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Abstract

The purpose of this study is to conduct an analysis of energy consumption patterns within
diverse European households. It delves into the nexus of energy usage, socio-economic
structures, living patterns, and geographic factors. Utilizing a dataset collected from various
households across Europe, this research tries to identify the gaps in the current energy
calculation technologies used by planners, engineers and policy makers and their access to the
common European resident.

Furthermore, this thesis explores the interconnection between architectural design, technology,
and user behavior in shaping energy-efficient residential spaces. It delves into innovative energy
technologies that harmonize user preferences, habits, and comfort with optimized energy
consumption.

Additionally, this research highlights the need for energy monitoring and optimization
technologies that provide residents with actionable insights to efficiently manage energy use,
thereby encouraging responsible and sustainable living habits. By raising awareness and
enabling informed choices, residents have the chance to play an active role in conserving
energy, reducing their ecological impact, and embracing a more responsible lifestyle.

In conclusion, this research tries to contribute to understanding sustainable energy practices by
exploring the intricate relationships between energy consumption and a range of influential
factors within European households. The insights gained may pave the way for the development
of personalized residential energy technologies, fostering energy conservation, mitigating
environmental impacts, and enhancing overall living standards across diverse consumer
segments.
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1. Introduction

In the realm of residential energy management, understanding the distinction between energy
demand and energy consumption holds paramount significance. While energy demand signifies
the total energy required for various building service activities and more so the energy required
during the construction phase of a building, energy consumption represents the actual utilization
of energy resources during occupation phase that is primarily influenced by user behavior and
preferences. Delving into the intricate relationship between these two factors serves as a crucial
foundation for devising sustainable energy solutions and fostering efficient residential energy
practices.

This thesis aims to explore and analyze the dynamics of energy consumption within the
residential sector, shedding light on the pivotal role of this interplay in promoting sustainable
energy usage.
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Figure 1: a Venn Diagram illustrating how Energy Demand, driven by diverse building services and the
building envelope, interconnects with Energy Consumption, primarily influenced by human factors.
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Recent studies, including those in the European Commission's report [1], consistently talk about
excessive energy use and carbon emissions majorly coming from residential buildings. This
trend emphasizes the critical need to change inefficiencies and reduce emissions in our living
spaces. Notably, the European Union (EU) has committed to an ambitious target of reducing
GHG emissions by 80-95% by 2050 [2], magnifying the importance of reevaluating our
approach to residential energy consumption.

https://commission.europa.eu/news/focus-energy-and-smart-cities-2022-07-13_en

https://ec.europa.eu/clima/policies/strategies/2030 _en

Residential buildings are significant contributors to two closely linked challenges: the rising
emissions of greenhouse gasses (GHGs) that drive climate change and the increasing
consumption of energy that strains finite resources. As urban populations expand and lifestyles
evolve, the energy requirements of homes are surging, underscoring the urgency to confront the
environmental consequences of urban residential living.

Without effective measures to curtail energy consumption, greenhouse gas emissions are
predicted to remain steady or even rise in developed countries, contradicting the objectives of
transitioning to low-carbon economies.There is an increased emphasis on sustainable practices
that requires more resolute action. It is especially vital to focus on energy consumption in
buildings, given that they account for a substantial proportion of energy usage in the European
Union.

1.1. Energy Consumption Trends in the EU

Household energy consumption is notably elevated for several reasons. First, homes
encompass a diverse array of energy-demanding activities, from heating and cooling to
lighting and cooking. This multiplicity of needs significantly contributes to higher
consumption levels.

Household energy consumption is elevated due to a mix of factors: diverse
energy-demanding activities, numerous appliances, comfort expectations, inefficient
buildings, behavioral habits, consumerism, urbanization, and economic growth.

The built environment generates 40% of annual global CO2 emissions.

Of those total emissions, building operations are responsible for 27% annually, while
building and infrastructure materials and construction (typically referred to as embodied
carbon) are responsible for an additional 13% annually. [3]

12


https://commission.europa.eu/news/focus-energy-and-smart-cities-2022-07-13_en
https://ec.europa.eu/clima/policies/strategies/2030_en
https://architecture2030.org/why-the-built-environment/.
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Building Construction Industry and Other Construction Industry represent emissions
from concrete, steel, and aluminum for buildings and infrastructure respectively.

The study of the factors influencing energy consumption has been extensively explored
in global literature for over three decades. Earlier studies, such as that of Van Raaij and
Verhallen (1983), identified several drivers of household electricity consumption
behavior, including energy-related attitudes, individual characteristics,
socio-demographics, building features, energy costs, feedback mechanisms, and
general energy-related information. Recent research by Kelly (2011) in England and
Gruber and Scholmann (2006) in Germany highlighted factors like household size, floor
area, income, dwelling efficiency, and heating patterns as key determinants of residential
energy consumption. Similar findings from Bartiaux and Gram-Hanssen (2005) in
Belgium and Denmark emphasized family size, household area, and the number of
appliances as influential factors. A comprehensive review by Jones et al. (2015)
consolidated various studies examining socio-economic, dwelling-related, and
appliance-related factors that impact electricity usage in the residential sector. [4]
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Figure 2: typical section of a house illustrating the various sources of residential energy consumption.
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Figure 3: summary of household energy consumption by end use in the EU through the years 2000-2021.
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1.2. The Problem

Traditionally, efforts to mitigate excessive energy consumption from homes have
predominantly centered on governmental policies, building regulations, and building
service upgrades. However, these approaches encounter hurdles when it comes to
effectively engaging and empowering individual residents to participate actively in
achieving energy efficiency. In response, a new approach is gaining traction — one that
places the onus of change directly in the hands of residents.

The call to empower residents resonates even more urgently against the backdrop of the
current energy crisis. Escalating energy demands, coupled with supply constraints and
geopolitical tensions, have led to an energy crisis that impacts residents directly. The
ramifications include volatile energy prices, increased financial burden on households,
and concerns over energy availability. As such, the need for more sustainable and
responsible energy consumption practices is heightened.

1.2.1. The Energy Crisis in the EU

Transition Struggles: The EU energy crisis stems from the complex shift away from fossil
fuels, challenging member states to balance energy demands while reducing carbon
emissions.

Gas Dependency Vulnerability: Heavy reliance on gas imports from specific regions
exposes the EU to supply disruptions due to geopolitical tensions and pipeline issues,
highlighting the need for diversified energy sources.

Household Impact: Consumers face escalating energy costs due to supply strains,
underlining the delicate balance between ensuring affordable energy access and
pursuing green objectives.

Energy consumption per capita, 2021

o Energy Poverty in Europe
- A Share of households unable to adequately heat
- E“. ss their homes in 2021 (in %)*

res

A=
> R

. >
78 175~ "19.4e

* or latest available data: 2020, 2019.
Source: Eurostat

statista%

Figure 4: map of Europe showing energy ~ Figure 5: map of Europe showing energy
consumption per capita poverty per country
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1.2.2. The Problem Statement

Managing household energy consumption in the EU is challenging due to surging energy
bills from supply disruptions, uncertain availability causing inconvenience, limited
sustainable options causing environmental concerns, and a reduced quality of life from
inadequate heating, cooling, and lighting.

"How might we empower users in the EU to regain control over their household energy
consumption amidst the ongoing energy crisis?"

WHAT RESIDENTS HAVE TO SAY :

1 2 3

Escalating Costs:
The EU energy
crisis raises
household energy
bills due to supply
disruptions and
rising demand,
straining budgets
and affordability.

Unpredictable
Availability:
The crisis reveals
supply chain
vulnerabilities,
creating
uncertainty in
energy availability
that disrupts
routines and causes
inconvenience.

Environmental
Concerns:
The crisis highlights
sustainable needs,
but residents may
feel limited in
options. Balancing
conservation and
crisis challenges
raises
environmental
concerns.

Quality of Life
Impact:

The crisis reduces
resident quality of
life, affecting
comfort due to
inadequate heating,
cooling, and
lighting. This
emphasizes
tangible impacts of
energy shortages

on daily life.

Figure 6: Image highlighting what European residents have to say about their energy concerns.

1.3. The Solution?

Empowering residents aligns with a fresh perspective on energy models, emphasizing
people-centered solutions. Rather than relying solely on overarching strategies, this
approach spotlights the collective influence of everyday residents. By equipping
residents with tools and insights to manage their energy consumption, we not only
enhance energy efficiency but also foster a sense of ownership in contributing to
sustainability.

This movement towards empowering residents takes a grassroots approach, recognizing
that individual actions cumulatively drive substantial change. As residents actively
engage in managing their homes’ energy consumption, the path towards a greener
future becomes increasingly tangible.



1.3.1. The Hypothesis Statement

By developing a comprehensive Home Energy Monitoring and Optimization Technology,
tailored to the specific energy dynamics and needs of households in the EU, we
anticipate that users will gain real-time insights into their energy usage patterns.

This will enable informed decision-making, leading to significant reductions in energy
consumption. The app's personalized recommendations, adaptive energy-saving tips,
and integration with sustainable energy sources should contribute to a measurable
decrease in surging energy bills, alleviation of environmental concerns, and an improved
quality of life through enhanced comfort and well-being for residents.

2. Research Questions

17

What are the primary challenges and opportunities in shifting the responsibility for
energy efficiency from overarching strategies to individual residents, and how does this
approach foster a sense of ownership and commitment to sustainability?

e This question closely ties to the hypothesis by focusing on the challenges and
benefits of empowering residents and how this shift can lead to enhanced
commitment to sustainable practices.

How does the empowerment of residents to actively manage their homes' energy
consumption contribute to mitigating the impacts of the current energy crisis, including
financial burdens, volatile energy prices, and concerns over energy availability?

e This question directly addresses the connection between empowering residents
and the positive impacts it can have in the context of the current energy crisis.

What role do architectural design, technology integration, and user behavior play in
shaping energy-efficient residential spaces, and how can these factors be harmonized to
achieve optimized energy consumption while ensuring resident comfort and
preferences?

e This question reflects the emphasis on exploring the convergence of architectural
design, technology, and user behavior for energy efficiency, while aligning with
the theme of user-centric optimization.



3. Literature Review

To conduct a comprehensive research outlined in the previous section, it is necessary to
conduct a thorough literature review that covers several key areas. Its main aim is to synthesize
and critically analyze existing knowledge in these areas, identify gaps in the literature, and
highlight the relevance of the research questions in addressing those gaps. This foundation will
guide the research design, methodology, and contribute to the overall structure and argument of
this thesis.

3.1. Energy Crisis and Sustainability Initiatives

The current energy crisis is a pressing global issue characterized by growing energy
demands, dwindling fossil fuel reserves, and environmental concerns. This section
delves into the impacts of this crisis on households, governmental and global
sustainability initiatives, and how empowering residents aligns with these efforts,
contributing to a more sustainable energy landscape.

i. Impacts on Households: The energy crisis affects households in various ways.
Escalating energy costs strain family budgets, leading to financial burdens. Additionally,
unreliable energy sources disrupt daily life and can result in discomfort and
inconvenience for residents (EIA, 2020) [5]. Vulnerable populations often face increased
energy poverty, exacerbating social inequalities (Bouzarovski et al., 2019) [6].

https://www.eia.qov/todayinenerqy/detail.php ?id=44536

i. Governmental Initiatives: Governments worldwide are implementing policies and
initiatives to combat the energy crisis and promote sustainability. For instance, the
European Union's Green Deal aims to make Europe the world's first climate-neutral
continent by 2050, focusing on energy efficiency and renewable energy (European
Commission, 2021) [7]. The U.S. has introduced incentives for renewable energy
adoption and emissions reduction (EIA, 2021) [8].

https.//ec.europa.eu/info/strateqy/priorities-2019-2024/european-green-deal_en

https:.//www.eia.qgov/energyexplained/renewable-sources/federal-financial-incentives.php
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https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://www.eia.gov/energyexplained/renewable-sources/federal-financial-incentives.php
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Global Sustainability Initiatives: International organizations, such as the United Nations'
Sustainable Development Goals (SDGs) [9], emphasize access to clean and affordable
energy (UN, 2021). The Paris Agreement seeks to limit global warming, making the
transition to renewable energy a priority (UNFCCC, 2015) [10].

Retrieved from https://sdgs.un.org/qoals

Empowering Residents: Empowering residents plays a pivotal role in achieving
sustainability goals. Encouraging energy-efficient practices and renewable energy
adoption at the household level can reduce energy consumption and carbon emissions
(Shove, 2017) [11]. Initiatives like community solar programs enable residents to
participate in renewable energy generation (Rai et al., 2019 [12]

Contribution to Sustainability: Empowering residents aligns with governmental and global
sustainability initiatives. When households adopt energy-efficient technologies and
behaviors, they contribute to reducing greenhouse gas emissions, alleviating energy
poverty, and enhancing energy security (IEA, 2020) [13]. Moreover, residents become
active participants in the transition to a sustainable energy landscape.

The current energy crisis has multifaceted impacts on households, necessitating
governmental and global sustainability efforts. Empowering residents through
energy-efficient practices and renewable energy adoption not only aligns with these
initiatives but also plays a crucial role in achieving a more sustainable energy landscape.
Collaboration among governments, organizations, and residents is essential for
mitigating the energy crisis and creating a greener and more equitable future.


https://sdgs.un.org/goals
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://www.iea.org/reports/global-energy-review-2020
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3.2. Relation between Energy Usage, Socio-Economic

Structures, Living Patterns, and Geographic Factors

According to a research paper by Dar-Mousa, R.N Makhamreh, Z, [14] energy
consumption is influenced by the characteristics of households which include building
size, household income, total energy cost, and building characteristics (e.g., building
design, age, location, and using thermal insulation system for buildings).

https.//doi.org/10.1186/s13705-019-0197-0

In another research paper by Neagu O, Teodoru MC, [15] investigations are made into
the long-term relationship between economic complexity, energy consumption structure,
and greenhouse gas emissions across a panel of European Union countries.

https://doi.org/10.3390/su11020497

The average energy consumption in the EU is 1.3 toe/dwelling in 2019. There are large
disparities between countries, even after adjustment to the same climate, ranging from
0.5 toe/dwelling in Malta to 2.3 toe/dwelling in Luxembourg. This unit consumption has
been decreasing in most countries since 2000 (-1.0%/year at EU level) [16]

https://www.enerdata.net/publications/executive-briefing/households-energy-efficiency.html


https://doi.org/10.1186/s13705-019-0197-0
https://doi.org/10.3390/su11020497
https://www.enerdata.net/publications/executive-briefing/households-energy-efficiency.html
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Figure 7: Radar chart demonstrating the highest energy consuming countries in the EU throughout the
years. (Energy consumption per dwelling, scaled to the EU average climate)

Nordic Countries : Sweden, Finland, Estonia, Latvia

Eastern European Countries : Lithuania, Bulgaria, Romania, Poland, Slovenia, Slovakia, Czech Republic,
Hungary, Croatia

Southern European Countries : Malta, Portugal, Cyprus, Spain, Greece, Italy

Western European Countries : Switzerland, Netherlands, Germany, Austria, France, Belgium, Luxembourg

* 0-2.5 toe/dwelling - The tonne of oil equivalent (toe) is a unit of energy defined as the amount of energy
released by burning one tonne of crude oil. It is approximately 42 gigajoules or 11.630 megawatt-hours.

This analysis in the research paper by Neagu O and Teodoru MC is further divided into
two subpanels: (i) European economies with higher economic complexity and (ii)
European economies with lower economic complexity. The study takes into account the
heterogeneity among European countries and employs a heterogeneous panel
technique.

The key findings of the paper reveal the existence of a long-term equilibrium relationship
among economic complexity, energy consumption structure, and greenhouse gas
emissions across all three panels. Specifically:

Impact of Economic Complexity: The research reveals that economic complexity,
regardless of its level, significantly impacts greenhouse gas emissions in all scenarios.
This suggests that as economic complexity rises, its effect on emissions becomes
notably stronger in countries with lower economic complexity.

Energy Consumption Structure: The structure of energy consumption also plays a
significant role in determining greenhouse gas emissions. The study suggests that as the
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energy balance shifts toward non-renewable energy consumption, the risk of increased
pollution, as measured by greenhouse gas emissions, rises.

Policy Implications: The paper underscores the importance of considering economic
complexity as a crucial variable when formulating national economic and energy policies.
It implies that policymakers should tailor their strategies to the specific economic and
energy contexts of their countries.

In conclusion, the research highlights the intricate relationship between economic
complexity, energy consumption patterns, and greenhouse gas emissions in European
Union countries. It emphasizes the need for sustainability-oriented approaches adapted
to the unique characteristics of each country, to mitigate the environmental impact of
economic growth; further underscoring the hypothesis that equipping residents with tools
and insights to manage their energy consumption rather than solely relying on
governmental policies, building regulations, and technological upgrades could
cumulatively drive substantial change.

3.3. Architectural Design and Energy Efficiency

Architectural design plays a pivotal role in promoting energy efficiency and sustainability
in the built environment. By incorporating thoughtful principles and strategies into the
design process, architects, engineers and designers can create buildings that not only
minimize energy consumption but also enhance the overall quality of the indoor
environment. This could encompass passive design strategies, building envelope
optimization, and innovative architectural solutions for reduced energy consumption.

One approach commonly adopted by architectural firms throughout Europe involves
collaborating with leading climate engineers to create climate-responsive buildings.
These structures aim to optimize energy efficiency while prioritizing a superior indoor
comfort experience for occupants. During my internship at Transsolar Energietechnik
(TS) , one such leading climate engineering firm, | gained insights into the strategies and
methodologies employed by these engineers and designers to reduce energy usage on
a building scale.

Transsolar Energietechnik (TS) GmbH, a climate engineering firm based in Germany,
distinguishes itself by adopting a collaborative approach in building design. They work
closely with clients, architects, mechanical engineers, and various consultants right from
the initial stages of a project, emphasizing fundamental thermodynamics and physics at
every step. This approach results in a comprehensive solution where local conditions,
architectural form, materials, and mechanical systems seamlessly integrate into a
well-coordinated climate control system. The primary goal is to not only reduce
operational costs but also enhance the comfort of occupants.
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Transsolar's methodology extends beyond typical energy conservation measures, such
as optimizing the thermal properties of the building envelope and the efficiency of
technical equipment. Instead, they pursue a holistic design perspective that
acknowledges the intricate interplay of factors influencing comfort. Their focus
encompasses considerations like air temperature, natural ventilation, air quality,
acoustics, daylighting, material selection, and the overall well-being of individuals — an
approach that caters to the human experience on a personal scale. [17]

https://transsolar.com/approach/klimaengineering

Please note: the following section contains information owned by Transsolar
Energietechnik (TS) GmbH and is presented here exclusively to explain the company’s
methodology. It serves the sole purpose of highlighting the significance of climate
responsive architectural design and certain prominent methodologies applied by leading
architects and engineers to design energy efficient and sustainable built environments.

3.3.1. Transsolar’s Approach

Transsolar engineers engage in a unique process of conducting climate responsive
calculations and building simulations. Their work is to ensure that the architectural
design of buildings harmonizes seamlessly with the environment, reflecting their
commitment to climate-responsive principles. They then present the results of these
simulations, the resulting analysis and conclusive climate concept to the concerned
stakeholders (such as architects, builders, engineers, etc.) in order to aid them in
constructing a holistic, sustainable building. The key pillars of Transsolar's strategy
encompass:

e Streamlining the embodied energy within building construction.
e Minimizing energy demands during the operational phase of structures.

e Optimizing overall energy efficiency.

e Balancing any residual energy requirements with on-site renewable sources.

Weather Analysis : At the core of climate-responsive design lies the consideration of a
building's environment and its geographical setting, all aimed at ensuring optimal user
comfort. In pursuit of this, Transsolar's engineers delve deeply into the weather patterns
specific to the building's location during the project's inception. This meticulous
examination equips them to offer tailored climate concepts that align harmoniously with
the site's conditions.


https://transsolar.com/approach/klimaengineering
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For this, among other tools, they use the weather+FET.xIs tool which requires a specific
type of weather input data - the IWEC weather file.

20 101 3105 2007, 0800 2810 1712
o000 0000 00.00 000 0000 0000 00,00

—Casice A Temgematine (0] — Hanchte Humicry [5be]

Figure 8: graph showing outdoor air temperature
and absolute humidity for a project in Mumbai,
India. (The graph was produced by the author,
using tools owned by TS)

Iwec Mumbai
Horizontal

Feb nar g sy aun K g sep aa N [

Tolal TEUKANTES  WGrond Keflection S KRS WOMUSS Radieton 905 MANTT W Sam Kaditen 925 kAN

Figure 9: bar chart showing annual horizontal solar
radiation for a project in Mumbai, India. (The chart
was produced by the author, using tools owned by
TS)
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Figure 10: graph showing annual adaptive comfort
range for a project in Mumbai, India. (The graph
was produced by the author, using tools owned by
TS)
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Figure 11: chart showing annual wind direction for
a project in Mumbai, India. (The chart was
produced by the author, using tools owned by TS)
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Daylight Studies : Daylight studies are vital for optimal building lighting. Inadequate
natural light leads to excessive artificial lighting and energy use. However, too much
daylight results in glare and overheating. These studies, done early in design, assess
architectural options to choose the best design and fagade that balance light and

comfort.

e Daylight Factor : The Daylight Factor (DF) is crucial, representing internal (Ep) to
external (Ea) horizontal illuminance ratio during overcast skies (95% cloud
cover).

Expressed as DF = Ep / Ea,

It's reliable due to its indifference to sky factors and time.

Daylight Factor simulations use Climate Studio, a CAD plugin, for advanced
daylight analysis. Material setup in Climate Studio, with attributes like visible
reflectance (Rvis) for light reflection and visible transmittance (Tvis) for
translucency, is crucial. Two other glazing properties, U-Value (thermal
transmittance) and SHGC (solar heat gain), impact thermal calculations and
window performance.

6 scloct Material X

Atlantica - Clear

=4326
02/m] = 74962

1~ Atlanica 6mm Emerald Green 5.7 [mm]
2 Air- EN6T2 127 [mm]
3 Clear Floal Glass Clear 5.8 [mim]

O [ Defat tibrary v

6 sclect Material X

Beige Painted wall
Type Glossy
Reflectance 66.10%
Speculor 021%
Difuse 67.69%
R 0737
0669

d Comfort Lab, SUTD

0 | Defautt Library. v

is K UVl [W/(*-K]] SHGC
Single  663% 6. 64% 582 053

Double  S86%  102%  13a% 253 040
Double  SB6%  102%  134% 248 040
Double 45%%  G1%  83% 166 030
Double  458%  &1%  83% 136 030
Double  459%  81%  83% 126 029
Double 402%  108%  181% 166 029

Roughness Ruisitot) Rvis(iff) Rvisispec) Tuisitot)
020 3% 635% 1% 00%
020 501%  5e4%  06% 0%
020 BI% 2% 0% 00%
020 T5I%  748%  10%  00%
010 852%  alow A% 00%

Figure 12: typical glazing library in climate
studio

Figure 13: typical material library in climate
studio

e Daylight Availability : Climate Studio, a Rhino plugin, smoothly integrates with
Rhino 3D for Daylight Availability simulations. Material assignment remains
important. Unlike Daylight Factor, precise location and weather file selection
matter for Daylight Availability simulations.
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Useful Daylight llluminance (UDI) is a key metric, gauges the frequency at which
daylight levels are categorized into the following four ranges:

- Failing: UDI < 100 lux
- Supplemental: between 100 and 300 lux
- Autonomous: between 300 and 3000 lux

- Excessive: > 3000 lux

M Failing ()
[ Supplemental (s)
Autonomous (a)

Excessive (e)

100 300 3000 be

Spaial distribusion map [ & -

Figure 14: lllustration showing the areas with failing, supplemental, autonomous and excessive UDI for a
project in Weisbaden, Germany. (The image was produced by the author, using tools owned by TS)

Glare Evaluation : In tandem with daylight studies, glare assessments play a pivotal role
in integrating visual comfort within a building. Glare, arising from intense light (be it
sunlight, reflections, or artificial illumination), introduces visual challenges by hindering
clear vision.

The insights gained from glare studies are significant in pinpointing scenarios where
excessive glare poses issues. These findings serve as a basis for recommending
strategies such as window shading, structural shading, and internal shading.

Solar Radiation Simulations : Solar radiation studies involve analyzing the sun's energy
distribution on and around a building. They're valuable for building design as they help
optimize energy efficiency and comfort. By assessing solar angles and intensities,
designers can position windows, shading devices, and solar panels effectively. This
ensures maximum natural light, minimal heat gain, and efficient energy utilization,
ultimately enhancing occupant comfort and reducing energy costs.

These studies serve a key purpose: identifying optimal surfaces, such as roofs or
facades, for the installation of photovoltaic panels. These panels harness solar energy,
and the simulation process computes the potential energy collection. The surfaces



receiving the highest solar energy emerge as prime candidates for photovoltaic panel
installation.

Transsolar employs two distinct methods, which will be illustrated as follows :

Grasshopper Method : The first solar radiation simulation method uses
Grasshopper, a visual interface for Rhinoceros 3D software. Transsolar provides
a template in Grasshopper for these simulations. This template simplifies finding
the average annual solar energy absorbed by a surface.

Here's how it works:

- Input the weather file for the building's location. This file contains
essential solar radiation data, including direct normal and diffuse
horizontal radiation (Wh/m?), and location specifics like latitude, longitude,
time zone, and elevation.

- Add geometry for analysis and obstructions that might block solar
radiation.

- Define the grid size for the cells in the analyzed geometry.

This process streamlines solar energy analysis, aiding in better design decisions.

The outcome is a set of numbers showing total radiation for each grid cell
(kWh/m?2). These numbers can be shown as color-coded visuals with adjustable
legends. You can also calculate the average radiation in the Grasshopper tool.

However, this approach doesn't include energy reflected. As a comparison,
vertical surfaces usually get 20-30% solar energy from ground reflections.

Figure 15: The analysis model for the solar Figure 16: The top view of the
radiation simulation using the grasshopper roof with the simulation results for
method for a project in Koblenz, Germany. (The a project in Koblenz, Germany.
graph was produced by the author, using tools (The graph was produced by the
owned by TS) author, using tools owned by TS)

27
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e Climate Studio Method : Another way to perform solar radiation simulations is
using the Rhino plugin Climate Studio. This versatile tool evaluates
environmental performance for buildings and urban areas. In this method, the
entire geometry is considered, accounting for obstructions and reflections. The
process involves selecting the surface of interest as a grid, with adjustable grid

sizes for varying precision. Climate Studio incorporates location and weather
data.

Unlike Grasshopper, this method factors in solar reflections. Specific optical
properties are assigned to elements via materials, enhancing realism.

Results are presented similarly: adjusting the legend range and calculating

average solar energy on a surface. This approach offers comprehensive insights
into environmental performance.
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p— - 147 m? 1/ 553 kWh/m*a n
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Figure 17: An example of solar radiation studies and its results for a project in Kéln, Germany.(The
graph was produced by the author, using tools owned by TS)

Potential PV Calculation : Solar radiation simulations play a crucial role in estimating the
harvestable solar energy from photovoltaic panels (PV). These panels are useful in
converting solar energy into electricity. Determining the potential output of photovoltaic
electricity necessitates factoring in the efficiency of the photovoltaic panels.
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During the preliminary stages of analysis, when the PV model has not yet been finalized,
the following efficiency percentage is considered:

Location of PV Panels Efficiency of the PV panel (n )
Facade 14%
Roof 21%

Table 1: Assumed efficiency of PV panels depending on their location.

In practice, achieving complete coverage of the intended surface with photovoltaic
panels is unfeasible. Typically, the PV coverage, denoted as 'c,' is considered to be
around 70% of the total available surface area. As a result, the potential electricity
generation through photovoltaic panels can be computed using the following equation:
Epv =EsxAxnp, xcC

were,

- Epy is the annual photovoltaic electricity production (in kWh/a, afterwards
converted in MWh/a);

- Es is the annual mean solar energy that falls into the surface of interest (in
kWh/m2a);

- Athe area of interest (in m2);

- nPV the efficiency of PV panels detailed in Table 1;

- cthe PV coverage for the surface of interest.

This equation shows how annual photovoltaic electricity production relates to average
annual solar irradiance. This highlights the need to choose surfaces with the highest
solar energy for PV installation on buildings, maximizing energy output.

PV _Area C I ™ PV frea C

817 kWh/m? -yr ] 774 KWh/m2 -yr

0 1200
PV — Area A 000000 v PV -Area B

1062 KWh/m? -yr 957 KWhim v

Figure 18: An example of how PV potential is calculated for a market hall project using the Climate Studio
tool. (The graphic was produced by the author, using tools owned by TS)
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PV —Area A PV —Area B PV -Area C
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Figure 19: Key plan illustrating the division | Figure 20: Variation of PV panel placement for

on PV zones based on radiation studies optimized PV output for a market hall project using
for a market hall project using the Climate | the Climate Studio tool. (The graphic was produced
Studio tool. (The graphic was produced by | by the author, using tools owned by TS)

the author, using tools owned by TS)

Dach
Simuktion Surfsce Geschoss Flsche [m?] durchn. Binstrshiung [Whinfia]  Efizie PV Balzgung sp==. PV Ertrag [WWh/niia] | PV Ertrag [MVWha]
Vila C - roof 10G-206 30 958 21% 40% 0 x5
Vila D - roof 40G-50G 550 258 21% 40% 0 44
illa E - roof 40G-50G 591 953 21% 40% 0 47
118
Fassade
Simuilstion Surfsce Geschoss Flsche [m™) durchn. Binstrahiung [KWhinfia]  Efizierz PV Belegung spe. PV Ertrag [WAhinis] | PV Ertrag [MWhia]
Villa C - Nord (Linear) 10G-10G 326 135 4% 0% ] 3
Vil C - Nord {Algned) 40G-50G 27 an 14% 0% 16 4
Villa C - Siid {Linear) 10G-10G 147 553 4% 0% 23 3
Villa C: - Sid (Algned) 40G-50G 243 TR 14% 0% 1 2
Villa C - Ost {Linzar) 10G-206 161 e 14% 0% 16 2
Villa G - Ost {Aigred) 40G-E805 104 453 4% 0% 19 e
Villa C: - West (Linear) 10G-206 a7 214 14% 0% 9 1
Vile C - West (Aligned) 40G-80G &7 628 4% 0% s} 2
i}
Simulstion Surface Geschoss. Flsche [m?) durchn. Binstrahiung [KWhintia]  Efizien PY Bel=gung sp=z. PV Ertrag [KWWh/niia] | PV Ertrag [MVWha]
Vil D - MNord {Algned) 40G-50G 16 421 14% 0% 12 2
Vila D - Siid {Linear) 10G-10G 187 875 4% 0% 2B 5
Villa O - Siid (Aligned) 40G-50G 126 TE2 14% 0% 1 4
Villa D - Ost {Linzar) 10G-206 v ) Y 14% 0% 16 5
Villa O - st {Aligned) 405500 241 461 4% 0% 192 £
Villa O - West (Linear) 10G-206 186 508 14% 0% 2 4
Vile D - Wizst {Aligned) 40G-80G Te 620 4% % ] 3
33
Simulstion Surface Geschoss. Flsche [m?) durchn. Binstrahiung [KWhintia]  Efizien PY Bel=gung sp=z. PV Ertrag [KWWh/niia] | PV Ertrag [MVWha]
Villa E - Mord {Linear) 10G-206 518 222 14% 0% 1] 5
Vilk E - Nord [Aligned) 403-80G 35T 444 14 0% 19 T
Vil E - Siid (Linear) 10G-206 511 a8 14 0% 28 "
Vila E - Siid (Algned) 40G-50G 51 810 14 0% S 2
Villa E - Ost {Aligned) 405500 114 432 14 0% 12 2
Villa E - West (Linsar) 10G-206 a7 428 14 0% 20 2
Vils E - Wast (Aligned) 40G-80G 52 204 14 % 4 2
Ty

Table 2: Table showing PV output calculations for roof as well as fagade for a commercial project in
Koéln, Germany. (The table was produced by the author, using tools owned by TS)

Thermal Zoning : Thermal zoning divides a building into areas with different thermal
behaviors, vital for accurate analysis. Here's why it's important:

- Varied Conditions: Different parts of a building experience diverse thermal
conditions due to sunlight, internal heat, and ventilation. Zoning captures these
differences.
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- Comfort: Occupants have varied comfort levels. Zoning tailors HVAC and
insulation, optimizing comfort.

- Energy Efficiency: Zones have distinct heating/cooling needs. Zoning allows
efficient strategies, saving energy.

- HVAC Design: Zoning guides heating, cooling, and ventilation sizing, preventing
inefficiencies.

- Thermal Bridges: Zoning identifies areas with significant heat loss/gain, aiding
energy conservation.

- Compliance: Codes often need accurate energy simulations by zone.

At Transsolar, engineers follow a systematic process for thermal zoning. They import
architects' floor plans into Rhino CAD software. Then they create separate layers based
on criteria like orientation, usage, facade count, room depth, and height. This organized
setup then undergoes a predefined Grasshopper code, Transsolar's in-house tool,
streamlining the process.

Results include accurate visuals accessible in Rhino as well as numerical data such as
zone areas, main facade length, room depth, etc. This data can be easily brought into
Excel, aiding future thermal simulations and analysis.

Thermo-dynamic Simulation : Thermodynamic simulations for buildings help us
understand how structures manage heat in different environments. These simulations
analyze heat flow, temperature patterns, and energy use within the building. They
explore how heat moves through materials, walls, windows, etc., offering insights into
energy consumption, comfort, and efficiency.

The goal is to improve how a building's heating, cooling, and ventilation systems work.
By testing various scenarios like insulation changes, window types, and HVAC methods,
these simulations help experts make smart choices for energy-efficient and cozy
buildings. Overall, thermodynamic simulations cut energy use, boost comfort, and
support eco-friendly building practices.

The Software and its interface : The dynamic thermal modeling software employed by
Transsolar engineers is TRNSYS, which was collaboratively developed by the University
of Wisconsin and Transsolar's founders during the 1990s.

TRNSYS conducts hour-by-hour thermodynamic energy balance calculations for every
day throughout the year. Within the Munich office, a proprietary Excel interface called
VAM is employed in conjunction with TRNSYS. VAM facilitates the preparation of input
data for TRNSYS. This interface streamlines the launching of TRNSYS simulations.

VAM interface : In the VAM system, important input data is neatly organized into
separate categories within Excel sheets. The main focus is on the "Global" sheet,
which holds key elements. This includes the link to the building's weather file, closely
related to its location. Another crucial detail is the "Model azimuth deviation from South,"
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which lets us fine-tune the thermal model's alignment by a few degrees. This is useful
when the building's south-facing side isn't exactly facing the geographical south. Instead,
it can adjust for slight deviations towards the southwest or southeast directions.

During the simulation, 1 if you
want to see the graphs, 0 if not

e
il i
BRI

Set the project name

Can set the language of the

excel and of the results § . X
Weather file (to modify if not the right one)

Figure 21: VAM interface — global sheet. (The diagram was generated by Transsolar (TS) to develop a guide
for users of the VAM tool)

The "Airnode" sheet defines the nature of the thermal area. It includes data like zone
dimensions, wall-to-window ratio, and materials for walls, floor, and ceiling. It also
identifies whether these parts are inside or outside and if they are sturdy (like concrete)
or light (like wood). Specifics about windows, like sun protection and glass type, are also
given.

This detailed data is linked with factors such as wall and window thickness and how well
they conduct heat. This connection helps VAM create a detailed thermal zone
representation.
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Figures 22-24: VAM interface — Airnode sheet. (The diagrams were generated by the author using the
TRNSYS and VAM tools owned by TS, for a project in Berlin, Germany)

The "Operations™” sheet covers how the room functions, including ventilation, heating,
cooling, and occupancy. Important inputs are:

e Internal Loads: These represent heat gains (measured in watts) caused by
people and electronic devices. Heat gains are determined using specific patterns.
Regarding occupants, heat gain patterns match room activity, considering factors
such as the number of people, time of day, day of the week, and season.
Common occupancy patterns are accessible for typical situations like offices and
meeting rooms, showing how occupancy levels change over the year. Heat gains
from electronics follow room usage as well. For example, a laptop contributes 21
watts of heat, which doubles to 42 watts when used with a monitor screen.

e Artificial Light: Here, you can choose the desired level of brightness (in lux) and
the type of lighting technology. This choice is connected to luminous efficacy,
which measures how much light (in lumens) you get for a certain amount of
electricity (in watts).



e Ventilation: Defining the required outdoor air volume flow per person (in cubic
meters per hour per person) is imperative. This signifies the volume of fresh air
introduced from the outside per individual and is influenced by building norms.
Mechanical ventilation specifics, including activation profiles, can be detailed in
another section.

e Comfort: Adhering to the EN 15251 norm, comfort thresholds are established,
although other parameters can be modified.

e Heating and Cooling Modes:

o Convective heating or cooling: Activated or deactivated independently,
usually with convective heating enabled and convective cooling disabled.
The maximum permissible power can be specified, often set at 100 W/m?
for heating.

o Slab heating and cooling: Integration within the ground or ceiling, with a
designated activated area percentage (typically 70%).

o Radiant heating and cooling panels: Area percentage activated (standard
at 70%) relative to the overall area.
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Figures 25-27: VAM interface — Operations sheet. (The diagrams were generated by the author using the
TRNSYS and VAM tools owned by TS, for a project in Berlin, Germany)

On the "simulation" sheet, you need to give exact information for each thermal
dynamic simulation. This involves stating the main direction the thermal zone faces and
its size. Also, you connect an airnode and operation setup. Afterward, simulations can
start and run at the same time, but limited to one simulation per processor.

For bigger projects, simulations usually start on remote computers with more processors
than regular laptops. This maximizes the efficiency and power needed for large
simulations.
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Figure 28: VAM interface — Simulations sheet. (The diagrams were generated by the author using the
TRNSYS and VAM tools owned by TS, for a project in Berlin, Germany)

Results of the VAM simulation: A significant result of the thermal dynamic simulation is a
PowerPoint presentation with informative graphs. The first graph evaluates comfort by
displaying the room temperature while people are present. The "operative temperature,"
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which combines the average air and surface temperatures in the room, is crucial for this
assessment.

Norm EN 15251 defines a suitable range of room temperatures as outdoor conditions
change. The graph illustrates the room's operative temperature throughout a year when
people are present (shown by green dots). The upper limit set by EN 15251 is shown by
a blue line, while the red line represents the lower limit. The goal is for the room's
operative temperature to stay within this range defined by the norm. The graph provides
an easy way to check if this requirement is met.

The second graph focuses on predicting the energy needed to maintain comfort in the
simulated area. This energy demand falls into three main categories:

e Heating: This looks at different heating methods like slab, convector, and radiant
heating, as well as heating outside air for ventilation.
Cooling: Similar to heating, this covers cooling methods commonly used.
Electricity: This includes various elements like energy used by electronics (called
internal loads in the "Operations" section, referred to as plug loads on the graph),
energy for lights, power for activating heating/cooling in the floor, and energy for
ventilation.

These graphs provide important insights for evaluating and optimizing the system's
efficiency and energy use.

The following figures demonstrate the thermal energy simulation results for a project in
Berlin, the VAM setup for which was illustrated in figures 20-25.

The project is a 3-building complex on the banks of Neukdlin Ship Canal. The aim of the
project was to create a shared space between offices, hotel, daycare and catering.
Transsolar had been involved in the project since pre-planning phase to implement a
climate responsive design for the buildings.

For the purpose of this thesis, we shall focus only on the hostel block, considering the
occupation graph would be similar to that of a residential building.



HVAC concept for Hostels:

mechanical ventilation with fan coil heating and cooling
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Figure 29: concept sketch for HVAC system for a hostel building in Berlin,Germany. (The diagrams
were generated by the author for a project for TS)

The results:
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Figure 30: Comfort Graph for Hostel — S orientation. (The diagrams were generated by the author
using the TRNSYS and VAM tools owned by TS, for a project in Berlin, Germany)
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Figure 31: Useful energy demand for building utilization phase for Hostel — S orientation. (The
diagrams were generated by the author using the TRNSYS and VAM tools owned by TS, for a
project in Berlin, Germany)

Thermal simulations are vital for energy-efficient building design. They compare room
setups, focusing on window-to-wall ratios and materials' heat transfer. Simulations
analyze ventilation, heating, and cooling strategies, ensuring comfort.

For the entire building, simulations consider various rooms and orientations, estimating
yearly energy use and guiding sustainable choices. They provide precise energy
predictions for ongoing operations.

In essence, thermal simulations guide decisions for cozy, energy-efficient spaces while
prioritizing sustainability.

In conclusion, the collaboration between architectural firms and climate engineering
experts, as exemplified by Transsolar Energietechnik, highlights the critical role of
integrating sustainable and energy-efficient design principles into the built environment.
By prioritizing a holistic approach that considers both environmental impact and
occupant well-being, these professionals not only strive to minimize energy consumption
but also aim to create spaces that prioritize comfort and promote a sustainable future for
generations to come.

In light of this, it is apparent that the technologies, software, and simulations designed
for energy analysis are not readily accessible to the average resident, who may lack the
expertise to interpret or utilize such tools. To address this challenge, there is a need to
pivot towards a more user-centric approach. How can we ensure that information,
simulation models, and monitoring and optimization technologies become more
accessible to a broader audience, taking into account the varying levels of expertise
among residents?
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3.4. Technology Integration and Smart Homes

The integration of technology in homes for energy management has revolutionized the
way people use and conserve energy. Smart appliances, home automation, and energy
monitoring systems have become increasingly prevalent, offering homeowners the ability
to monitor, control, and optimize their energy consumption. This note explores the impact
of these technologies on user behavior and their contribution to energy efficiency,
drawing insights from various sources.

Smart Appliances: Smart appliances, such as smart thermostats, refrigerators, and
washing machines, have gained popularity for their ability to optimize energy usage. A
study published in the Journal of Consumer Research (Zhao et al., 2019) [18] found that
homeowners with smart appliances tend to adjust their energy consumption habits
based on real-time information and energy-saving recommendations, resulting in
reduced energy consumption.

Home Automation: Home automation systems, including smart lighting, HVAC, and
security systems, enable users to remotely control and schedule devices. According to a
report by the International Journal of Sustainable Energy Planning and Management
(Rashid et al., 2020) [19], home automation can lead to significant energy savings by
allowing users to customize settings and automate energy-intensive tasks.

Energy Monitoring Systems: Energy monitoring systems provide real-time data on
energy usage, empowering homeowners to make informed decisions. Research from the
American Council for an Energy-Efficient Economy (ACEEE) indicates that households
with energy monitoring systems tend to reduce their energy consumption by up to 15%
through awareness and behavior modification (ACEEE, 2020) [20].

https://aceee.org/research-report/u2001

Influence on User Behavior: The integration of these technologies influences user
behavior in several ways. A study in the Journal of Environmental Psychology (Steg et
al.,, 2019) [21] suggests that feedback from energy monitoring systems fosters
awareness and encourages users to adopt energy-efficient practices. Moreover, the
convenience offered by home automation can lead to more consistent energy-saving
behaviors (Rashid et al., 2020) [19].


https://aceee.org/research-report/u2001

Contribution to Energy Efficiency: The combined impact of smart appliances, home
automation, and energy monitoring systems contributes significantly to energy efficiency.
A report by the U.S. Department of Energy (DOE, 2020) [22] states that these
technologies can reduce household energy consumption by up to 50%, which not only
lowers utility bills but also reduces greenhouse gas emissions and supports sustainability
goals.

https:.//www.enerqy.qov/eere/buildings/smart-homes

The integration of technology in homes for energy management, through smart
appliances, home automation, and energy monitoring systems, has the potential to
revolutionize how we consume and conserve energy. These technologies influence user
behavior by fostering awareness and encouraging energy-saving practices, ultimately
contributing to improved energy efficiency and a more sustainable future.

4. Case Studies and Success Stories

Empowering residents to reduce energy consumption is a crucial aspect of the European
Union's (EU) sustainability goals. This note explores real-world case studies, projects, and
initiatives within the EU that have successfully engaged residents in energy reduction efforts.
We will analyze their methodologies, outcomes, and key lessons learned.
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"Energiesprong" Initiative (Netherlands): The Energiesprong initiative in the Netherlands
focuses on net-zero energy retrofits of existing residential buildings. It employs
industrialized renovation techniques and guarantees performance levels. The project
has achieved remarkable results, with deep energy reductions (over 90%) and tenant
satisfaction. Lessons learned include the importance of financial models that transfer
renovation costs to energy savings (Energiesprong, 2021) [23].


https://www.energy.gov/eere/buildings/smart-homes
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Figure 32: Net Zero Energy in Oud Vossemeer. By Volker Wessels/Stadlander

Energiesprong Countries

I Energiesprong Projects

Projects inspired by
Energiesprong
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Figure 33: map showing countries across the world that have adapted the ‘Energiesprong’ project model.
Source:

23. Energiesprong. (2021).

Energiesprong: A leap in home energy.

Retrieved from https://energiesprong.org/


https://energiesprong.org/

"EcoCasa" Program (Spain): The EcoCasa program in Spain promotes energy-efficient
renovations by providing grants and low-interest loans to homeowners. By incentivizing
energy-saving measures, the initiative has seen widespread adoption of efficient
technologies, resulting in reduced energy consumption and increased property values
(SENER, 2021) [24].

Source:
24. SENER (Ministry of Energy, Tourism and Digital Agenda, Spain). (2021).
EcoCasa Program.

Retrieved from hitps//www.ecocasa.gob.es/

"Smarter Together" Project (Austria): The Smarter Together project, part of the European
Union's Horizon 2020 program, focuses on smart city solutions in Vienna. It includes
citizen engagement initiatives, such as energy coaching and awareness campaigns.
Residents' involvement has led to energy savings and the adoption of sustainable
behaviors, emphasizing the importance of community engagement (Smarter Together,
2021) [25].

Source:

25. Smarter Together. (2021).

Smarter Together Vienna.

Retrieved from https://energy-cities.eu/project/smarter-together/

Figure 34: Simmering district in Vienna (left) and Hauffgasse 37—47 after refurbishment (right)
Source: Hainoun, Ali, Hans-Martin Neumann, Naomi Morishita-Steffen, Baptiste Mougeot, Etienne Vignali,
Florian Mandel, Felix H6rmann, Sebastian Stortecky, Katharina Walter, Martin Kaltenhauser-Barth, and et al.
2022.

"Smarter Together: Monitoring and Evaluation of Integrated Building Solutions for Low-Energy Districts of
Lighthouse Cities Lyon, Munich, and Vienna"

https://doi.org/10.3390/en15196907
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https://www.ecocasa.gob.es/
https://energy-cities.eu/project/smarter-together/
https://doi.org/10.3390/en15196907

[} (oo Q D\ ar

Citizen District Holistic ~ Smart data E-mobility
engagement  heating and  refurhishment
renewable
energy
Figure 35: Clusters of co-created, smart, and integrated solutions implemented within the Smarter Together
project

Source: Hainoun, Ali, Hans-Martin Neumann, Naomi Morishita-Steffen, Baptiste Mougeot, Etienne Vignali,
Florian Mandel, Felix Hérmann, Sebastian Stortecky, Katharina Walter, Martin Kaltenhauser-Barth, and et al.
2022.

"Smarter Together: Monitoring and Evaluation of Integrated Building Solutions for Low-Energy Districts of
Lighthouse Cities Lyon, Munich, and Vienna"

https://doi.org/10.3390/en15196907

"Energise Otaki" Project (New Zealand, EU-Funded): While not within the EU, the
Energise Otaki project is noteworthy for its collaboration with European partners. This
project empowers residents in Otaki, New Zealand, to become "prosumers" by
generating and sharing renewable energy. It demonstrates the potential of
community-led initiatives in achieving energy sustainability and resilience (Energise

Otaki, 2021) [26].
JOBS AND
OPPORTUNITIES

RENEWABLE COMMUNITY
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Figure 36: the main idea behind THE "Energise Otaki" Project
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https://doi.org/10.3390/en15196907

https://enerqise.otaki.net.nz/

v. "My Smart Energy" Campaign (Sweden): The "My Smart Energy" campaign in Sweden
focuses on educating residents about energy efficiency and the benefits of smart meters.
It has led to increased awareness and reduced energy consumption through informed
decision-making (Energimyndigheten, 2021) [27].

https.//www.energimyndigheten.se/en/renewable-energy/smart-energy-use/

Real-world case studies and initiatives in the EU demonstrate that empowering residents to
reduce energy consumption is achievable through various approaches. Key methodologies
include financial incentives, citizen engagement, and community-led initiatives. The outcomes
have been reduced energy consumption, increased property values, and greater awareness of
sustainability. These examples underscore the importance of combining financial incentives with
community engagement and education to achieve energy efficiency and sustainability goals.

Please note that while the mentioned case studies and initiatives are not all within the EU, they
provide valuable insights and lessons applicable to EU sustainability efforts.
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https://www.energimyndigheten.se/en/renewable-energy/smart-energy-use/

5. Quantitative and Qualitative Methodologies

5.1. Study of existing consumption trends

Apart from statistical data collected, based on a collection of energy bills from diverse
households across Europe, an average consumption rate was calculated, providing an
indication of the data. (A link to the energy bills collected will be provided on request, in
order to protect the identity and personal information of the individuals involved)
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(0]
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Source: Energy Prices - energy.eu ¢ * Weighted average end-user price including distribution and taxes

Figure 37: weighted average household electricity price (per kWh in Euros) across different
countries in Europe.
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Figure 38: illustration indicating the average energy consumption across diverse households across
Europe (data derived from energy bills collected from various households across EU)
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As depicted in Figures 37 and 38, individual household data has been gathered to
portray the average monthly consumption rates across households with differing income
levels. While this dataset may not be exhaustive, it serves as an indicator, confirming the
variability in consumption trends across the continent. For instance, in colder nations
such as Germany and the Czech Republic, energy consumption tends to be higher, likely
because a significant portion of household consumption is attributed to space heating.

The subsequent sections will delve deeper into the various factors contributing to these
distinctions.

5.2. Energy Consumption Patterns and Household

Behaviour

Analyzing European household energy consumption patterns and the factors influencing
energy behavior is essential for understanding the variations across different regions,
cultures, and economic conditions. It is indeed a complex issue influenced by diverse
socio-economic, cultural, and geographic factors. Here, we'll review these aspects and
provide real-world examples to illustrate the challenges and variations.

Socio-Economic Factors: Income levels play a significant role in energy consumption.
Wealthier households often consume more energy due to larger living spaces and a
higher number of energy-intensive appliances.

Example: A study by the European Environment Agency (EEA) found that wealthier EU
countries, such as Luxembourg and Sweden, tend to have higher per capita energy
consumption (EEA, 2021) [28].

https:.//www.eea.europa.eu/

Cultural Factors: Cultural norms and practices influence energy behaviors. For instance,
some cultures prioritize energy conservation as part of their values, while others may
have traditions that lead to higher energy use.

Example: Southern European countries, like Spain and ltaly, often have a culture of
siestas, resulting in a dual peak in energy consumption during the day (EC, 2021) [29].

https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue
-and-labelling/enerqy-label-and-ecodesign/enerqy-consumption-households en



https://www.eea.europa.eu/
https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-consumption-households_en
https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-consumption-households_en
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Geographic Factors: Climate is a major geographic factor influencing energy use.
Regions with harsh winters or scorching summers may require more energy for heating
or cooling.

Example: In Northern European countries like Finland and Norway, where winters are
severe, energy consumption for heating is typically higher (EIA, 2020) [30].

5.2.1. Challenges in Understanding and Modelling Energy Behaviors

Data Availability: Access to granular, real-time data on energy consumption patterns can
be limited, making it challenging to build accurate models. This is especially the case in
some Eastern European countries.

Cultural Diversity: Cultural differences within Europe result in varying energy-saving
behaviors that are challenging to capture in a single model.

Policy Variations: Different EU countries have distinct energy policies, incentives, and
regulations that affect household behaviors.

Economic Disparities: Income inequality across Europe creates disparities in energy

consumption. Less wealthy countries, such as Bulgaria, may have lower consumption
due to lower income levels (World Bank, 2021) [31].

https://data.worldbank.org/

5.2.2. Comparative Analysis

Wealthier Countries vs. Less Wealthy Countries: Wealthier countries like Germany and
France generally have higher energy consumption due to larger homes and a higher
number of appliances. In contrast, less wealthy countries like Bulgaria and Romania tend
to have lower consumption patterns, driven by lower incomes and smaller living spaces.
For example, Bulgaria's per capita electricity consumption is significantly lower than that
of Germany (World Bank, 2021) [31].

Northern vs. Southern Europe: Northern European countries, such as Sweden and
Denmark, experience higher energy consumption for heating during long, cold winters.


https://www.eia.gov/todayinenergy/detail.php?id=44536
https://data.worldbank.org/
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Southern European countries, like Greece and Portugal, have milder climates but may
use more energy for cooling in the summer.

Urban vs. Rural Areas: Urban areas often have higher energy consumption due to
denser populations and more energy-intensive infrastructure.

In conclusion, European household energy consumption patterns are influenced by a
complex interplay of socio-economic, cultural, and geographic factors. Modeling and
understanding these behaviors require a nuanced approach that accounts for these
variations. Wealthier countries tend to have higher consumption, while less wealthy
countries exhibit lower patterns due to income disparities and cultural factors. Moreover,
differences between Northern and Southern Europe and between urban and rural areas
contribute to this complexity.

5.3. User Behaviour and Habits

Investigating user behavior, habits, and preferences related to energy consumption in
European households is crucial for understanding variations in energy-saving practices
across different regions and income levels. This analysis draws from scientific research
and studies to explore these aspects and highlight real-world examples.

Certainly, let's delve deeper into the points mentioned, providing more detailed insights
into user behavior, preferences, and regional variations related to energy consumption in
European households:

5.3.1. User Behaviour and Preferences

Behavioral Economics in Energy Conservation: Behavioral economics principles are
increasingly being used to encourage energy-saving practices. These principles
recognize that individuals often make decisions based on cognitive biases and
heuristics. In the context of energy conservation, researchers and policymakers have
employed strategies like social norms, default options, and feedback mechanisms to
"nudge" individuals toward more energy-efficient choices. For example, setting default
thermostat temperatures slightly lower in winter or higher in summer can encourage
energy conservation without sacrificing comfort.

Smart Technology Adoption: The adoption of smart home technologies is transforming
energy behavior. Smart thermostats, in particular, have gained popularity for their ability
to learn household preferences and optimize heating and cooling systems. Residents
can control these devices remotely and receive real-time feedback on energy use. This
technology empowers users to make informed decisions and adjust settings to maximize
comfort and savings.
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Temporal Variations: Energy consumption patterns in European households exhibit
significant temporal variations. These variations are influenced by daily routines and
seasonal changes. For instance, during the day, energy use tends to increase as
occupants engage in activities that require lighting, electronics, and appliances. In
contrast, nighttime consumption decreases. Seasonal variations are pronounced in
regions with extreme climates. Northern European countries, like Sweden, experience
spikes in heating energy demand during the winter, while Mediterranean countries, such
as Spain, see surges in cooling energy use during the scorching summer months.
Understanding these temporal patterns is essential for designing effective energy-saving
interventions and peak load management strategies.

5.3.2. Comparative Analysis

Nordic Countries: Nordic countries have a strong tradition of energy conservation.
Residents in these nations actively practice behaviors such as turning off lights when not
in use, using energy-efficient appliances, and insulating homes effectively. These habits
are deeply ingrained in the culture and are reinforced by national policies promoting
sustainability and environmental responsibility. For example, Denmark's "Energy
Agreement" is a comprehensive plan aimed at transitioning to a low-carbon,
energy-efficient society (Nordic Council, 2021) [32].

https://www.nordicenerqy.org/enerqy-in-the-nordics/

Mediterranean Countries: In contrast, Mediterranean countries like Greece and Portugal
exhibit unique energy behavior patterns. Energy consumption tends to peak during the
summer due to the need for air conditioning and cooling. This seasonal variation
highlights the importance of climate-appropriate energy-efficient technologies and
practices. Awareness campaigns in these regions often focus on managing cooling
energy use efficiently during hot periods (EC, 2021) [33].

https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue
-and-labelling/enerqy-label-and-ecodesign/enerqy-consumption-households en

Energy Feedback Mechanisms: Some countries, like the United Kingdom, have
implemented real-time energy feedback systems. These systems provide residents with
continuous information about their energy consumption and its associated costs.
Research indicates that such real-time feedback can significantly influence consumer
behavior by increasing awareness and encouraging energy-saving actions. For instance,


https://www.nordicenergy.org/energy-in-the-nordics/
https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-consumption-households_en
https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-consumption-households_en
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residents may choose to shift energy-intensive tasks to off-peak hours or invest in
energy-efficient appliances to reduce costs (Darby et al., 2010) [34].

Economic Disparities: Economic disparities across Europe contribute to variations in
energy consumption. Wealthier Western European countries often have higher energy
consumption patterns. These disparities are due to greater wealth, larger living spaces,
and a higher number of energy-intensive appliances. In contrast, less wealthy Eastern
European countries exhibit lower consumption due to smaller living spaces, limited
access to advanced technologies, and different cultural practices (World Bank, 2021)
[31].

In summary, understanding user behavior, preferences, and regional variations in energy
consumption is essential for tailoring effective energy-saving strategies in European
households. Behavioral economics, smart technology adoption, temporal patterns, and
cultural factors all play a vital role in shaping energy behavior. These insights can inform
policies, interventions, and technology adoption strategies to promote more sustainable
energy practices while respecting regional differences.

5.4. Empowerment Strategies and Engagement

The challenges associated with diversity in energy consumption patterns across Europe
indeed reinforce the hypothesis that a user-centric approach, where residents actively
participate in energy conservation, can complement and even surpass the effectiveness
of traditional means such as governmental policies, building regulations, and municipality
initiatives. Here's an elaboration with references:

Tailoring Solutions to Diverse Behaviors:

e Challenge: The cultural and behavioral diversity across European regions means
that one-size-fits-all policies or regulations may not effectively address the unique
energy behaviors of different communities.

e Hypothesis Reinforcement: User-centric models allow for tailoring solutions to the
specific behaviors and preferences of residents. This approach aligns with the
findings of a study by Wang et al. (2018) [35] in the "Energy Policy" journal, which
emphasizes the importance of personalized, behavior-focused interventions in
energy conservation.
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Overcoming Socio-Economic Disparities:

Challenge: Socio-economic disparities result in varying energy consumption
levels across Europe. Less wealthy households may struggle to comply with
energy regulations or invest in energy-efficient technologies.

Hypothesis Reinforcement: User-centric models empower residents, including
those with limited resources, to make informed decisions about their energy
usage. A study by Abrahamse et al. (2005) [36] published in "Energy Policy"
highlights that user engagement can lead to significant energy savings, bridging
the gap caused by socio-economic disparities.

Capturing Cultural Nuances:

Challenge: European countries have diverse cultural norms and practices that
influence energy behavior. Prescriptive regulations may not account for these
nuances.

Hypothesis Reinforcement: User-centric models can capture and respect cultural
differences by involving residents in the decision-making process. A report by the
European Commission on "Energy Efficiency in Households" (2019) [37]
emphasizes the need for culturally sensitive approaches to energy conservation.

Addressing Regional Variations:

Challenge: Geographic factors, such as climate and urbanization, result in
regional variations in energy consumption. Traditional policies may not effectively
address these variations.

Hypothesis Reinforcement: User-centric models can adapt to regional
differences, with residents actively participating in energy conservation practices


https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-efficiency-households_en
https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-efficiency-households_en
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suited to their specific environment. Research by Bertoldi et al. (2016) [38] in the
"Energy Policy" journal highlights the significance of region-specific approaches
to energy efficiency.

Increasing Community Engagement:

e Challenge: Many traditional energy conservation efforts rely on top-down
approaches, which may not foster community engagement and cooperation.

e Hypothesis Reinforcement: User-centric models promote community
engagement and collective action. A study by Stern (2017) [39] in the "Nature
Energy" journal emphasizes the role of social norms and interactions in energy
conservation, which can be leveraged through user-centric approaches.

In conclusion, the diversity challenges in European energy consumption patterns
underscore the hypothesis that empowering residents through user-centric models can
enhance and, in some cases, surpass the effectiveness of traditional conservation
methods. User-centric approaches enable tailored solutions, overcome socio-economic
disparities, capture cultural nuances, address regional variations, and foster community
engagement—all essential factors for successful energy conservation. These findings
align with research across various journals and reports, supporting the shift toward more
user-centric energy conservation strategies.

Certainly, empowering residents to actively participate in energy management is crucial
for achieving energy efficiency and sustainability in Europe. European strategies
encompass a range of innovative approaches, including behavioral interventions,
gamification, social norms, and educational campaigns. Here are some strategies with
real-time examples and references:

Behavioral Interventions:

Example: The "Save It!" program in the UK, studied by Darby et al. (2012) [40] in
"Energy Efficiency,” implemented real-time feedback through in-home displays.
Participants received instant information on their energy consumption and were
encouraged to reduce usage during peak hours. This intervention resulted in significant
energy savings and increased awareness.
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Gamification:

Example: Finland's "EnergiaDiili" (Energy Deal) project, as discussed in a report by the
European Commission (2019) [41], gamified energy-saving practices. Residents
competed to reduce their energy consumption, earning rewards and recognition for their
efforts. Gamification increased engagement and encouraged sustainable energy
behaviors.

https.//ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue
-and-labelling/energy-label-and-ecodesign/enerqy-efficiency-households _en

Social Norms:

Example: The "Opower" program in the Netherlands, studied by Allcott et al. (2019) [42]
in "American Economic Review," utilized social norms to encourage energy
conservation. Residents received reports comparing their energy use to that of similar
households. This approach leveraged social comparisons to motivate energy-saving
actions.

Educational Campaigns:

Example: Germany's "Energiesparmeister" (Energy Saving Champions) campaign,
highlighted by the German Ministry for Economic Affairs and Energy (BMWi) [43],
educates schoolchildren about energy conservation. Students implement energy-saving
measures in their schools and communities, demonstrating how education can foster
responsible energy consumption.

https.//www.enerqiesparmeister.de/



https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-efficiency-households_en
https://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-catalogue-and-labelling/energy-label-and-ecodesign/energy-efficiency-households_en
https://www.energiesparmeister.de/
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Community-Based Initiatives:

Example: The "Energiesprong" initiative in the Netherlands, featured in a case study by
the European Commission (2020) [44], facilitates deep energy renovations of entire
neighborhoods. Residents benefit from energy-efficient homes with guaranteed comfort,
and the initiative demonstrates the impact of community-based efforts on energy
management.

Energy Awareness Apps:

Example: "E.ON Optimum" is an app provided by E.ON [45], a major European energy
company. It offers real-time energy consumption monitoring, personalized insights, and
tips for reducing energy usage. Residents can track their progress and make informed
choices to manage their energy consumption efficiently.

https.:.//www.eon.de/de/pk/optimum.html|

Energy-Saving Challenges:

Example: The "Energy Saving Challenge" by Carbon Trust [46], as outlined in their case
study, encourages employees in European businesses to compete in reducing energy
use. This workplace-focused initiative leverages competition, incentives, and peer
support to drive energy-saving behaviors.

https://www.carbontrust.com/home

These strategies illustrate the diverse approaches used across Europe to engage
residents actively in energy management. By combining behavioral science, technology,
education, and community involvement, European countries are making strides in
promoting responsible energy consumption and sustainability.

These examples showcase the effectiveness of various strategies in promoting
responsible energy consumption and fostering active participation among residents.


https://ec.europa.eu/energy/sites/ener/files/energiesprong_casestudy.pdf
https://www.eon.de/de/pk/optimum.html
https://www.carbontrust.com/home

5.5. Surveys and Interviews

Synopsis of surveys and interviews with homeowners and residents that was conducted
to gather data on their energy consumption habits, preferences, and attitudes towards
sustainable living. This will provide insights into user needs and motivations.

Demographic Information (Annexure A):
Age
7 responses

2 2 (28.6%)

1 (14.3%) 1 (14.3%) 1 (14.3%) 1 (14.3%)

Gender
7 responses

2
2 (28.6%) 2 (28.6%)

1(14.3%) 1 (14.3%) 1(14.3%)

F Female M Male male
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Location (City/Country)

7 responses

Munich
Bologna, Italy
Prague/Czechia
United Kingdom
Miinchen
Germany

BLN DE

Are you the owner or a tenant?
7 responses

@ Owner
@ Tenant
Housing Details:
Type of dwelling (Apartment, House, etc.)
7 responses
@ Apartment
@ House
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Number of occupants
7 responses

2 (28.6%)

Size of living space (in square meters)

7 responses

68

77
83
20
120

38

1(14.3%)

2 (28.6%)




Energy Sources:

What are your primary sources of energy for heating your home?

7 responses

Gas

Boiler

gas
Electricity
Radiator
natural gas

central heating (oil)

What energy sources do you use for cooking?

7 responses

Electric

Gas

gas

Electricity
Induction
Electric power

induction (=electricity)

Do you have any renewable energy sources (solar panels, wind turbines, etc.) integrated into your

home?
7 responses

@ Yes
® No
@ Not Sure
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Sustainable Living:

what does sustainable living mean to you and how important is sustainable living to
you?

7 responses

Less carbon emissions

Very important. Since | know how human actions can affect the planet, | try to live responsibly.
| make sure | don't waste electricity, | utilize sources in an effective manner, | try to reduce my
Co2 footprint by switching to lesser pollution means.

For me, sustainable living means existing in accordance with human needs but trying to
minimize negative impacts on the environment. So that the impacts of human existence on our
planet are as small as possible, or as small as can be reversed. (I reckon in the future, or at a
different technological level than we are now). That's why sustainable living is important to me,
and | think it should be equally important to everyone in society.

Sustainability means making choices today that will positively impact the planet tomorrow. It
means thinking of the needs of future generations by ensuring that they will inherit a safe and
healthy planet to live on.

To use natural and renewable sources of energy.
Nothing. Not important.

no flying, no kids, no organ donor (most dramatic impact on carbon footprint)

Are you aware of the energy efficiency rating of your home?
7 responses

® Yes
® No
@ Not Sure

59



Have you taken any measures to reduce energy consumption in your home (e.g., insulation, smart
thermostats)? Describe briefly.

7 responses

Yes, | control the thermostat to have an auto cut while heating the Appartment in winter
Not really since | am only a tenant.

not much can be changed due to the condition of the building in which we are tenants, but in the near future it
is planned to replace the old windows with plastic windows (which will increase insulation rapidly)

No

Open the windows for air circulation instead of using a fan during summer. Draw the curtains up and let the
natural sunlight into the apartment instead of using light from bulbs. Turn the radiator off when not using or
not at home during winter.

Inolation. new windows, progammable heating

sockets with switches, LED lighting, induction stove, smart home (incl. thermostat), reflecting sun away from
windows (summer), black curtains (winter; useless amount of light anyway, rather use LED)
Lighting:

Do you use energy-efficient lighting (LED, CFL) in your home?
7 responses

©® Yes

® No

@ Not Sure
How often do you turn off lights when leaving a room?
7 responses

@ All the time

@ Most of the times
@ Sometimes
@ | always forget
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Do you make use of natural light during the day?
7 responses

® Yes
® No

© Sometimes

Heating and Cooling:

What temperature do you typically set for heating in winter?

7 responses

17.5 degree
18-23 degrees
18-20C

30

2-3

20

21

How do you cool your home during hot weather and what means do you use?
7 responses

@ Air Conditioner

@® Fans

@ Air Coolers

@ By keeping the windows open.

@ fans and opening windows, doors

@ Keep the windows open during the night
and also in the day time.

@ no cooling
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Are you open to using smart thermostats to regulate temperature?

7 responses

Appliances and Electronics:

Do you use energy-efficient appliances (Energy Star rated)?
7 responses

Do you run appliances during off-peak energy hours?
7 responses

® Yes
® No
@ Ido not know what that is.

® Yes

® No

@ Not Sure

@ Only a few appliances

® Yes

® No

© Sometimes

@ | do not know what that means
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How often do you unplug chargers and electronics when not in use?

7 responses
@ All the time
@ Most of the times
© Sometimes
@ | always forget

42.9%

Behavioral Patterns:

What time do you usually wake up and sleep?

7 responses

6 amand 12 pm

7.30 AM - 12 AM

23:30-7:30

9am and 11pm

Depends. Usually I'm up at 4 and go to bed at 8-9pm
6/24

~midnight ~six am

How often do you work from home?
7 responses

@ One day in a week
@ Two days in a week
@ Three days in a week
@ Four days in a week
@ Five days in a week
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Do you have a routine for laundry and dishwashing, or do you run these when needed?

7 responses

Whenever needed

Only on weekends post 8PM up till 12 AM.

routine for laundry, dishwasher when its needed

Run them when needed

I don't have a dishwasher but | do laundry once a week.
only when needed, | don’t work from home

the latter

Waste Management:

Do you practice recycling and proper waste disposal at home?
7 responses

@ Yes
® No

© Sometimes

Do you compost organic waste?
7 responses

® Yes
® No

© Sometimes
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Awareness and Incentives:

Are you aware of any government incentives for energy-efficient upgrades? If yes, describe briefly.

7 responses

No
Not very aware.

Yes, but it mostly concerns renovation of family houses and developments, not apartment buildings, so it
doesn't concern us

No

irrelevant, my landlord will decide

Have you taken advantage of any such incentives? If yes, explain how it was useful for you.

7 responses

No
No.
No, but we are considering heating hot water only overnight (cheaper electric tariff)

n/a

What barriers prevent you from adopting more sustainable practices?

7 responses

Awarenesses
More expensive and not enough awareness of the incentives.

The house would have to undergo a total reconstruction, which would solve the change of gas radiators to a
more modern way of heating or insulation of the whole building, underfloor heating, replacement of windows,
etc.

Lack of time
Due to lack of time.
No need

landlord won't permit solar cells on balcony
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Future Intentions:

Are you considering any future energy-efficient renovations or upgrades for your home? If yes,
describe briefly. If no, explain why.

7 responses

No

No. It is not my house. So, | cannot really make changes.
the owner is considering replacing the windows

Yes

Would love to install solar panels in the next apartment/house | move into so as to have naturally heated
water. | would also want to do rainwater harvesting in the future.

no, my landlord will decide (already did, trying to evict me)

Would you be interested in community initiatives for sustainable living? What kind of initiatives do
you think would be helpful for you?

6 responses

Yes
Yes. Initiatives to reduce energy consumption and also for recycling of wastes.

it would be nice to start composting bio-waste in the building together with all tenants, for example in the
courtyard of the building

1 would like to sit together with people, discuss about new and simple ways for using renewable sources of
energy, lessen the use of non renewable sources and how to conserve energy and protect the environment.

No

would consider repair cafe in case can't help myself (but i usually can, connected stove myself, too)
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Preferred Communication:

How would you prefer to receive information about energy-efficient practices (websites, workshops,
apps, etc.)?

7 responses

Website

Websites/ Workshops

probably from social networks like twitter or facebook
Websites

Workshops, websites and through apps too

no information needed

via Al filter bubble so i don't get spammed with irrelevant crap, but it's tailored to what is actually possible
AND plausible for me (LEDs, for example (already implemented, but): | save money, light is better, simulate
sunset and sunrise, acceptable investment, great benefit and less energy use)

The analysis of Chapter 5 brings to light a noticeable gap in current technology and
research concerning a more individualized approach to energy consumption optimization
within the European Union. While overarching governmental policies and community
participation play a crucial role, there is a growing need to harness innovative
technologies that can cater to the unique energy consumption patterns of individual
households. The existing data suggests that a one-size-fits-all strategy may not be
sufficient in addressing the intricacies of diverse consumer behaviors.

The identified gap signals a pressing need to shift focus from broad, overarching
governmental policies to more personalized initiatives. Tailoring energy solutions to the
specific needs and habits of individual consumers can lead to more effective and
sustainable outcomes. By leveraging advanced technologies such as smart meters, 0T
devices, and data analytics, it becomes possible to develop and implement solutions that
align with the intricacies of individual energy usage. This shift from a centralized
approach to more personalized initiatives can enhance consumer engagement, promote
energy awareness, and contribute to a more resilient and adaptable energy landscape
within the European Union.

The survey conducted as part of Chapter 5, while not exhaustive, provides valuable
insights into the consumer experience regarding energy consumption within the
European Union. Notably, a common sentiment emerges across various demographic
groups, including native homeowners, students, immigrants, and others. The data



suggests that a significant portion of residents finds the process of tracking and
controlling their daily energy consumption to be confusing, tedious, and stressful.

This shared sentiment underscores a broader challenge in user engagement with energy
efficiency initiatives. It indicates a need for user-friendly tools, simplified interfaces, and
educational campaigns to empower residents in navigating and managing their energy
usage more seamlessly. Addressing these concerns could contribute to increased
awareness, active participation, and ultimately, more successful adoption of sustainable
energy practices at the individual level.

6. Energy Monitoring - a human centric approach

Developing user-centric energy technologies that incorporate user behavior and preferences
and simulate different scenarios is a complex task that typically involves a combination of data
collection, modeling techniques, and software tools that would equip residents (especially ones
residing in fast paced modern cities) with tools to monitor and optimize their daily energy
consumption.

o ((( ))) DATA CENTRE
-

GATEWAY

ETHERNET / WIFI

Figure 39: Visual representation demonstrating the virtual functionality of the energy monitoring and optimization
application and its configuration, how loT devices are connected, etc.
(base house interiors image by macrovector on Freepik)
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Here's a step-by-step methodology on how this can be done:
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6.1. Define the Scope and Objectives

The scope of the home energy monitoring and optimization app encompassed the
development of a comprehensive system that integrated user behavior and preferences
into the energy management framework. This included capturing specific aspects such
as user-defined temperature settings, preferred lighting conditions, and patterns of

appliance usage.

The primary objectives of the project were to reduce overall energy consumption,
optimize energy usage based on individual preferences, and enhance user comfort
within domestic environments. By leveraging advanced data analytics and personalized
energy profiles, the app aimed to empower users with actionable insights and
recommendations for achieving efficient energy usage and fostering a more sustainable

and comfortable living environment.

Case study —
Energy Monitoring and Optimisation

SCOPE AND OVERVIEW

PROJECT SCOPE :

Pioneering Simplicity in Sustainable Energy:

Crafting an Intuitive Solution for Tracking,
Optimizing, and Saving.

How might we empower users in the
EU to regain control over their
household energy consumption
amidst the ongoing energy crisis?

My Role: UX/UI Research and Design

Methods: User Research and Interviews, Competitor
Analysis, User Testing, Ul Design.

Tools: Google slides, Zoom, Miro, Adobe Cloud, Figma

Duration: 4 months

Figure 40: project overview for the home energy monitoring and optimisation app.
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Case study —
Energy Monitoring and Optimisation

THE SUMMARY

SUMMARY OF THE PROJECT :
PROBLEMS SOLUTIONS
Rising energy prices and a need to cultivate a more Science based, participative methodology to develop an
sustainable lifestyle. application that helps residents track and monitor their
energy consumption
URBAN CONTEXT KEY ACTIVITIES
European Union User research and design, research of energy consumption
trends, Ul design
STAKEHOLDERS RESOURCES
EU residents and home owners, energy suppliers, Data and information, professional expertise, financial
municipalities resources, tech tools, community engagement

Figure 41: project overview for the home energy monitoring and optimisation app.

6.2. Data Collection

In conjunction with the interviews and data collection highlighted previously (in sections
5.1-5.2), a comprehensive data collection process was implemented, integrating
methodologies such as surveys, interviews, and the deployment of sensors and smart
devices. This holistic approach allowed for meticulous monitoring of user interactions
with appliances and the building environment.

The data collection focused on gathering valuable insights into past occupancy patterns,
appliance usage, temperature preferences, lighting preferences, and other pertinent
user-related information. Leveraging this multifaceted dataset, the app would be able to
generate personalized energy profiles, empowering users to make informed decisions
and take proactive measures to enhance energy efficiency and improve overall comfort
within their homes.

Complementing the data collection process, the project also incorporated user journey
mapping to gain a deeper understanding of user interactions and experiences within the
home environment. This technique involved tracing the various touchpoints and
decision-making stages of the users as they engaged with the energy monitoring and
optimization app. By mapping out the user journey, the project team was able to identify
key pain points, preferences, and opportunities for enhancing user engagement and
facilitating seamless integration of the app into their daily routines. This user-centric
approach was pivotal in tailoring the app's features and functionalities to align with the
specific needs and expectations of the users.
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USER JOURNEY MAP

Track Monthly Utility Keep Log of Appliance Check Energy Use Energy Estimation Implement Energy

ACTION Analyse User Behaviour
¥ Bills Usage Consumption Data Techniques Saving Practices

TASK LIST

Frustration or
annoyance to n:
data for certai

EMOTIONS

IMPROVEMENT
OPPORTUNITIES

Figure 42: user journey map for residents who wanted to track their energy consumption.

6.3. App Development and the Ul

The development process of the building energy monitoring and optimization app
entailed the integration of user behavior and preferences through the modification of
existing building simulation models. This approach facilitated the inclusion of
user-related parameters, enabling a more accurate representation of individual energy
consumption patterns within the building.

Furthermore, the app was envisioned to be able to create distinct user profiles for each
occupant, outlining their specific preferences for temperature, lighting, and appliance
usage. By capturing and analyzing these personalized profiles, the app was designed to
successfully tailor its recommendations and energy optimization strategies to align with
the unique requirements and comfort preferences of each occupant. This user-centric
approach not only would enhance energy efficiency but also foster a more comfortable
and personalized living environment for the building occupants.
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USER FLOW
R

The energy monitoring app
begins with a login or
registration screen. Once pen guisn gne
logged in, users are greeted
with a real-time dashboard =
showcasing their current .

energy consumption. They can -l .
choose to delve deeper into
specific devices or areas for e

more detailed data and explore MmN e |
historical usage trends. The app e
also offers alerts and

notifications for unusual energy

spikes and allows users to

customize their settings. When

done, users can easily log out

to exit the app. =)

Figure 43: In the project's future development, the analysis of user flows will involve mapping specific
pathways and interactions within the building energy monitoring and optimization app to streamline the user
experience and enhance engagement.

In conjunction with the development process, special attention was given to the user
interface (Ul) of the app, emphasizing the importance of a visually intuitive and
user-friendly design to enhance user interaction and engagement. Recognizing the
significance of clear design structure and functionality, a special UX/UI tool - wireframing
was employed to create a visual representation of the app's layout and features,
ensuring a cohesive and efficient user experience throughout the app's interface. This
process facilitated the systematic arrangement of elements and functionalities, promoting
a seamless and intuitive user journey within the app.
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THE DESIGN

WIREFRAMES:

DASHBOARD

Simplifying the
interface and data
display is essential for
making a system
accessible to all users.

It reduces cognitive

load, improves the

user experience, and ‘“ iture on the
ensures inclusivity. RN here

5 can view

ccess to each

To achieve this,
prioritize user needs,
maintain visual clarity,
and continuously test optimise the
and refine the design. settings on their

devices here

Case study —
Energy Monitoring and Optimisation

THE DESIGN

WIREFRAMES: . ) »
ENERGY AIR QUALITY
Customizing screens to
match individual user
preferences is crucial for )
creating a more § '1‘_
engaging user I
experience. This
personalization fosters a
stronger connection
between users and the
interface, improving
usability, satisfaction,
and ultimately user
engagement and
retention. It's a
fundamental aspect of
user-centric design and
digital product
development.

Users can view
various air
quality
[ meters in
their homes

nere

Users can view

ious energy

devices here

Figures 44-45: Wireframes for the application UI.



6.4.0ptimisation and Recommendations

The app's functionality would enable users to identify potential energy-saving
opportunities within their homes, leveraging data insights and user preferences to
provide tailored recommendations on optimizing energy usage without compromising
thermal comfort. By offering personalized suggestions and actionable insights, the app
would empower users to make informed decisions, fostering sustainable energy
practices and promoting a comfortable living environment.

6.5.Continuous Monitoring and Feedback

The app should continually collect data from sensors and user feedback to regularly
update and refine its functionalities, leveraging machine learning algorithms to enhance
the precision of user behavior predictions. This iterative process would ensure that the
app remains responsive to evolving user needs and preferences, fostering a dynamic
and adaptive energy optimization solution.

Moreover, some user feedback interviews were conducted that provided valuable
insights into user experiences and preferences while using the prototype of the app,
allowing for a comprehensive understanding of user requirements and challenges.
Employing the affinity diagram technique (another UX/UI research methodology), the
collected qualitative data was organized and categorized into distinct clusters, facilitating
the identification of common themes and patterns. This method streamlined the analysis
process, enabling the extraction of key insights to inform the app's ongoing development
and refinement, ultimately enhancing its effectiveness and user satisfaction.
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USABILITY STUDY

AFFINITY DIAGRAM:

APP SETUP

A found account
setting up easy and
Intuitive

A: confused about

their B:
9y
to the app devices and setting
'up automation
setting can be more
intuitive

C: expressed a need
for clearer guidance
on setting up energy

usage tracking for C: encountered
newly added devices challenges when
attempting to
onnect certain
C: expressed devices

dealing with older or
less common smart
home devices

Figure 46: Affinity diagram illustrating the user’s feedback for the app’s prototype.

6.6.The Design

DATA AND PRIVACY NAVIGATION

A: concerned about A : confused with
the security of their difference between
lenergy consumption home page and
data dashboard

A: wants to access

B : user unsure about allimportant data

automation settings

E: appreciates the
flexibility to
customize their

dashboard

E: needs clearer
descriptions or
previews of each
i)

widget's
functionality

APP FEEDBACK

C: appreciated
receiving a
confirmation
message after
successfully adding
adevice

C: emphasized the
importance of
broader integration
D: confused when optior
selecting the
appropriate waste
category
D : desires more
comprehensive
insights and trends
D:hopestosee  gjateq to their waste
more detailed data or * gicoo0 2l habite
recommendations
based on their waste
management
activities

Considering the user feedback received on the application prototype and the insights
obtained from initial surveys and various data collection methods, the design was

enhanced to prioritize the enhancement of the user experience.

Case study —
Energy Monitoring and Optimisation

REFINING THE DESIGN

MOCKUPS:

In the initial app design, having separate
screens for the dashboard and home
screen created a usability issue for
users. This division caused confusion
and inefficiency in navigating the app,
as users had to transition between
these screens to access crucial
information. As a result, during usability
testing, it became apparent that this
design was hindering the user
experience and causing frustration. To
rectify this problem, the design was
revised to combine the dashboard and
home screen into a single, streamlined
interface. This change made it easier for
users to access real-time energy
consumption data and other essential
features from a central location,
ultimately enhancing the app's usability
and user satisfaction.
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Figure 47: the prototype of the App Ul vs the enhancements made after usability studies.
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REFINING THE DESIGN

MOCKUPS:
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Figure 48: images from left to right -

1.

The app's main screen displays essential information, customizable based on user preferences,
including details such as the highest energy-consuming appliances, weather updates, daily energy
consumption, indoor and outdoor air quality data, and access to optimization settings for diverse
home appliances.

A depiction of the settings page for household appliances, allowing users to view specific energy
data and optimization details for each appliance. Additionally, users can easily add more
appliances and devices for streamlined control with just a simple click.

A dedicated section for each appliance providing access to control settings and energy
consumption data, allowing users to customize optimization based on their preferences.

A similar example of a dedicated section for another appliance.
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Figure 49: images from left to right -
1. Incase of availability of renewable sources of energy, such as PV panels installed, this section of
the app will display the energy generated through the same.
2. A comparative graph of daily / weekly / monthly energy consumption will also be available in this

section of the app.
3. A comparative graph of daily / weekly / monthly energy consumption will also be available in this

section of the app.
4. A comparison of monthly expenditure will also be available.

6.7.Education and Engagement

In addition to its core functionalities, the app should serve as an educational platform,
enlightening users about the advantages of energy-efficient practices and actively
encouraging their participation in making sustainable energy-saving decisions. Through
informative resources and interactive features, the app aims to foster a culture of energy
consciousness, empowering users to adopt responsible energy behaviors and contribute
to a more sustainable future.



7. Conclusion

Developing an user-centric energy app is an iterative process that requires ongoing data
collection and model refinement to accurately reflect changing user behaviors and preferences.
Additionally, collaboration with experts in building science, data analysis, Al and deep learning
engineering, app development and user psychology may be beneficial in creating
comprehensive and effective models. When conducting a theoretical dissertation focused on
user-centric energy technologies, there are several limitations and future scope considerations
to keep in mind:

7.1. Limitations for EU Urban Households

Data Availability: A significant limitation in studying user-centric energy modeling for EU
urban households is the availability of real-world data. Access to comprehensive data on
user behaviors, household characteristics, and regional environmental conditions may
be limited. Data privacy regulations, such as GDPR, can further restrict data collection
efforts.

Validation: In a theoretical dissertation without the development of an actual app,
validating proposed concepts and hypotheses can be challenging. Real-world case
studies or empirical data specific to EU urban households are essential for robust
validation.

Complexity and Realism: User-centric energy technologies in the EU context is a
multidimensional field, and theoretical research may struggle to capture the full
complexity and realism of user behaviors and their impact on energy consumption and
comfort in diverse EU urban settings.

Interactions and Feedback Loops: Understanding how user preferences and behaviors
interact with energy-efficient technologies, policy frameworks, and cultural nuances
across EU urban households can be intricate. Theoretical research might not fully
explore these interactions without practical model development.

Practical Implementation: Theoretical research may not address the practical challenges
and considerations of implementing user-centric energy technology within EU urban
households, which can vary widely in terms of infrastructure, culture, and socioeconomic
factors.

7.2. Future Scope for EU Urban Households

Empirical Studies: Future research could focus on conducting empirical studies within
EU urban households to collect data on user behaviors and energy usage patterns.
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These studies can help validate theoretical concepts and refine modeling approaches
while complying with EU data privacy regulations.

Qualitative Research: Incorporate qualitative research methods such as user interviews
and ethnographic studies to gain deeper insights into the energy-related behaviors and
preferences of EU urban households.

Cross Disciplinary Collaboration: Collaborate with experts from various disciplines,
including energy economics, environmental psychology, and policy analysis, to enhance
the theoretical framework and address the unique challenges of EU urban households.

Policy and Design Guidelines: Develop policy recommendations and design guidelines
that align with EU energy efficiency directives and support the adoption of user-centric
energy models in urban households.

Human Centered Design : Explore the integration of human-centered design principles
and user experience (UX) methodologies to tailor energy solutions to the specific needs
and preferences of EU urban households.

Long Term Sustainability : Investigate the long-term sustainability and adaptability of
user-centric energy models within EU urban households, considering evolving energy
markets, technologies, and regulatory frameworks.

Education and Awareness: Explore strategies for educating EU urban households about
the benefits of user-centric energy modeling, energy efficiency, and sustainable
behaviors.

Integration of Renewable Energy: Investigate how user-centric energy models can be
integrated with renewable energy sources and smart technologies to optimize energy
usage in EU urban households while contributing to the EU's clean energy goals.

Cross Cultural and Contextual Studies: Conduct research to understand how user
behaviors and preferences vary across different EU member states and urban contexts,
taking into account cultural and regional differences.

Al Integration: Explore how Al and machine learning can be integrated into user-centric
energy models for EU urban households to enhance predictive capabilities, automate
data analysis, and provide personalized energy-saving recommendations.

By considering these future scope points specific to urban households in the EU,
researchers can address the unique challenges and opportunities presented by the
region's regulatory framework, cultural diversity, and sustainability objectives while
incorporating Al for improved modeling capabilities.
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