 0.183 0.483 0.148

80% 30 + 42 = 72 cm 168 cm 1.12 0.175 0.445 0.143

100% 30 + 0 = 30 cm 210 cm 0.982 0.169 0.413 0.138

3.2. Residential Case Buildings (OPPTRE)—Comparison with Case Studies

The generic basement model presented in Section 3.1 has locked a number of param-
eters: basement size/heated gross internal area (Norwegian: bruttoareal, BRA), location,
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U-values, etc. In order to investigate the validity of the generic model, the results from
the model were compared to the results for two actual residential case buildings from the
research project OPPTRE—Energy upgrading of wooden dwellings to nearly zero energy
level [3]. Here, the parameters from OPPTRE were used in the generic model. The goal
of OPPTRE was to propose a nearly zero energy level (nZEB) for renovation of wooden
dwellings, with ambitious upgrades to bring the energy consumption closer to the current
building code requirements for new buildings

OPPTRE has identified cost-efficient upgrading concepts that at the same time provides
satisfactory indoor climate and low carbon footprint. In the context of OPPTRE, energy
upgrading involves an optimalization of the building envelope that results in increased
comfort and reduced energy demand. Optimalization of the building envelope means
upgrading to an optimal level regarding energy demand, moisture safety and cost-efficiency.
OPPTRE included calculations of energy demand for different actual residential buildings.
Two of these case buildings are included in the present study, these are shown in Figure 3.
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Figure 3. The two OPPTRE case studies [3]: (a) Malvik 1989 by Pir II; (b) Sandefjord 1972 by Hans
Hus Arkitekter.

These two are similar to many Norwegian wooden dwellings that are ageing towards
renovation. General information about the two buildings is given in Table 4. SIMIEN
was used to calculate the yearly energy demand of the two residential case buildings (see
Section 2.2). The energy demand of the buildings is calculated with the existing basement
wall construction and with a refurbished solution with retrofit insulation materials and
thermal resistances equal to the ones presented in Table 1.

Table 4. Information about the two residential case buildings from OPPTRE.

Case Building 1—Malvik 1989 Case Building 2—Sandefjord 1972

Year of construction 1989 (1) 1972

Heated gross internal area 274 m2 192 m2

Number of floors 2 + basement 1 + basement

Basement Heated + unheated part Heated (2)

Adjacent zone to basement walls

Mainly basement walls above ground
level. Parts of the heated space have

borders to unheated space or
towards ground.

All basement walls are partly below and
partly above ground level.

Area of basement walls 109 m2 (of which 16 m2 below
ground level)

91 m2 (of which 55 m2 below
ground level)

U-value existing basement walls 0.42 W/m2K 0.46 W/m2K

U-value retrofit basement walls 0.19 W/m2K 0.20 W/m2K
(1) Extension/annex added in 2004. (2) Originally the basement was unheated and used for storage. It was later
included in the heated living space.
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4. Results and Discussion
4.1. Energy Consumption

The energy consumption has been calculated based on the U-values calculated in the
parametric model for the basement for different ratios of basement wall below ground and
for three upgrading scenarios (with the existing construction and upgrades with VIP/XPS
and only XPS). The results are presented in Table 5 (∆U is the difference in U-value before
and after the upgrade and ∆E is the difference in energy demand). The results show that
the concrete construction has the highest energy consumption before the upgrade and also
the highest reduction, 88.3% for the most exposed basement. Depending on how much of
the wall is exposed, the energy reduction is from 43.2% to 88.3% for the concrete wall and
from 20.4 to 36.5% for the light-weight aggregate (LWA) wall.

Table 5. Energy consumption before and after upgrading.

Construction

Ratio of Wall below
Ground

Energy Demand

Existing Retrofit Reduction

% (-) kWh/yr kWh/yr/m2 kWh/yr kWh/yr/m2 ∆E %

Concrete
∆U = 3.38

20 0.2 79,123 1030.2 9231 120.2 69,892 88.3
40 0.4 72,863 948.7 8980 116.9 63,883 87.7
60 0.6 61,819 804.9 8668 112.9 53,151 86.0
80 0.8 43,957 572.4 8307 108.2 35,650 81.1

100 1 13,926 181.3 7905 102.9 6021 43.2

LWA
∆U = 0.454

20 0.2 13,375 174.2 8494 110.6 4881 36.5
40 0.4 12,653 164.8 8298 108.0 4355 34.4
60 0.6 11,716 152.6 8061 105.0 3655 31.2
80 0.8 10,622 138.3 7792 101.5 2830 26.6
100 1 9419 122.6 7496 97.6 1923 20.4

Note: The m2 in the formula kWh/yr/m2 refers to the wall area inside the basement.

The annual reduction in energy consumption is in the range 6021–69,892 kWh per
year for the concrete wall and 1923–4881 kWh per year for the LWA wall. In comparison,
the OPPTRE case studies show a slightly lower reduction in energy demand, as shown
in Table 6. In addition, the OPPTRE case studies also have 12–35% larger wall area. This
means that the parametric model for the light-weight aggregate (LWA) wall has the best fit
with the real-life case studies, although it also overestimates the energy reduction. This
is partly due to a better initial U-value but may also be due to differences in use. In the
generic model the whole area is heated area, whereas the OPPTRE cases show a more
varied use in practice.

Table 6. Energy consumption before and after upgrading for the whole building for the OPPTRE cases.

Case Building

Energy Demand
∆E Yearly Energy Demand Reduction

for the Whole Building
∆U ∆E/∆U

Existing Retrofit

kWh/Year kWh/Year kWh/Year % W/m2K (kWh/Year)/(W/m2K)

1 48,271 45,994 2277 4.7 0.23 9939

2 45,079 42,783 2296 5.1 0.26 8789

The lines in Figure 4 plot the energy demand of the two alternatives (concrete and
light-weight aggregate (LWA)), depending on how much of the basement wall is below the
ground. The two dots mark the energy loss for the two case buildings from the OPPTRE
project, as presented in Section 3.2. The results show a major difference in energy loss
for basements with concrete walls versus basements with light-weight aggregate walls
(concrete walls are a factor 23–31 higher than the OPPTRE cases, LWA are 1.6–2.1 higher).
It is highly unlikely that concrete basements with an energy loss of this magnitude will be
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used as heated area. Therefore, the carbon footprint analysis and cost analysis will focus
on the light-weight aggregate basement walls. As Figure 4 shows, these also correspond
well to the real-life cases from the OPPTRE project [3]. The difference between the LWA
alternative and the OPPTRE cases is still relatively large, the change in energy consumption
is 37–53% lower in the case results compared to the results from the generic model. This
is likely explained by a combination of physical differences between the specific and the
generic, as well as differences in how the basements are used. The energy calculations in
the generic tool are based on standardised methods, which are known to overestimate the
energy consumption in older buildings (the prebound effect, which is the gap between
measured and calculated energy consumption [28]).
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Figure 4. Difference in energy loss for basement with concrete and light-weight aggregate walls,
compared to no upgrade.

4.2. Carbon Footprint

The carbon footprint of the upgrade alternatives has been calculated for three different
electricity scenarios (as described in Section 2.3), as this is a parameter that has significant
impact on the results. The results are shown for the existing basement (Figure 5a), where
the carbon footprint is only due to the energy use. Figure 5b,c show the two upgrade
alternatives, with Figure 5b showing an upgrade with only XPS and Figure 5c showing
and upgrade with a combination of VIP above ground and XPS below ground. The results
show that the carbon footprint is significantly influenced by the choice of electricity mix.

Figure 6a,b show the results for a scenario with 20% of the wall below the ground,
accumulated over 30 years. The reason for selecting 20%, is that this will be the scenario
with the highest carbon footprint, as it has the highest amount of VIP. The first figure shows
the accumulated carbon footprint for the three different alternatives (no upgrade, only XPS
and VIP/XPS) with three different electricity scenarios. The results show that in all cases
the VIP/XPS upgrade has a slightly higher carbon footprint than the upgrade with only
XPS. Only with the Norwegian electricity scenario does no upgrade perform better than
upgrades, here the VIP/XPS has a ca. 7% higher carbon footprint than no upgrade. This
shows that when the energy grid has a very low emission intensity, the payback period of
the carbon footprint for materials becomes longer. With the other two electricity scenarios,
the upgrade alternatives outperform the no upgrade alternative. The difference between
VIP/XPS and only XPS is ca. 3–4%, showing that the carbon footprint of materials is much
less significant when the energy grid has a high carbon emission intensity. Figure 6b shows
the carbon footprint for the materials (life cycle modules A1-A3) and construction (life cycle
module A5). Here, the carbon footprint is 48% higher for the superinsulation alternative.
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Figure 5. Accumulated GHG emissions over 30 years for three different electricity scenarios: (a) the
existing basement; (b) an upgrade with only XPS; (c) an upgrade with superinsulation (VIP above
ground and XPS below ground). Percentages indicate how much of the wall is below the ground.

The previous figures show the accumulated carbon footprint over a period of 30 years.
To understand how different methodological choices influence the results, it is useful to
plot the results over time, as shown in Figure 7a–c. These figures show the carbon footprint
payback time for the two alternative upgrades, for a scenario where 20% of the wall is
below the ground. Figure 7 shows the results with Norwegian electricity mix. This choice
of electricity mix has the longest payback period, with 18 years for the upgrade with only
XPS and 35 years for the upgrade with VIP and XPS. Figure 7b shows the results with the
European electricity mix, with a payback period of 2 and 4 years, respectively. Figure 7c
shows the results with the European dynamic electricity mix. Here, the payback period
is 1 year for both upgrade alternatives (ca. 6 months for only XPS and ca. 12 months for
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VIP and XPS). Choice of electricity mix significantly influences the results of the carbon
footprint analysis.
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Figure 6. (a) Accumulated GHG emissions over 30 years for three different electricity scenarios,
with 20% of the wall below the ground; (b) GHG emissions for materials and construction (life cycle
modules A1–3 and A5), with 20% of the wall below the ground.

The results show that energy upgrading of the basement will have a positive effect on
the carbon footprint, but that the payback time is significantly influenced by the emission
intensity of the electricity factor.

4.3. Costs

The cost calculations consist of an analysis of the investment costs for the two up-
grading alternatives and a simplified life cycle cost for all three alternatives, with the
energy cost for the existing basement and the investment cost and energy cost for the two
upgrading alternatives. The results were initially calculated in NOK but are converted to
Euro (1 Euro = 10.08 NOK [29]). The results distinguish between general costs and material
specific costs (including labour specific for each of the insulation alternatives). The general
cost is the same for both projects, covering rigging and operations (including digging and
refilling). Figure 8a shows the investment cost for the two upgrading alternatives. Here,
it is clear that the cost increases with how much of the basement is below the ground.
This means that the increased cost of construction and operations outweigh the decreased
cost for insulation that is due to less area above the ground. However, the difference in
investment cost between the two alternatives (1a versus 1b, etc.) has the opposite trend,
with the highest difference when most of the wall is above the ground. This ranges from
71% higher (for 20% below ground) to 23% higher (for 100% below ground).



Buildings 2023, 13, 133 12 of 17Buildings 2023, 13, x FOR PEER REVIEW 12 of 17 
 

  
(a) (b) 

 
(c) 

Figure 7. (a) GHG emissions for light-weight aggregate wall, Norwegian electricity mix (18 g CO2-
eq. per kWh); (b) GHG emissions for light-weight aggregate wall, European electricity mix (136 g 
CO2-eq. per kWh); (c) GHG emissions for light-weight aggregate wall, European dynamic emission 
intensity (starting at 318 g CO2-eq. per kWh in 2022 and declining to 24 g CO2-eq. per kWh from 
2050 and onwards). 

4.3. Costs 
The cost calculations consist of an analysis of the investment costs for the two up-

grading alternatives and a simplified life cycle cost for all three alternatives, with the en-
ergy cost for the existing basement and the investment cost and energy cost for the two 
upgrading alternatives. The results were initially calculated in NOK but are converted to 
Euro (1 Euro = 10.08 NOK [29]). The results distinguish between general costs and material 
specific costs (including labour specific for each of the insulation alternatives). The general 
cost is the same for both projects, covering rigging and operations (including digging and 
refilling). Figure 8a shows the investment cost for the two upgrading alternatives. Here, 
it is clear that the cost increases with how much of the basement is below the ground. This 

0
2000
4000
6000
8000

10,000

Co
ns

tr
uc

tio
n

20
24

20
27

20
30

20
33

20
36

20
39

20
42

20
45

20
48

20
51

20
54

20
57

20
60

kg
 C

O 2-e
q.

GHG emissions - 20 % below 
ground

(Norwegian electricity)

GWP total, VIP GWP total, if XPS only

GWP total, existing

0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000

Co
ns

tr
uc

tio
n

20
24

20
27

20
30

20
33

20
36

20
39

20
42

20
45

20
48

20
51

20
54

20
57

20
60

kg
 C

O 2-e
q.

GHG emissions - 20 % below 
ground

(European electricity)

GWP total, VIP GWP total, if XPS only

GWP total, existing

0
20,000
40,000
60,000
80,000

Co
ns

tr
uc

tio
n

20
24

20
27

20
30

20
33

20
36

20
39

20
42

20
45

20
48

20
51

20
54

20
57

20
60

kg
 C

O 2-e
q.

GHG emissions - 20 % below 
ground

(European electricity, dynamic 
emission intensities)

GWP total, VIP GWP total, if XPS only

GWP total, existing

Figure 7. (a) GHG emissions for light-weight aggregate wall, Norwegian electricity mix
(18 g CO2-eq. per kWh); (b) GHG emissions for light-weight aggregate wall, European electricity
mix (136 g CO2-eq. per kWh); (c) GHG emissions for light-weight aggregate wall, European dynamic
emission intensity (starting at 318 g CO2-eq. per kWh in 2022 and declining to 24 g CO2-eq. per kWh
from 2050 and onwards).

The life cycle costs in a 30-year time perspective are calculated for four alternatives:
no upgrading, upgrading with only XPS and upgrading with VIP and XPS. For the no
upgrading alternative, there are two variants. The first is no upgrade at all. The second
is that the drainage is improved, but that there is no energy upgrade (no insulation). The
results are shown in Figure 8b. The results show that for the alternatives with no energy
upgrade, the life cycle costs decrease in line with how much of the basement is below the
ground. This is due to the reduced heat loss when more of the wall is below the ground,
as the U-values are different above and below ground. For the alternatives with energy
upgrading, the life cycle costs are almost the same regardless of how much of the wall is



Buildings 2023, 13, 133 13 of 17

below the ground. This is because the insulation makes the U-values similar above and
below ground. The trend is that the life cycle costs for VIP and XPS decrease slightly when
more of the wall is below the ground and increase slightly for the alternative with only
XPS. Both energy upgrades have the same energy consumption for the whole building.
This means that the VIP and XPS upgrade always will have a higher life cycle cost, as it has
a higher investment cost. The difference in life cycle cost is from 8% to 17% higher, with
difference increasing with how much of the wall is above the ground.
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Figure 8. (a) The cost of upgrading with VIP and XPS versus upgrading with only XPS. Values in
Eruo. Basement wall height is 240 cm, where 30 cm are always above ground. Percentages refer to
how much of the remaining 210 cm are below the ground; (b) the cumulative life cycle cost for four
alternatives (no upgrade, only drainage, upgrade with VIP and XPS, and upgrade with only XPS).
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Figure 9a,b shows the cumulative life cycle costs over time for the alternative with
20% of the wall below the ground and for 100% below the ground. Here, we see that
the life cycle costs are more competitive when less of the wall is below the ground, but
that this difference disappears when 100% of the wall is below the ground. With 20% of
the wall below the ground, the energy upgrade with only XPS has lower life cycle costs
after 14 years, compared to no upgrade. For the energy upgrade with VIP and XPS, it
takes 25 years. The least favourable alternative in the long run is draining without adding
insulation. Here, the energy upgrade with XPS only is better after less than one year, and
the VIP and XPS is better after 10 years. With 100% of the wall below the ground, the
picture is different. The energy loss of the existing wall is significantly lower below the
ground, which means that even in a 40-year period no upgrading will have lower life cycle
costs. Additionally, here the least favourable alternative in the long run is draining without
energy upgrading. Energy upgrading with only XPS will have lower life cycle costs after
9 years, and energy upgrading with VIP and XPS will have lower life cycle costs after
26 years.
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Figure 9. (a) The cumulative life cycle cost for four alternatives with 20% of the basement below
ground (no upgrade, only drainage, upgrade with VIP and XPS, and upgrade with only XPS). Values
in Euro; (b) The cumulative life cycle cost for four alternatives with 100% of the wall below the
ground (no upgrade, only drainage, upgrade with VIP and XPS, and upgrade with only XPS). Values
in Euro.

4.4. Overall Discussion of Cases

Energy upgrading of basement exterior walls has an exclusively positive impact on
the energy use of the building, which in all cases is reduced when additional insulation
is added. For carbon footprint and cost it is a more mixed picture. The product and
construction stages (A1–A3 and A5) will lead to both GHG emissions and costs, whereas
the reduced energy consumption will lead to both reduced GHG emissions and reduced
costs. For the carbon footprint, the three main parameters that influence the results are
(i) the choice of time horizon, (ii) the choice of emission intensity for the electricity grid,
and (iii) how much of the wall is below the ground. Lower carbon footprint and shorter
time horizon will make no upgrade a more favourable option. The carbon footprint for the
materials is significantly different between VIP/XPS and only XPS, but this is significant
only when the emission intensity of electricity is low, and the time horizon is short. In most
cases, the difference between the upgrade with VIP/XPS is only slightly higher than the
energy upgrade with only XPS. This means that the carbon footprint of a an aesthetically
more pleasing solution (a “good” solution) is in most cases insignificant.

For the cost analysis, the results are not as clear. The investment cost for the VIP/XPS
upgrade is ca. 20–70% higher, depending on how much of the wall is below the ground
(more above ground leads to a higher difference). In a 30-year perspective this difference is
less important, and the difference between the VIP/XPS and only XPS is 8% to 17% higher.
This is the economic cost of an aesthetically more pleasing solution. These results do not
take into account the recent extreme fluctuations in cost for both construction materials
and energy, and they depend on the assumption that these costs return to previous rates in
the near future. Furthermore, the price estimates do not take into account potential future
carbon costs for materials and energy [30]. Introduction of such measures could lead to
shorter payback period.

This study compares VIP/XPS with only XPS, which that a novel technology that is
not standardised in the market is compared with a well-established solution for energy
upgrade. Technology development and increased adoption in the market are expected to
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reduce both the costs and the carbon footprint of the VIP/XPS solution, which will reduce
the carbon and price gap between the two choices.

5. Conclusions

The results show that energy upgrades will in almost all cases lead to a reduced carbon
footprint, and that the reduction correlates positively with how much of the wall is above
the ground. The two most significant parameters for carbon footprint are emission intensity
for the electricity and time horizon.

From an economic perspective, the life cycle costs over 30 years strongly depend on
how much of the wall is above the ground. When only 20–40% of the basement wall is
below the ground, the life cycle cost for the VIP/XPS upgrade will be almost the same
as the life cycle cost of no upgrade (±3%), whereas the upgrade with only XPS will be
10–16% lower. When more than 40% of the wall is below the ground, the life cycle cost
of upgrades will be higher compared to no upgrade due to the cost of excavation in the
construction stage.

The least favourable option (“bad”) is to install a drainage system without doing
an energy upgrade at the same time. This will not change the energy consumption but
will lead to higher costs and higher carbon footprint. This is a likely outcome in cases
where the basement drainage must be improved, but the homeowner will not accept
a less aesthetically pleasing solution (“ugly”). Using VIP in combination with XPS to
perform energy upgrade of a basement exterior wall may lead to an aesthetically more
pleasing solution (“good”) than an upgrade with XPS only (“ugly”), as the basement will
not protrude from the outer wall. Under such circumstances a VIP upgrade may be the
best alternative.

The results correspond well with previous studies, which conclude that although
VIP insulation has a high carbon footprint compared to other insulation materials, it
can still be a desirable insulation product in specific applications [31]. The best choice
of insulation material, especially for renovations, will always depend on the specific
application, geographical location, and existing building geometry. Therefore, more studies
on specific cases using an integrated approach will facilitate knowledge-based renovation
solutions for energy upgrading of the building mass. A limitation of the approach used
here, is that the environmental impact is limited to carbon footprint. Further research
could be to address a broader range of environmental impact categories, to look into other
applications of VIP at the building level, as well as to analyse the potential effect of carbon
costs or carbon taxes on the life cycle cost and payback time.
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