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Abstract

Increasing consciousness to address future concerns is a challenging subject, no-
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ticed considerably by policymakers and investors. Investigation of energy use in
residential buildings in terms of quantity and sources of energy was the main focus
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on two points: the energy demand and the spreading of renewable technologies
in the residential sector. It was theory-driven research to highlight some future
concerns. The first theory was to reveal how the growth of single-family houses
versus multi-family houses could affect the growth of energy consumption and
the application of renewable technologies. The second theory was built to high-
light that spreading energy measures to increase efficiency or introducing a new
energy carrier should be embedded in the context of new construction activities
or in a template of renovation projects. The third theory was to emphasize the pri-
ority of thinking about managing the changes in residential buildings because of
the lasting impact of the decision about the type of building. Finally, the purpose
of the ongoing transition was argued to highlight that the growth of renewable
technologies has not been necessarily aligned with getting away from fossil fuels.
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1 | INTRODUCTION

future consciousness as “being conscious of what is pos-
sible, probable, and desirable in future”.® This study has

Enhancing awareness about future issues has become
a central concern among futurists.' Despite the general
interest and theoretical discussions, there has been a
gap between conceptual development of the future con-
sciousness and empirical or practical applications in
the future research literature. Among future research-
ers, future consciousness has been generally seen as a
holistic concept that draws attention as an internalized
and experienced phenomenon. Johan Galtung defined

investigated the future for increasing awareness in the
case of consuming energy in residential buildings. The
considered directions to conduct the study have been as
follows:

1. Exploring the quantity of future energy consumption
in residential buildings.

2. Investigation of the penetration rate of renewable ener-
gies into residential buildings.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Energy Science & Engineering published by Society of Chemical Industry and John Wiley & Sons Ltd.

1296 wileyonlinelibrary.com/journal/ese3

Energy Sci Eng. 2022;10:1296-1313.


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fese3.1098&domain=pdf&date_stamp=2022-02-24

ARABABADI ET AL.

1297

Energy Science & Engineering
Op

Studying the issues has attracted more attention
owing to the high number of single-family houses in
Luxembourg. As reported in the literature, single-family
houses in Luxembourg have outnumbered the European
average and Luxembourg was in the list of the highest
ten countries in this regard.>* Indeed, the necessity of
this study was emphasized by the low prices of energy
carriers in Luxembourg compared with other European
countries.” We aimed to contribute to the growing un-
derstanding of the future energy demand in residen-
tial buildings in Luxembourg by 2030 and 2040 in two
aspects:

1. In terms of quantity; the growth of energy
consumption.
2. In terms of quality; shift to alternative energy sources.

With this broad aim, the paper has looked explicitly at
the following questions:

. What kind of changes have been occurred in the
Luxembourgish residential energy consumption
pattern?

. What will be the energy mix to heat the future
Luxembourgish residential building?

. What is the underlying driving mechanism that has af-
fected the future trend of energy consumption?

The reason to choose Luxembourg has been the consid-
erable share of space heating in the residential sector com-
pared with other European countries, detailed in Figure 1.

Indeed, the transportation sector and the public di-
mension have been investigated to highlight the future
challenges, by the authors.”® The project has theorized
concerns about three parts of the future energy system in
Luxembourg. Studying the residential sector was the last
part to search for the raising concerns. The share of energy
consumption in the residential sector has been around
10.5% of total consumed energy in Luxembourg. Natural
gas and fuel oil products have provided around 80% of the
whole needed energy in the sector.” Consequently, the
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importance of studying the pathways to limit energy con-
sumption in the sector was understood.

However, future energy issues have been a matter of
concern in different countries. Szarka et al.'’ studied the
long-term development of Germany's energy sector to
understand the long-term role of bioenergy in the na-
tional energy system. The purpose was to highlight the
possible role of bioenergy by 2050 scenarios. Studying
the household energy services in Cape Town, South
Africa, by the same concern about the consumption
of energy was investigated by Strydom et al..'' It was
aimed at identifying the intervention points toward sus-
tainability in this sector. Existing literature also investi-
gated the household sector based on income levels.'* It
was intended to show the tendency of different classes
of society, categorized by income, to adopt different en-
ergy technologies and fuel types. The environmental
impacts of metabolism of household consumption were
discussed in the literature."* Total energy consump-
tion and related CO, emission data were calculated
as a function of household income and family type.
Exploring public behaviors about consuming energy in
the household sector was argued in the literature.'* The
study was intended to understand the interactions of the
public toward different incentives to promote sustain-
able behaviors. Studying the theory of transition in the
transportation sector in Luxembourg had a similar goal
to build the theory for highlighting future concerns.’
It investigated how the spreading of electric vehicles
in Luxembourg would be different compared with the
leading countries in the field. Most notably, a common
limitation of all the above studies has been the lack of
socio-technical analysis investigating the drivers for
energy-saving improvements in the residential section.
The majority of studies in the residential sector, in this
last decade, have been dominated by technical and phys-
ical research because of the lack of available disaggre-
gated data on household energy usage. More precisely,
very few studies have explored the impact of types of
residential units on the growth of energy consump-
tion or on the capacity of the units to host renewable
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technologies.'>™!” The discovered gaps in the literature
have highlighted the necessity of exploring the drivers,
affecting energy consumption in space heating. To our
knowledge, the present paper has been the first to use
macro-level data to investigate the impact of types of fu-
ture residential units on space heating energy consump-
tion and hosting renewable technologies.

As reported in the literature, there have been three
models to conduct energy transitions by socio-technical
aspect.'®

1. Interim energy transition—is resulted from policies
without public acceptance.

2. Deliberate energy transition—is conducted by citizen-
driven change without supporting regulations.

3. Transformative energy transition—they occur as a
result of a combination of policy and citizen-driven
change, which are more sustained.

The predicted considerable growth of population in
Luxembourg® and the need for new constructions have
been the driving factors to investigate how the decision of
people about choosing types of construction has affected
the growth of energy demand. Responding to this query
has been a significant aspect of the study. Therefore,
the theory of transition in Luxembourgish residential
buildings was characterized to understand how delib-
erate energy transition would affect the needed energy
for heat consumption. For this purpose, the following
issues were based in the context of Luxembourg to build
the theories.

It was theorized that the high number of single-family
houses in Luxembourg would affect the energy de-
mand and penetration of renewable technologies in
the residential sector.

Discussing the significant growth of the demand in
the housing market was another noticed subject in
this study. Normally, the energy issues in residential
buildings have not been driving factors for changes
because they have not been big concerns. Thus, it was
hypothesized that in Luxembourg, the energy con-
cerns should be addressed in the context of the new
construction or renovation projects. Simply, the con-
structing phase of the residential units is a proper time
to address the desired targets in the energy aspect.
The other issue was referred to the lasting impact of
an early decision to choose the type of residential units
on the construction of the future energy pathway.
Therefore, it was hypothesized that the priority of in-
tervening in the transition of the residential sector in
comparison with other sectors would be higher.

Indeed, in Luxembourg, the total share of consumed
energy in space heating and water heating has been
around 84% of the total consumption in residential build-
ings, mostly provided by natural gas and oil products, re-
ported in the literature.’

Framing analysis has been applied in the social sci-
ences within political, media, sociology, and behavioral
economics.'*?° The study was planned to use the analysis
in future energy discussions. Based on the literature, the
framing process was to select some aspects of a perceived
reality and make them more salient in a communicat-
ing text, in such a way as to promote problem definition,
causal interpretation, moral evaluation, and/or treatment
recommendation for the described items.'® Defining the
problems to highlight the future energy concerns in resi-
dential buildings has been the contribution of the study to
the body of knowledge.

Organizing the paper was in the following order:
In Section 2, the applied procedure has been described.
Section 3 has been conducted to explain the employed
scenarios to justify the built theories. In Section 4, in addi-
tion to arguing the limitation of the paper the results have
been discussed.

2 | METHODOLOGY

The general goal of theorizing has been to elaborate an
idea or what has been called in literature abduction.*" It
has been translated as observing a fact and then professing
to say what the opinion has been about and to highlight
the point. The purpose has been to guess right or similar
to what has been mentioned in the literature to express a
type of scientific intuition.**

The applied methodology was started with the develop-
ment of the theoretical phase, and then it was proceeded
to the grounding phase to confirm or to develop further
the initial theory.”® The overall structure of this type of
study was composed of two phases.? The first phase was
about the early discovery of the theory, and the second
phase was to provide some empirical grounds to justify the
constructed theory.* Three built theories containing new
ideas were explained in the introduction. The remaining
sections were to explore different empirical data to sup-
port the theory.

Energy issues in the residential sector have been ac-
companied by various uncertainties such as the extent of
the electrification growth, the penetration rate of renew-
able technologies, or more of the same.? To reflect the
impacts of these uncertainties, generating scenarios were
considered. The scenarios were to investigate a series of
alternative futures to support the built theories.
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The main reason for the frequent use of scenarios
within the energy domain has been the requirement for
long planning horizons. Energy technologies can last sev-
eral decades, and it may take several decades to develop
new ones.”® However, the generated scenarios in this study
have been written for short-term purposes until 2040.

The applied methodology to generate the scenario has
been a bottom-up calculation of the techno-economic
savings potential. The bottom-up approach looked at how
emerging individual energy technologies could affect the
provision of energy services regarding the relative cost of
services.”” The approach has brought more details in the
energy system and insights into the technology develop-
ment and its impact on final energy consumption of resi-
dential buildings and allowed evaluating a wider range of
policy options.”® An overview of the procedure has been
shown in Figure 2.

The relative cost has been the major criterion for the
substitution, driven by factors such as technology devel-
opment. The typical bottom-up approach has focused on
the energy system itself and not on the relationship with
the economy as a whole.”

This study was to investigate the final energy consump-
tion in residential buildings. It focused on the growth of
different types of buildings caused by the population
growth.

The biggest concern to writing scenarios or modeling
the future condition was the lack of reliable assumptions.
For this purpose, different regional energy scenarios in

Phase 1: Developing Theories
Research
Problems

Literature
Review

- Building
Theory

Scenario: about the growth of energy
consumption by focus on the growth
of different types of residential units

European countries have been explored to find a reliable
range for the considered issues. However, the strength
of the driving factors for each issue has been explored
and compared with the Luxembourg case to deduce a
lower or higher quantity for the considered assumption.
The needed data, explaining the specific condition of
Luxembourg, were collected based on the government
statistics service of Luxembourg, STATEC.’

The following sections of the paper have been con-
ducted to grounding the built theories.

3 | GROUNDING THE
THEORIES—GENERATING THE
SCENARIOS

This section has addressed the issues in the context of
residential buildings in two complementary parts. The
purpose of the section was to justify the built theories by
exploring relevant data. The considered procedure for this
purpose was to generate scenarios and projection of his-
torical data to the future. The achieved results were used
to defend the theories.

The first part was to explore the quantity of final energy
consumption in the residential sector. For this purpose, it
was planned to study the renovation rate of existing build-
ings and the construction rate. Indeed, investigating the
changes in the consumption of energy for heating purposes
in residential buildings has been the subject of this part.

Phase 2: Groundingthe Theaories

Research Design:
Analytical method-
Generating scenarios

Scenario: about the growth of
renewable technologies application
in different types of residential units

Phase 3: Evaluationsand Conclusions

Limitations,

discussion, and

conclusions

FIGURE 2 An overview of the methodology in this study
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In the second part, the changes in the energy mix have
been investigated. It was explored how different shares
of energy sources have been affected by emerging energy
technologies and local parameters such as the price of en-
ergy carriers or public affordability to endure the changes
in retail prices.

The employed concept to conduct the section was the
generation of scenarios. As reported in the literature, the
procedure has been a known method to argue the poten-
tials for future energy issues.”” ™ The lack of existing ca-
pability in the available software caused the application of
the classic methods for the needed calculation.

3.1 | Exploring future energy
consumption in residential buildings-
heating purpose

To investigate energy consumption for heating purposes,
the unit area of residential buildings was focused, rather
than focusing on residents of the building. Indeed, to
study the impact of building types on energy consump-
tion, it was assumed that energy was consumed in each
unit area of buildings. The section has investigated how
the growth of new construction or renovation projects
in each dwelling type may affect energy demand in the
residential sector. An overview of the whole data and the
needed assumptions have been shown in Figure 3.

The collected data were referred to the STATEC web-
site, created to respond to the need for the statistics service
by the Luxembourg government.’

3.1.1 | New construction

The main goal in this section was to investigate different
futures to explore various possibilities that might affect
the growth of energy consumption in residential build-
ings. Two key principles were found, driving the future
energy demand:

1. Growth of need happens as the result of increasing
the population, which has been noticed in this study.

2. Saturation effect; how wealthy consumers gradually
search for improving the quality of their food and
household goods.* By increasing the income, the con-
sumption will change, as well. Radical innovations
would be another reason to expect the growth of con-
sumption.* Studying the effect has not included in the
scope of this study.

Based on STATEC projections, a considerable growth of
population in Luxembourg until 2050 has been expected.’

It could be translated as big demand for new construction,
which is resulted in the growth of the future energy con-
sumption in residential sectors. Here, the building types
were noticed to find the impact on the energy consump-
tion in residential buildings.

The different possible future rates of new construction
and renovation activities in Luxembourg were explored
to obtain a suitable approximation of the future spread-
ing of the energy-efficient envelopes into the buildings.
However, before estimating the number of future build-
ings, it was needed to explore the historical trend of the
construction. For the energy issue, two types of buildings
with major shares in the residential sector were distin-
guished, single-family houses (SFH) and multi-family
houses (MFH).

As of March 2017, the register of buildings and hous-
ing counted 142,820 residential and semi-residential
buildings as well as 233,675 residential units in the Grand
Duchy of Luxembourg. Half of the accommodations were
classified in the single-family category, 35% in apartment
buildings, and about 15% in semi-residential buildingsl.9

As shown in Figure 4, the annual growth of multi-
family houses in Luxembourg has been increased com-
pared with the almost constant growth of single-family
houses.

There has been an obvious relation between the
growth rate of gross domestic product (GDP) and the
housing market.*® To study the future housing market,
the assumptions in the previous investigations were fol-
lowed. As reported in the literature, depending on GDP
growth, the annual demand for new buildings has ranged
from 7310-5881 residential units/year (GDP growth
1.5%) to 7310-6567 residential units/year (GDP growth
3%) between 2020 and 2050.° However, there was a need
to distinguish the changing share of single-family and
multi-family houses in the available data. Therefore, the
fraction of single-family houses to multi-family build-
ings in different decades was calculated and reported in
Table 1.

The share of SFH and MFH, in two perspectives 2030
and 2040, was assumed regarding the data reported in the
literature.’

Three scenarios in this study have been developed to
represent different possible futures. In the Greening of
Luxembourg, it was assumed that the growth of GDP
was 3%. Incrementalism represented a world with slower
growth of GDP, around 1.5%. The closed Book scenario
depicted a world with the most pessimistic assumptions.

In the Greening of Luxembourg, it was assumed at least
73,100 residential units have been added every 10 years.
Moreover, it was supposed that by improving the gross
domestic product the growth rate of single-family houses
compared with apartment buildings was increased.’
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FIGURE 3 An overview of the collected data and assumptions in the scenarios
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TABLE 1 Representing number of
Total Number of single- Number of single-family houses to sinele-famil hmf)se to the Iglumber of
Year dwellings family buildings total dwellings (Percent) & X ) y .
multi-family building
1990 114,468 9091 7.94
2000 199,638 20,900 10.47
2010 220,369 29,820 13.53
2018 263,607 39,564 15
In Incrementalism, it was assumed that 58,810 resi-  growth of multi-family buildings resulted. Therefore, the
dential units were added after 10 years.9 In this scenario, share of MFH in the total number of residential units was

lower GDP growth was assumed, and consequently, higher ~ increased.
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TABLE 2 Representing the number of two types of buildings in various scenarios

Increased number of

Total number of added
dwellings until 2040

dwellings per each decade

Number of new buildings

Total dwellings

Multi-family buildings

Single-family houses

ear

13,055
32,462
43,666

722

9091

1990
2000
2010

Historical data

2188
4035

20,900
29,820
39,564
39,204
38,049
58,979
63,351
3607

2705

58,657
58,810
62,262
75,593
79,595
59,007
69,185

5938
6534
6918

2018

ARABABADI ET AL.

121,072

2030

Scenario incrementalism (1.5% GDP growth)

2040
2030

155,188

8307
8122

Scenario Greening of Luxembourg (3% GDP growth)

2040
2030

128,192

11,080
13,296

Closed Book scenario

2040

In the closed Book scenario, it was assumed that the
number of residential units followed the Incrementalism
pattern while the difference was referred to the significant
growth of the MFH.

The existing scenarios in the literature were selected
to estimate the number of residential units.’ The assumed
number of residential units in the multi-family buildings
was, respectively, from the scenario with the highest GDP
growth, two, three, and five. Based on these assumptions,
the results have been presented in Table 2.

The main feature of Table 2 was to represent different
combinations of dwelling types to provide the needs of
residential units. This section has discussed how the com-
binations of dwelling types would affect heat demand.

For this purpose, it was needed to find reliable as-
sumptions for energy consumption in future residential
buildings. By supposing that the improvement in energy
consumption was related to insulation, shading, and ad-
vanced windows, then the corresponding figures for the
energy consumptions, based on the literature, for a multi-
family and single-family dwelling type were 133 and
155 kJ/m?/year, respectively.’”*® The supposed figures for
the consumption were pessimistically higher than what
was reported, representing the ideal condition. It has worth
mentioning that the figures were proportionally aligned
with the empirical data reported in the literature.>**

Estimating the floor area for each type of building was
necessary to calculate the final energy demand with the
method. As reported in the literature, on average, there
have been two rooms per person and there have been 2.3
persons per household, in Luxembourg.’ The average size
for each multi-family house was assumed around 75 sq.
meters equals 4.6 rooms per household. However, the
average living size for a single-family house was around
125 sq. meters.’ The total added area in the last column
in Table 3 was to show the difference between dwelling
types.

The number of dwellings in the Greening of
Luxembourg scenario was around 20 percent higher than
the closed book scenario, but the consumption was around
twice as presented in the last column of Table 4.

As shown in Table 4, the key parameter in the growth
of energy demand was the type of buildings, that is, being
single-family houses, or multi-family buildings.

3.1.2 | Scenarios for potentials of
renovation and impacts on energy use

The first step was to make assumptions for the number of
renovated buildings in two perspectives, 2030 and 2040.
Based on the first assumption, the renovated buildings
were suffered the needed changes for energy as well. The
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TABLE 3 Representing the comparison of area in different building types in the scenarios

Number of Surface area = Number of Surface area  Total added area
Year  buildings SFH SFH (m?) buildings MFH MFH (m?) (m?) until 2040

Scenario incrementalism 2030 39,204 4,900,500 6534 1,470,150 12,683,325

(1.5% GDP growth) 2040 38,049 4,756,125 6918 1,556,550
Scenario Greening of 2030 58,979 7,372,375 8307 1,246,050 17,755,600

Luxembourg (3% GDP 3049 63,351 7,918,875 8122 1,218,300

growth)
Closed Book scenario (The 2030 3607 450,875 11,080 4,155,000 7,719,400

high growth of multi- 2040 2705 338,125 13,296 4,986,000

family house trend)

TABLE 4 Comparison of total consumed energy in different building types based on unit of area in the scenarios

Surface area  Consumed Surface area  Consumed energy Total added
Year SFH(m?) energy SFH (kJ) MFH(m?) MFH (kJ) energy (kJ)
Scenario Incrementalism 2030 4,900,500 759,577,500 1,470,150 195,529,950 1,900,657,975
(1.5% GDP growth) 2040 4,756,125 737,199,375 1,556,550 208,351,150
Scenario Greening of 2030 7,372,375 1,142,718,125 1,246,050 165,724,650 2,697,902,300
Luxembourg 3% GDP 3040 7,918,875 1,227,425,625 1,218,300 162,033,900
growth)
Closed Book Scenario 2030 450,875 69,885,625 4,155,000 552,615,000 1,338,048,000
2040 338,125 52,409,375 4,986,000 663,138,000

construction date was referred to estimate the total num-
ber of buildings for renovation. Therefore, the buildings
with the construction date before 1990 were considered to
renovate, around 9813 units.’

In 2017, Luxembourg's building renovation rate was
<1%.* The assumed figures for the Closed Book scenario,
Incrementalism, and Greening of Luxembourg were 0.7%,
1.1%, and 1.4%, respectively.

Retrofitting in the existing houses in the Organization
for Economic Co-operation and Development (OECD)
countries was considered the potential for improving ef-
ficiency.** Important retrofit options have been efficient
windows and insulation. According to the literature, the
former option can save 39% of the space heating energy
demand in current buildings, while the latter can save up
to 32% of the needed energy.***

However, to show the impact of renovation, it was
assumed optimistically that the renovated cases have
experienced energy renovation. With a conservative
viewpoint, each renovated case was considered like a
single-family house, saving 100 kJ/m?/year per case.
The calculated number of buildings with the renova-
tion and the impact on energy consumption have been
shown in Table 5.

This section presented the impact of new construction
and renovated activities on added energy consumption

in possible futures with different shares of single-family
houses and multi-family buildings.

As observed in Table 5, the optimistic impact of reno-
vation projects on energy consumption was not compara-
ble with the effect of new construction.

3.2 | Exploring future mix of energy in
residential buildings

The other important issue in future of residential build-
ings has been the contribution of different energy carriers
to provide required energy services. Exploring the litera-
ture revealed that the contextual factors have affected the
penetration of renewable energy technologies into resi-
dential buildings.*® In this section, the strength of these
factors has been argued by generating three scenarios.
In the first part, future scenarios in the electrification of
residential buildings have been explored. Next, the pen-
etration of solar thermal technologies in residential build-
ings has been investigated. Finally, the future growth of
rooftop solar panel systems in the residential sector has
been studied. Local assumptions for the growth rate of the
considered technologies were made regarding its global
feature and the strength of the driving factors for each
technology in Luxembourg.
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TABLE 5 Representing the number of renovated buildings and saved energy in each case

Incrementalism Closed Book

Greening of Luxembourg

ARABABADI ET AL.

Number of Renovated

buildings

Number of Renovated

buildings

Number of renovated

buildings

Saved energy (kJ)

Saved energy (kJ)

Saved energy (kJ)

8,575,000
7,975,000

686
638

12,262,500
11,037,500

981
883

17,175,000
14,762,500

1374
1181

2030
2040

3.2.1 | Electrification in residential buildings
by heat pump

Electrification for heating purposes has been expected to
be delivered via heat pumps in the residential sector. Heat
pumps could take low-temperature heat from the environ-
ment and turn it into higher-temperature heat by using
electrical energy.**

The attention to this technology has been steadily in-
creased because it could also provide cooling. The task
of cooling in the Grand Duchy of Luxembourg climate
has not been significant. However, the demand for tech-
nology in housing has increased due to comfort reasons
as well as nearly zero-energy buildings.*’ Since heat-
ing and cooling have been provided through the same
investment, the profitability of investments has been
highlighted.

Except for the capital cost, there have been other effec-
tive contextual factors on the spreading of the technology,
discussed in the study. The pursued goal in this section
was to investigate the effective players in the growth of
heat pumps to find the share of the technology in future.

Present condition of heat pump technology in
Luxembourg

Regional scenarios or action plans in other countries have
been studied to find the scale of future growth of heat
pumps. The UK’s renewable energy target was to deliver
12% of its heat from renewables by 2020.*° However, the
EU has not set separate targets for the delivery of renew-
able heat.

The targeted figure for the share of heat pumps is
422 GWh (1519 TJ) in the energy system of Luxembourg
by 2030.*” Based on the literature, the whole oil-product
consumptions in the residential sectors were contributed
to 33% of total energy final consumption.*”® It could be
calculated that the whole heating demand in the residen-
tial sector in 2018 was 18,618 TJ. Consequently, the ap-
proximate share of generated heat by the heat pump in
Luxembourg has been around 0.5%.”

As shown in Figures 5 and 6, the annual growth rate
of the total number of heat pumps in Luxembourg was
exceeded the average number in EU-28. The remarkable
point was the considerable growth of ground source heat
pumps despite the slow growth of this technology in the
whole region of Europe. As shown in Figure 5, the avail-
ability of the ground source heat pump in Luxembourg
has reached around 30%.%

However, the replacement issue of conventional heat-
ing systems with heat pump technologies has been chal-
lenging regarding different retail costs of electricity and
fossil fuel carriers in different regions, which has not been
in the scope of the study.
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Contribution of heat pumps in future buildings

The general development path for most countries has
followed an early adoption of the technology in the new
single-family housing segment, followed by the renova-
tion segment for the same housing type.*® The supporting
reason for this development has come from the fact that
it has been easier to convince individual investors of the
benefits of heat pumps than to convince project develop-
ers or groups of individuals.” As mentioned, the develop-
ment of heat pump has been in the initial phase; therefore,
it was assumed that the first targeted type of dwelling was
the single-family house. This assumption fitted well with
the historical development of heat pumps in the United
States and Europe. As reported, by 2005, 8% of the US
homes used heat pumps as their primary heating system,
while 38% of new single-family houses in 2011 had heat
pumps as their primary system.”*** It was confirmed in
the literature that the single-family houses in Europe
have had the greatest potential to host the technology.**

Two main barriers to the growth of heat pumps in multi-
family buildings were heat capacity and heating supply
temperature.>

Three scenarios were generated to characterize
the development of the heat pumps in Luxembourg.
Therefore, the development of heat pump technology
was assumed in single-family houses. It was supposed
that 35% of new single-family houses has been equipped
with heat pumps in the ‘Greening of Luxembourg’ as
the optimistic scenario by 2030. The results have been
shown in Table 6.

It was assumed that heat pumps were penetrated in
single-family houses in renovation projects. Moreover, it
was supposed that the growth of heat pump in “Greening
of Luxembourg” has been limited to 10%. The results have
been presented in Table 7.

Based on the literature, the consumed electricity to
provide heat has been presented in Figure 7, depicting
the energy-saving impact of applying heat pumps.>® It was
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assumed around 30% of installed heat pumps was ground
source type and the rest of aerothermal heat pumps.

The highlighted feature of the scenarios was the high
dependency of the heat pump market on types of build-
ings, which has been argued in Section 4.

3.3 | Penetration of renewable
technologies in residential buildings

The section presented the future role of solar thermal and
rooftop solar photovoltaic panels in residential buildings
in Luxembourg.

3.3.1 | Solar thermal

Solar thermal system for residential applications has
known as a matured technology, successfully deployed in

Open Access,

FIGURE 7 Comparison of electricity
consumption for heat pump demand

vs. reduction in heat demand by 2040 in
scenarios

Closed Book Scenario-

2040

FIGURE 8 Representing the
annual growth rate of solar technologies
globally™

—@— Solar Thermal

PV

several countries for more than thirty years. However, on
the global scale, only 1.2% of space and water heating in
the buildings sector has been covered by the solar thermal
system.”’

Present and future condition of solar thermal

As reported, in large parts of Europe, but also China, these
applications have been come under increasing pressure
from photovoltaic systems and heat pumps and have lost
market share in recent years.”® The impact of overlap-
ping various renewable technologies has been shown in
Figure 8.

The growth rate of solar thermal in Luxembourg has
been shown in Figure 9, following the trend in Figure 8.
Based on the literature, the current share of solar ther-
mal has been around 0.3% in the energy system of
Luxembourg.’

The growth rate of installing the collectors for solar
thermal after 2009 has had a decreasing trend. The
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issue has been observed in Austria, Germany, and the
Netherlands.’® In Denmark, the market for the individual
system has been at a low capacity level, in the range of
2-10 MW //year, with a downward trend.*®

The reasons for the downward trend of solar thermal
compared with PV solar panels and heat pumps are as
follows:

1. In many scenarios, the share of electrification in res-
idential buildings has been considerably higher than
its current status. Electricity's share has been planned
to reach about 35% by 2050, compared to <20% today
in total final energy consumption.®®®® Therefore, at-
tention and incentives have been drawn to develop
electricity in building as the future energy carrier.

2. The type and the size of the system have been the other
important factors, as they could affect the investment
costs, or the proportion of useful solar energy provided
by the system. The levelized cost of heat has been a de-
cisive parameter and has been affected by the value of
local variables.®*%

In summary, it could be concluded that the role of
solar thermal in future residential buildings in the Grand
Duchy of Luxembourg would be negligible and ignored.
Therefore, the future growth of solar thermal would be
negligible in the residential sector.

2013 2014 2015 2016 2017 2018 2019

mmmm Accumulative solar thermal generation

Growth rate of solar thermal annually

3.3.2 | Rooftop solar panel in
residential sector

There has been a big difference between this specific tech-
nology and others like solar thermal or heat pump technol-
ogy. The difference has referred to the purpose of applying
the technology, used to generate electricity. Solar thermal
and heat pump technologies have been called alternatives
for the existing options. However, the case for generating
electricity via solar panels has been new in the residential
sector, and regarding the availability of grids, it has not
been recognized as a true need to generate electricity.

The growth of rooftop solar panels has been completely
affected by government policy. Indeed, the future growth
rate of solar electricity has been independent of the histor-
ical rate. The government and the made policies have been
responsible to describe the reasons for moving toward/
outward solar panels in different periods.®”*® As reported
in the literature, four scenarios were defined in the con-
text of Luxembourg.*®”° The predicted figure in scenarios
and the realized figure of the growth rate of solar PV in
Luxembourg have been presented in Table 8.

As observed, the occurred growth rate in the reality was
lower than what was predicted in the most pessimistic sce-
nario about the growth rate of solar PV in Luxembourg. The
presented data in Table 8 have emphasized the independent
growth of solar rooftop PV panels of historical trends.

TABLE 8 Comparison of scenarios for the growth rate of Solar PV and the realized figure

Ploss® Schén et al” Realized figure’
Scenario 1 Scenario 2 Scenario 3 Scenario 1 Based on statistics
5.6 MWp/annually 8.8 MWp/annually 12 MWp/annually 20 MWp/annually 3.6 MWp/annually
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FIGURE 11 Representing historical trend of household electricity consumption and retail price of electricity in Luxembourg®

Present condition of rooftop solar panel in Luxembourg
The recorded electricity generation by the solar systems
in 2019 was 130.3 GWh (469 TJ), in Luxembourg, which
was responsible for 8.81% of total renewable electricity in
Luxembourg." It was equivalent to 1.71% of total electric-
ity consumption in Luxembourg by 2019. Based on the lit-
erature, the planned figure for the share of PV, including
rooftop panel generation, in 2030 is 616 GWh (2217 TJ)
and this figure in 2040 is 729 Gwh (2624.4 TJ).*’

As reported in the literature, the available rooftop
area in Luxembourg is 9 km?.’ The technical potential of
the rooftop solar panels is 696 GWh/year. However, the
economic potential of the technology is 395 GWh/year
in Luxembourg.”! The technical potentials have been
referred to as the available suitable surface area, system
technical performance, and sustainability criteria, while
the economic potential has been mostly defined with tech-
nology costs and avoided supply costs.”*

To the best of the authors’ knowledge, there have been
no further data about the contribution of each sector (res-
idential, commercial, and industry) to generate electric-
ity via rooftop solar panels in Luxembourg. The provided

H naly H Portugal H Sweden

M France

B Norway
W Switzerinad [l UK MW Germany

M Finland B Austria W Luxembourg

l|'|l'

countries

0.35
0.3
0.25
02

€/kWh
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FIGURE 12 Comparison of retail electricity price and export
price to the grids in Luxembourg and countries with a high rate of
solar PV by 2019°

data in the literature were accumulative.” Therefore, the
global pattern has been referred to address the issue. The
global average contribution of the residential sector in
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the solar rooftop panels was around 34.5% between 2015
and 2020.7* The results have been presented in Figure 10
by assuming the same rate of rooftop solar panels in
Luxembourg.

Recognizing self-generation of electricity as a luxury
issue in Luxembourg

The generation of electricity in residential buildings has
been a new concept. Moreover, developing solar panels in
the sector has been challenging.®””>”* It has been already
stated that the growth of rooftop solar panels has been af-
fected by policy means.®””* The section analyzed the price
of energy carriers as an effective contextual factor for the
growth of solar PV technology.

It was assumed that the scale of the benefit of installing
rooftop solar panels in residential buildings has not been
beyond the cost reduction in electricity. Therefore, it was
a matter to what extent individuals in Luxembourg have
thought about electricity bills compared with other living
costs. In Figure 11, changing the retail price of electricity
since 2010 was compared with changing electricity con-
sumption in this period.

The noticeable issue was the response of modifi-
cation of consumption to the change of the price, ex-
plained by the concept of price elasticity. Standard
economic theory states that customers react to changes
in prices by adjusting their demand for the goods in
question.”® As it has been shown in Figure 11, there has
been a weak signal between the growth of price and re-
duction of electricity consumption. The high gross do-
mestic product per capita in Luxembourg has supported
the results in Figure 11. Moreover, households have
had a fixed rate for energy consumption with a base
rate tariff.”’ Consequently, there has been no concern
for people about the volatile wholesale market or show
any reaction even to drastic price changes.”® However,
easy access to electricity grids for new construction has
been another reason that reduces the motivation for the
self-generation of electricity in the residential sector.”
Therefore, the judgment that the electricity bills have
not been a problem for Luxembourgish residents is logi-
cal. Simply, concluding non-attractive features of rooftop
solar panels to tempt the public to take the challenges in
the residential sector is straightforward.

As shown in Figure 12, the retail price of electric-
ity and the export price of electricity to grids have been
compared in different countries with different ranges of
applying rooftop solar panels. Therefore, it is concluded
that the strength of the export price of power to the grids
in comparison with the retail price of electricity has not
been enough to increase the share of rooftop solar panels
in Luxembourg.®

3.3.3 | Discussing the generated scenarios
The generated scenarios in Section 3 were contributed
to supporting the built theories by presenting different
futures.

1. The generated scenarios revealed that the building
type has been an important factor affecting energy
consumption. The other accomplishment was to show
the impact of building types on the growth of energy
demand and hosting renewable technologies.

2. Exploring the penetration of renewable technologies
under different assumptions showed that solar thermal
technology would be an ignorable player in future of the
residential sector in Luxembourg. The reason support-
ing this consideration was the growth of electrification
trend in the residential buildings in all future energy
scenarios. It should be noted that the lower competi-
tive advantages of the solar thermal technology com-
pared to other similar technologies have been effective
as well. However, it was deduced that the short-term
growth rate of rooftop solar panels in the residential
sector has not been changed considerably. The major
obstacles in Luxembourg have been the price of energy
carriers, easy access to the grids for the new construc-
tion, and the price elasticity issue. Concluding the ig-
norable share of the solar thermal and solar PV panels
in the residential sector in the generated scenarios was
another raised issue.

3. The generated scenarios highlighted that the type of
dwellings would be strongly effective in the growth of
the heat pump technology in Luxembourg. Simply, the
growth of new single-family houses would accelerate
the number of heat pumps. Nevertheless, the limited
number of renovated projects would reduce the impact
of the technology.

4. The other derived result was referred to the types of
heat pumps reflecting the saving energy opportunity.
The amount of energy saving was affected by applying
different types of heat pumps, mentioned just for future
studies.

4 | DISCUSSION

4.1 | Limitations

It is important to acknowledge that there have been con-
siderable uncertainties in all these figures with the ac-
curacy of input data and thus projections significantly
varying across regions and variables. Data on population,
GDP, and households have been more reliable, whereas
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there have been much more uncertainties about the data
on floor space, building energy use, and specific energy
consumption. While such data have been neither collected
nor reported in developing countries like Luxembourg.
However, a lack of certainty has not affected the justifi-
cation process of the first theory. Nevertheless, the pre-
sented data have been supported by historical data.

The economic feature and social and environmental
aspects were not investigated in the considered viewpoint
to generate scenarios. Simply, the scenarios concentrated
on future market concerns.

Indeed, the increase in energy consumption was pro-
jected on the growth of living areas. Then, it was aimed
to tie the future energy need to future building types. The
highlighted issue was about the assumptions for future
construction, which might be different from the growth
of populations.

The other issue, which was assumed constant, was
about the proportion of ground source heat pumps to the
total number of heat pumps in future. Regarding this as-
sumption, the needed electricity would be affected.

It should be noted that the generated scenarios were
directed to support the built theories and not planned to
cover the whole domain.

4.2 | Discussing the results and
conclusions

The study was to address transition management. It was
organized to highlight some concerning issues of the fu-
ture in the residential section in Luxembourg. The con-
textual factors were investigated to find how the specific
features of the residential sector would be shaped in
Luxembourg.

Linking the dwelling types with the consumed energy
for heating purposes has been the topic of the first the-
ory. Section 3.1 was to present how the growth of single-
family houses versus multi-family houses could cause an
increase in energy consumption. Moreover, exploring the
spreading of renewable energy technologies in various
building types revealed that going toward energy demand
reduction has not had the same path as increasing pene-
tration of renewable technologies. The paradox has been
highlighted when it has been noticed that lower energy
demand in multi-family buildings has been accompanied
by a lower capacity of this type to host renewable energy
technologies. The first key achievement was to show the
low applicability of the strategy of increasing the share of
renewable sources to decrease the dependency on conven-
tional fuel sources with the carbon footprint.

The second theory was about the dependent charac-
ter of future energy issues. In other words, changes in

the existing energy system happen on a changing basis.
Spreading energy measures to increase efficiency or to
introduce a new energy carrier should be embedded in
a template of renovation or new construction activities.
Indeed, deciding about energy issues should happen at the
constructing phase of a project when there is no technol-
ogy or at the renovation phase when changes are started.
Therefore, in Luxembourg, it was hypothesized that the
construction is ahead. The second key accomplishment
was to show the high dependency of energy efficiency
schemes on construction activities. Simply, on the macro-
scale, the energy concerns should be addressed as a func-
tion of construction in the sector, not independently.

The third theory was to argue the higher priority of
energy concerns in the residential sector compared with
other sectors. It is about the different types of residential
units. The clients have been responsible for a decision,
which has had deep and lasting impacts on the future en-
ergy system in residential buildings. However, to prevent
any surprising results due to the growth of constructing
the residential units, it is needed to conduct the trend con-
sciously. It is a matter of clarifying the purpose of man-
aging the transition. Moreover, the theory has confirmed
that we already have entered into the transition path in
the residential sector. The third key point was about the
high priority of the sector to intervene to avoid a surpris-
ing future.

The important feature of the findings was to reveal the
consequence of the growth of each type of residential unit
on energy issues. Regarding the achievements, policymak-
ers could decide to go toward renewable energy by sus-
taining single-family houses or get away from fossil fuels
by limiting energy demand by supporting multi-family
buildings.

The significance of the paper has been referred to in-
troducing the types of buildings as a driver, which causes
two different results in the residential section:

1. Move toward the renewable energy
2. Get away from fossil fuels.

Adding new sources of energy will support bigger de-
mand. However, it is unprecedented for these additions
to cause a sustained reduction in the use of established
energy sources. The results have fit well with findings in
the literature.®* Founded on the literature, adding a new
energy source will not cause the transition from the es-
tablished energy sources. Moreover, the addition of newer
energy sources has simply allowed for a further increase
in overall energy consumption, rather than serving as a
replacement for older sources.®® In line with the literature,
the findings in the study have confirmed the distinction
of two pathways characterized by adding a new energy
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carrier or explained with limited energy consumption.
Nevertheless, deciding to go toward each pathway is a
matter of how to manage the transition.

ORCID
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ENDNOTE

! 1t refers to buildings that are used partly for residential purposes
and partly for non-residential purposes.
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