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Abstract: Nowadays, the increased demand for energy and electrification associated with higher 
production costs from renewable and cleaner sources has driven up prices, impacting the industrial, 
commercial, and residential sectors. With a direct influence on the development of these economic 
sectors, its direct and indirect impacts to products and services have become important to find more 
efficient ways and best practices on energy use to support sustainable development. Aiming to shed 
light on this topic, and how individuals and society behave in this energy market transformation, this 
article explores opportunities for reducing electricity consumption through the use of modern 
technologies, such as of monitoring, optimization, automation, and adjustment of routines. At the same 
time, it is also our intention to bring to the surface a discussion around the rational use of everyday 
resources and raising the awareness of its impact to individuals and institutions. At its core, this work 
consists of continuous data collection of single devices and equipment in regard to status, energy 
consumption, and other relevant data of a typical household. Through behavioral changes and 
introduction of smart home automation techniques, it was possible to trace a parallel comparison 
between different scenarios and their influence on the energy consumption without negative impact to 
the comfort of individuals. Seeking a continuous improvement approach, extensive iterations were 
conducted, and it was possible to notice not only an energy efficiency improvement, but at the same 
time gains in living standards and safety. The significant results observed over subsequent months and 
years highlight not only practical and financial benefits, but also increased awareness and behavioral 
changes toward the rational use of electricity in households. 
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1. Introduction  

1.1. Energy context 

The world has been witnessing continuous growth in electrical consumption, which presents 
increasing challenges as the use of fossil fuels is progressively reduced and restricted. Growing 
concerns about gas emission rates and their effects on the climate in recent decades have prompted a 
transformation in energy sources globally.  

According to a report concerning energy consumption and efficiency in Europe published by JRC [1], 
there has been a considerable reduction in fossil fuel shares in the world’s energy matrix. Oil and petroleum 
product use dropped nearly 8% over 20 years from 2000 to 2020. Conversely, natural gas exhibited a 
less significant reduction, as shown in Figure 1.  

 

Figure 1. EU matrix energy shift 2000 vs 2020. 

Simultaneously, Figure 1 also shows an almost 3% increase in the share of electricity, promoting 
it to the second largest source of energy in Europe. This places electricity as the main source in energy 
decarbonization transformation efforts. That trend is also confirmed by the projections in IRENA’s 
report [2], which forecasts a share of 29% by 2030 and up to 50% by 2050, driven largely by the strong 
electrification of the transportation market, which is also expected to grow 36 times by 2030, according 
to IRENA. 

Another positive trend seen in Figure 1, is the doubling of renewable and biofuel usage over 20 
years. Although falling short of European environmental agencies’ expectations, these values show a 
clear trend towards to cleaner energy sources. According to IRENA, around 28% of global electricity 
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production in recent years has come from renewable source, with projections estimating this share to 
reach 68% by 2030 and 91% by 2050.  

In a more recent context, the geopolitical situation following the start of the Ukraine war has 
forced governments, especially in Europe, to review their high dependency on resources such as oil 
and gas, which have historically provided a great portion of Europe’s energy. The restrictions and 
economic sanctions imposed on Russia, along with the terrorist attack on the Nord Stream pipeline in 
September of 2022 [3], which supplies a significant portion of Germany’s gas, has forced significant 
changes in this landscape. Precise numbers and the overall impact of these market changes are yet to 
be published, although it is expected that such events will have long-term effects on the energy market, 
both in Europe and globally, as indicated by BP in its annual report in July of 2023 [4]. Despite the 
negative financial implications worldwide, this opens an opportunity to accelerate the transformation 
as new suppliers and solutions are being considered to address the energy crises seen in recent months. 

1.2. Electricity and the European market 

During the years between 2020 and 2022, there was a slight decrease in the energy demands for 
a short period, primarily due to COVID19 and its impacts on the transportation sector. Despite this and 
other factors previously mentioned, there is a clear consensus on the increasing demand for electrical 
energy in the coming years and decades. These trends have been intensified by the transportation sector, 
with the increasing popularity of electric vehicles (EVs), which today represents 9% of the world’s 
total car sales according to [5], around 10.5 million cars on the street according to IRENA [2], and 
with ambitious targets for the future as mentioned previously. Another important contributing factor to 
this demand increase is the rapid digital transformation of other sectors of the industry and economy, 
such as datacenters, cryptocurrencies, e-commerce, etc. Taking cryptocurrencies as an example, 
Bitcoin mining alone today consumes 127 terawatts, more than entire small countries such as Norway 
or Sweden [6]. 

In Figure 2, is possible to verify the world electricity generation projection for the following 
decades. An impressive estimation of a 100% increase in 30 years with an estimate of 14,700 gigawatts 
per year by 2050 [7]. 

 

Figure 2. Worldwide electricity generation projection.  
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The constant search for renewable energy sources is a response to the continuously growing 
demand for additional energy sources with low environmental impact. With an increase in demand 
linked to a higher production cost than traditional sources, the world has seen a constant rise in energy 
prices, which affects all sectors of the economy [8,9].  

Another pivotal factor contributing to this scenario is the transformation catalyzed by the energy 
market within the global economy, particularly within the European Union. Despite the undeniable increase 
in the adoption of renewable sources over the years, which has notably reduced implementation costs, 
short-term fluctuations in electricity prices underscore the need for intelligent consumption management 
strategies. According to the International Renewable Energy Agency report [10], the levelized cost of 
electricity (LCOE) for utility-scale photovoltaic (PV) solar power plants witnessed a remarkable 85% 
decrease between 2010 and 2020, dropping from $0.381/kilowatt-hour (kWh) to $0.057/kWh in 2020. 
During the same period, the LCOE reductions were 9% for offshore wind, 13% for onshore wind, and 
an impressive 16% for concentrated solar power (CSP) [10]. 

This article focusses primarily on the usage and cost dynamics within the European electricity 
market, which has been at the forefront of the global transformation and expansion towards renewable 
energy sources. Furthermore, Europe has been experiencing a significant surge in energy prices due to 
low availability resulting from the conflict in Ukraine, further highlighting the importance of studies 
like the one presented here. 

The impact of energy prices extends across various sectors of the economy. A study published in 
Eurostat [11] examined the profound changes brought about by the energy transition, highlighting the 
need for broad social and political support. The report assessed the importance and impact of energy 
costs on the economy, businesses, and households. 

Energy prices play a crucial role in the industrial sector as it is energy-intensive and heavily relies 
on electricity and fuels for its operations. For medium-sized companies in Europe, energy costs 
represent a small percentage of production costs (0–3%). However, they are more significant for 
industrial sectors with higher energy intensity, ranging between 3% and 20%, and can reach elevated 
levels in certain industrial subsectors (e.g., 40% in primary aluminum, 31% in zinc, 28% in primary 
aluminum, 25% in flat glass, 71% in fertilizers, and 20% in steel in electric furnaces). 

The services sector is an essential part of the European economy, encompassing a wide range of 
activities from financial and commercial services to tourism and hospitality. Although direct energy 
consumption in services may be low compared to other sectors, energy prices still have a significant 
impact due to heating, cooling, lighting, and IT operation’s needs. Additionally, higher energy prices 
can affect the competitiveness of businesses in the services sector, leading to a reduction in demand 
for services and potentially resulting in job cuts and investment reductions. 

In Table 1, extracted from the Eurostat report [11] is possible to see the energy share of the 
production by sector. 
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Table 1. Energy share of production costs across sectors. 

Examples of sectors  Energy share of production costs (indicative range) 

Average European business  0–3%  

Trade, computers, motor vehicles, electrical equipment, 

pharmaceutics, construction  
0.4–1% 

Waste management, plastics, textiles, grain  2–4%  

Accommodation and restaurants  3–5%  

Energy intensive sectors in manufacturing: 

Cement, clay building materials, pulp and paper, glass, iron and 

steel, basic chemicals, non-ferrous metals, refineries  

3–20%  

Air transport, land transport  20–30%  

Data centers  10–15%  

Mining of metals and others, electricity, and gas  10–20%  

In addition to the manufacturing industry, energy procurement can also be a significant source of 
costs in certain sectors that provide transportation services, data processing, hospitality, and restaurants. 
According to an article published by Milewska and Milewski [12], energy consumption and its 
associated costs represent 4.1% of the total revenue of the manufacturing industry. However, there are 
five industries (chemical, metallurgy, petroleum, paper, and construction auxiliaries) that are more 
energy-dependent, ranging from 7.2% (chemical) to 13.6% (construction auxiliary). The authors 
concluded that these are the most vulnerable sectors and have been under greater pressure to increase 
the selling prices of their products. Additionally, energy consumption accounts for 15% of the costs 
for producers of food and beverages. 

Figure 3 illustrates the increase in the average price of kWh in Europe in recent years, with a 
remarkable 85% rise between 2008 and 2022. 

 

Figure 3. Average electricity selling price in Europe. 
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Similar to the industrial sector, residential use has been heavily impacted by this price increase. 
This has triggered constant discussions, both commercial and political, on ways to mitigate its impacts 
on societies across Europe and beyond. This impact has even a greater impact on the livelihood of 
low-income families already living on tight budgets, as discussed by Scheier [13] in his recent 
publication on strategies for lifting energy access disparities among families. 

It is worth noting that, while some European countries have agencies regulating energy contracts 
and prices, electricity is essentially treated as a commodity, having its price determined by the stock 
market. Thus, the price per kWh can have changed in accordance with the supply and demand 
balancing, varying throughout the years and months. In some cases, like in the Nordic countries [14], 
these fluctuations can occur on the span of days or even hours. In Figure 4, it is possible to see how 
such fluctuation can impact end consumers and the prices they pay depending on the time of day. 

 

Figure 4. NordPool’s kWh price fluctuation. 

Consequently, consumers who chose to charge their car or operate high-power demand equipment 
during peak periods may face unpleasant surprises when receiving expensive bills for such activities. 
It is also curious to notice that, in some short moments, the kWh can reach negative values, becoming 
excellent opportunities for these activities. However, the challenge is to identify this precise moment 
to be able to take advantage of it. 

There is a tendency in Europe to migrate to markets like these, especially with the decentralization 
and increased private electricity production seen in recent years. Governments have been investing 
heavily through tax incentives and loans for companies and householders to pursue renewable and 
clean electricity production, such as solar panels, windmills, geothermic, etc. As consequence, it 
requires from the government the ability to also create the means to absorb the excess production and 
bring it back into the grid, both technically and commercially. All of this contributes to creating a more 



780 

AIMS Energy  Volume 12, Issue 4, 774–808. 

dynamic electrical market, where decisions about when to consume electricity can be crucial on the 
span of hours. 

With all these perspectives, the need of having the right information to support consumers to make 
the right decisions and engage in best practices on the use of electricity becomes clear.  

Just in the residential sector, electricity consumption can make up 30% of the overall European 
consumption, as displayed in Figure 5. 

 

Figure 5. Electricity consumption breakdown. 

When it comes to the cost of electricity in a household, it is directly proportional to its 
consumption. It is worth noting that electricity prices can vary significantly from region to region, 
especially in certain European countries [9]. Nevertheless, one possible solution to help families and 
companies reduce their electricity costs is by decreasing overall consumption. The answer does not 
necessarily mean cutting or eliminating items or services, but rather focusing on enhancing their 
efficiency in an attempt to avoid waste through rational and mindful use.  

An average household’s electricity consumption is divided among fundamental categories, such 
as water heaters and/or showers, air conditioning and/or heating, refrigerators, lights, TVs, radio sets, 
electric ovens, microwaves, washing machines, irons, computers, and electronics in general, among 
others. Figure 6 provides an overview of the distribution of the total electricity consumption in a typical 
European household [15].  

 

Figure 6. Average residential electricity consumption in EU. 
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With numerous areas and electrical appliances within a home, there are ample opportunities for 
optimization, ranging from simple habits and configuration changes, to more complex investments in 
new and more energy-efficient equipment that can reduce consumption even further. 

1.3. Opportunities 

There are numerous strategies to seek better sustainable solutions, such as the use of low-carbon 
technologies. In the work by Shang and Lv [16], three main aspects of Carbon Neutrality through 
investigation were presented in a comprehensive discussion: The new energy-supported Low-Carbon 
Technologies (LCTs), building-oriented Energy Conservation and Emission Reduction (ECER), and 
Carbon Capture, Storage, and Utilization (CCSU) technology. According to the authors, energy 
consumption in buildings is especially a major carbon emitter and poses a challenge for Sustainable 
Urban Development (SUD), which reinforces initiatives proposed in this work. 

According to the United States Energy Information Administration [17], the projection for 
residential electricity consumption is expected to increase by 14% to 22% by 2050. On the other hand, 
the largest electricity consumer in Europe has much more ambitious plans. According to Walter 
Kahlenborn [18], the German government has plans to reduce consumption by 20% by 2020, 
eventually reaching 50% by 2050. As described in his guide, Walter Kahlenborn emphasizes the 
inevitable need to achieve high levels of electrical efficiency, which is also reinforced and highlighted 
by Francesco La Camera, director of IRENA [2]. In their annual report, IRENA also outlines the targets 
and financial investments required to achieve these goals worldwide. These initiatives not only address 
regulatory and financial incentives to companies and individuals, but also includes extensive 
information and training campaigns around the topic. It is estimated that by 2030, the market will 
achieve yearly improvements of 3.3% in electricity intensity factors, along with $1780 Billion increase 
in investments per year [2]. 

As estimated by Walter Kahlenborn in his work for the German government [18], these reductions 
could amount to a 25% decrease in energy consumption, as originally estimated by Lackner [19] and 
shown in Figure 7. Most of them (15%) are considered simple activities with no need for additional 
investments in products and/or services.  

 

Figure 7. Energy savings opportunity.  
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One way to demonstrate the price decomposition and its proportionality to consumption can be 
described by the simplified Eq 1:  

𝑇𝑜𝑡𝑎𝑙 Cost  𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛  𝑃𝑟𝑖𝑐𝑒 𝑝𝑒𝑟 𝑘𝑊ℎ   Fees  𝑇𝑎𝑥𝑒𝑠     (1) 

Fees and taxes are variables dependent on government policies and are beyond consumers’ 
influence, who usually have none or little to say about it. In some countries, the kWh price is a 
combination between energy and infrastructure associated with the distribution, transformation, and 
transmission of electricity to the end customer.   

Regarding energy management, we can consider the use of a well-known methodology called 
PDCA (Plan, Do, Check, Act), where Walter Kahlenborn recommends employing a cycle of continuous 
improvement for companies and organizations. This work has simplified the model of energy 
management to apply it to a household and achieve meaningful results, as suggested by Figure 7.  

From the technology enablement perspective, in their research [20], Lv advocates for the broader 
adoption and expansion of Digital Twins (DTs) in Smart Cities (SCs). They conducted a comprehensive 
review of the impact of DTs and digitization on urban areas, aiming to assess city progression and 
standardize management practices. A DT-enabled city represents an innovative integration of various 
technologies, including perception, transmission, computing, modeling, and simulation. 

Aligned with these goals, leveraging digital representation technologies holds promise for 
enhancing efficiency in managing electricity consumption in residences, thereby providing 
homeowners with a potent decision-making tool. Furthermore, the incorporation of Artificial 
Intelligence (AI) offers opportunities for further expansion, thereby magnifying the effects and positive 
impacts of these technologies, as also highlighted by Rojek in his recent article [21]. 

1.4. Objectives 

The overall objective of this project is to establish the average energy distribution in an ordinary 
house and to demonstrate methods and improvements to be made in order to guide householders to 
optimize its electricity use. 

Additionally, this project aims to: 
 Measure the overall consumption of a household. 
 Measure individual electrical/electronic devices’ energy consumption.  
 Evaluate the energy efficiency of different electrical appliances. 
 Develop routines, automations, and methods for energy optimization. 
 Validate costs associated with consumption. 
 Compare energy usage before and after improvements. 

As for future goals, there is a potential to explore a business plan for selling a product and/or service 
for continuous monitoring of energy consumption in households and/or commercial establishments. 

2. Materials and methods 

To conduct the experiments, as well as to achieve the objectives outlined in this project, a series 
of intelligent devices were used along with a list of common appliances and equipment found in 
most households.  
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For the energy analysis and optimization of a house, cutting edge devices with IoT functions were 
used. They enabled measuring and controlling the different equipment remotely and efficiently, being 
used in routines that aim to improve comfort and the rational use of energy. 

2.1. Case study: Apartment blueprint 

The case study involved a typical 60 m2 apartment comprised of a living room, kitchen, two 
bedrooms, one bathroom, and hallway as shown in the blueprint in Figure 8. Various electrical 
appliances and devices, such as refrigerators, freezers, water heaters, televisions, lamps, computers, 
electric ovens, routers, radios, fans, and others, were included. 

 

Figure 8. Apartment blueprint. 

2.2. Smart plugs and meters 

The Shelly Energy Monitoring PM and EM series, shown in Figure 9 [22], were utilized as a 
smart meter and relay with many functions crucial to this work:  

 Remote control via Wi-Fi 

 On/Off Actuators  
 Continuous consumption meters; instantaneous and per period 

 Cloud Support through standard APIs 

 MQTT Support 
 Routines and Scheduling tasks via software 

 Advanced configurations 
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Figure 9. Shelly smart plugs.  

2.3. Smart lights 

Philips Hue Lights, shown in Figure 10 [23], were installed as a set of smart bulbs with several 
key functions:  

 LED lights with low consumption (compared to traditional bulbs)  

 Remote control via Wi-Fi 
 On/Off Actuators and Dimming  

 Support to routines and scheduling of tasks via software  

 

Figure 10. Philips HUE Smart bulbs.  

2.4. Motion and presence sensors  

Both the Philips Hue sensor shown in   
Figure 11 [23] and the Aqara Sensor shown in Figure 12 [24] were utilized as smart motion and 

presence sensor, offering functions such as: 

 Remote control via Wi-Fi 
 Motion Detection  

 Presence and location detection (Aqara only) 

 Sensitivity control 
 Light intensity detection (LUX) 

 Measurement of room temperature 

 Routines and Scheduling of tasks via software  
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Figure 11. Motion sensor Philips HUE. 

 

Figure 12. Presence sensor Aqara. 

2.5. Temperature sensor 

With the adoption of the Shelly ecosystem, it was possible to also include the additional 
sensors shown in Figure 13 [22] to monitor multiple temperature locations. The MQTT support 
and facilitate real-time comparisons between power consumption and temperature variations for 
boilers and refrigerators. 

 

Figure 13. Shelly plus add-on. 
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2.6. Hardware 

For establishing an MQTT broker, an SBC (single board computer) from the company Raspberry 
Pi [25] was utilized. The model Raspberry Pi 3B (Figure 14) was selected as it offers high flexibility, 
low energy consumption, low investment cost, and a large IoT community. It was used for installing 
both the MQTT Broker Mosquitto and Node-Red automation flows described in Section 2.7.  

 

Figure 14. SBC Raspberry PI 3B. 

2.7. Software 

 Shelly App: application developed and maintained by Shelly [26]. Allows for configuration, 
remote control, and access of Shelly’s meters and sensors.  

 Hue App: Application developed and maintained by Philips [23]. Allows for configuration, 
remote control, and access of Philips Hue lights and sensors. 

 Aqara App: Application developed and maintained by Aqara [24]. Allows for configuration, 
remote control, and access of Aqara presence sensors. 

 Microsoft Power BI: Application developed and maintained by Microsoft [27]. Allows for 
creation/visualization/optimization and remote access of reports. 

 Microsoft Azure: Cloud Platform provided by Microsoft [27]. Allows for collection, 
transformation, and storage of data and information from the energy meters in the cloud. 

 Node-Red: Application developed and maintained by OpenJS [28]. Allows for advanced 
automation flows. Supports several types of protocols such as: MQTT, Https, JSON, APIS, etc. 

 Eclipse Mosquitto: Application developed and maintained by Eclipse foundation [29] Used as 
an MQTT Broker for managing network device messages. 

2.8. Processes 

During the planning phase, activities for software development, installation of devices, sketching 
routines, and automation flows followed the 6Ws methodology: Who, What, When, Where, Why, and 
How [30], a problem-solving methodology widely used by the industry and companies worldwide that 
adopt Lean Six Sigma principles [31]. 

The main driving factors for selecting such methodology during the planning phase were due to 
contain the following advantages: 

 Fast, simple, and comprehensive 



787 

AIMS Energy  Volume 12, Issue 4, 774–808. 

 Flexible 
 Structured thinking 
 Problem definition and breakdown  

The energy management development phase, which involved monitoring and enhancing energy 
efficiency, was supported by the well-known PDCA methodology (Plan, Do, Check, Act), also 
suggested by Walter Kahlenborn in his guide [18]. Combined with an Agile approach, it made an 
excellent blend of classic and leading-edge methodologies to support the work. As a result, an 
information model was created and represented by the list below, and illustrated in Figure 15 and 
Figure 16: 
 Plan-Data collection: In this phase, the emphasis is on gathering relevant data related to energy 

consumption, production, and usage patterns. This includes collecting data from various sources 
such as energy meters, sensors, and historical records. The goal is to establish a comprehensive 
understanding of the current energy landscape within the house. Data collection is streamlined 
through two distinct protocols. First, the Cloud API facilitates remote access and control via the 
internet (off-site access), avoiding the necessity for physical or direct access to the devices. 
Second, MQTT enables local real-time telemetry management, adeptly handling thousands of 
messages per minute and generating a substantial dataset for comprehensive analysis.  

 Do-Data transformation, information: Once the data is collected, it undergoes transformation 
processes to convert raw data into actionable information. This involves tasks such as data 
cleaning, normalization, and integration to ensure accuracy and consistency. The process focuses 
on extracting relevant information from the extensive dataset, emphasizing value changes to 
reduce model size and storage while enhancing application performance. The transformed data is 
then utilized to derive valuable insights into energy usage trends, inefficiencies, and potential 
areas for improvement. 

 Check-Information Analysis: In this phase, the focus shifts to analyzing the transformed data to 
identify patterns, anomalies, and opportunities for optimization. Various analytical techniques 
such as statistical analysis and predictive modeling may be employed to uncover insights and 
correlations within the data. The goal is to gain a deeper understanding of energy consumption 
patterns and to pinpoint areas where energy efficiency can be enhanced.  

 Act-Optimization: Drawing from insights gleaned through data analysis, actionable steps are 
taken to optimize energy usage and improve efficiency. This may encompass implementing 
energy-saving measures, upgrading equipment, adjusting operational processes, or integrating 
renewable energy sources. Additionally, consideration can be given to incorporating alarms and 
flaw detection points, enhancing convenience and security for homeowners. The optimization 
process is iterative, with ongoing monitoring and evaluation to ensure that implemented changes 
are effective and sustainable. 



788 

AIMS Energy  Volume 12, Issue 4, 774–808. 

 

Figure 15. Processing stages. 

 

Figure 16. DIKW pyramid. 

 

2.9. IT architectural principles 

As an essential part of the development of this work, an IT solution outline was required to be 
created. To achieve this, a set of architectural principles was defined to guide rules to steer the solution 
towards the objective. These principles were: 

 Minimize human interventions as a manual action. 

 Remote and continuous access 24/7.  
 “Cloud First” approach. 
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o Enable easy scaling.  

o Reduce upfront investments. 

o Reliable cybersecurity 
o Access and Identity Management (AIM) 

o Trustworthy Backup and RTOs (Return to Operations) 

 Easy to integrate: Standard APIs and protocols. 
 Scalable for other customers/users. 

 Support for DevOps and documentation. 

3. Results 

3.1. Planning 

Achieving any good development always starts by having a good plan. As a fundamental part of 
the continuous improvement cycle, the planning phase has been constantly enhanced through multiple 
interactions. Initially, a brainstorming session following the 6Ws methodology described in Section 2.8 
was conducted. 

As proposed by Simon Sinek in his book “Start with the why” [32], the “why” is the core of the 
problem we are trying to resolve. The “why” gives the purpose and justification for this work and 
provides direction to the project and all subsequent activities. The outcome of that exercise is shown 
in Figure 17 and is listed in Table 2.  

 

Figure 17. Brainstorming mind map outcome: 6W’s. 
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Table 2. Brainstorming outcome: 6W’s. 

W’s Findings 

Why? 

 

 Help Consumers reduce electrical consumption and costs. 

 Reduce Environment impact. 

 Reinforce good habits and behaviors.  

 Grow electrical use awareness. 

Improve living quality and safety. 

How? 

 

 By creating an efficient Energy management system 

o Measuring continuously consumption per equipment 

o Measuring continuously total consumption 

 By deploying smart devices: Plugs, lights, and sensors 

o Dimmable LED lights 

o Plugs and switches with remote on/off. 

o Wireless sensors: flexible positioning 

 By setting a fit-to-purpose IT architecture 

o Solid and reliable Databases. 

o Comprehensive and easy to use data reports.  

o IoT infrastructure 

o Realtime monitoring system. 

 Process oriented approach 

o Powerful workflows 

o Well-designed Routines 

o Customizable Automations 

What?  Energy management system 

 Energy optimization strategies 

 Alarms and notification 

Who?  Householders 

 Energy companies 

 Governments and institutions  

Where?  Houses 

 Possible commercial applications 

When?  Short and long terms 

 Minimum 1 year of data collection  

 Continuous services 

 Started in 2019 

3.2. Preparation 

3.2.1. Energy meter installation 

The energy meters were electrically installed in power sockets and power strips for each 
individual measuring device, and one at the central electrical board for the total consumption. All 
devices were wired following the supplier schematics, as represented in Figure 18. 
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Figure 18. Schematics and wiring. 

3.2.2. Plug, light, and sensor locations 

Once properly wired, installed, and configured via the Shelly App, the plugs (represented in Red 
in Figure 19) were located throughout the residence, ready to monitor and control the equipment 
consumption. Each Shelly device was installed interfacing the wall socket and the equipment. 

The smart Philips Hue lights (represented in Yellow in Figure 19) were also distributed throughout 
the rooms and classified into Direct and Indirect lights. This configuration allowed the creation of 
scenarios and more suitable setups to enhance comfort and user experience. 

The Philips and Aqara sensors (represented in Green in Figure 19) were strategically placed to 
better cover the presence and movements in rooms. This was only possible due to the wireless 
capability, opening new possibilities for behavioral optimization, as will be discussed in Section 3.5.  

In Figure 19, all devices and their precise locations in the apartment are shown. 
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Figure 19. Device list and locations. 

3.2.3. IT architecture 

Considering the architectural principles described in the previous section 2.9-IT Architectural 
Principles, as well as the project requirements, the cloud platform selected was Microsoft Azure [27]. 
Inside the Azure platform, the elements and resources were selected, and the solution outline was 
sketched and represented in Figure 20. 

At this point, it is worth mentioning the agile and continuous improvement characteristic of the 
project and how the design has been enhanced and improved over the years. Figure 20 represents the 
latest version of the IT solution. 
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Figure 20. Solution outline v2.2. 

With the solution outline, information flow, and integrations defined, the project moved to the 
execution phase. Cloud resources were configured as per the requirements and solution definition.  

3.3. Data collection and transformation 

Starting in early 2020, the acquisition of the meters and actuators were completed. Two 
applications were used for collecting data:  

 EVE Measurements App (Figure 21): 
Application developed and provided by the manufacturer of the device to collect and export 
the data for all devices. 

 Power App (Figure 21): 
Our developed application aiming for digital and efficient data collection from analog clocks 
(common residential clocks) into “soft” data. 

 

- Total 
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Figure 21. Power App (left) and EVE Measurements App (right).  

As the data started to be collected, data transformation methods began using ETL (Extract, 
Transform, Load) methods [33], defined and shown in Figure 15. This reinteraction allowed for 
simultaneous analysis of the information and continuous improvements. Initially, due to the low 
volume of data, Excel spreadsheets and/or CSV files were used as the database. This brought agility 
and low complexity to the first stage of the project. In the following months, the use of Azure SQL databases 
brought stability and scalability to the model as described in the IT architecture in Section 3.2.3. 

In 2022, a new set of hardware and software was introduced to improve data collection and real-time 
analysis. Introducing Shelly Professional Energy Monitoring devices enabled cloud collection of data, 
ensuring continuous data availability 24/7, eliminating manual processes and loss of data as shown 
previously in the solution outline, Figure 20. 

3.3.1. Azure MS-SQL database: Shellymeter 

A relational database was built containing multiple tables, such as: Customers, Clocks, Devices. 
This configuration offers what is known as “dimensions” to the “fact table”. The fact table, allreadings, 
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is the main energy consumption reading table where multiple entries are stored. It is a time series 
database containing multiple periodic measurements. Each entry contains a set of relevant information 
gathered from multiple Shelly devices. Consequently, the allreadings table is the largest table and is 
constantly written to by the integration. The Customer table contains the household customer details, 
and it is important to segregate device clocks and readings from one household to another. The clock 
table contains different physical or virtual electrical clocks installed in a household infrastructure. It is 
also the table that connects the different related costs to the devices, readings, and the information used 
by the Eq 1 presented previously. The device table contains the individual list of all installed Shelly 
devices. It is also an important dimension table as it relates all the readings to the device and its 
assigned household and clocks. It is also important to support the integration as it provides the list of 
devices to be queried by the integration. 

3.3.2. Integration logic apps: Shelly reading App 

As a crucial part of this work, the integration enables data to flow from Shelly devices to the 
database. This automation is an important piece of the solution as it eliminates manual export/import 
actions from the meters, saving effort and increasing reliability and consistency. It uses the Shelly’s 
standard API to query each individual meter for its data. Complementarily, it transforms the data, selecting, 
filtering, and formatting before loading it into the database. Figure 22 below illustrates this integration.  

 

Figure 22. Integration logic apps and Azure database. 
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The information was collected over a 12-month period (extended to 36 months) to capture seasonal 
effects, such as winter and summer, which could be observed. This seasonality demonstrated 
representative variations in the consumption pattern. For example, fridges and freezers during warmer 
summer days, or water heating during cold winter days having to work more to keep the set temperatures. 

The process followed the schema previously shown in Figure 15. Starting with the consumption 
measurements being collected remotely via two applications at a frequency of 10 minutes, the data 
were incrementally loaded into a database created for this purpose. As part of the data processing, the 
Microsoft Power BI application was used for this purpose. In the optimization part, DOE models were 
applied, and algorithms in R were used to determine trends and optimization settings. Once the 
information was analyzed, they were interactively compared with optimized scenarios. 

3.4. Information analysis  

3.4.1. Energy dashboard: EN3344 

With all the resources described before, it was possible to create intuitive dashboards with yearly 
projections and average consumption KPIs to assist in continuous monitoring, as well as setting targets 
as shown on the Figure 23.   

 

Figure 23. Microsoft power BI-Energy consumption report.  

3.4.2. Realtime analysis: MQTT 

Another capability that allowed further analysis of energy consumption, among other features, 
was real-time monitoring, also known as telemetry. This functionality allows for the monitoring of 
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events at the precise time they occur. Using the message protocol MQTT, the advanced features found 
on Shelly devices combined with the Mosquitto message broker installed on a Raspberry Pi, it was 
possible to manage messages from several devices. With the “event hub” correctly installed and 
configured, it was possible to set NodeRed to receive relevant messages by subscribing for specific 
topics enabling information flows, automations, and plot real-time graphs. Figure 24 shows one of 
these graphs used to monitor in real-time the temperature variation over the last 24 hours.  

 

Figure 24. Kitchen Boiler real-time graph.  

At the same time, it is also possible to create all sorts of information flows for home automations. 
This is particularly crucial for the optimization scenarios to expand the enhancements to less intuitive 
scenarios. These opportunities are described in Section 3.5. In Figure 25, it is possible to see some of 
the workflows to plot the graphs, create automations, and even set alarms integrated with the 
WhatsApp messaging system. 
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Figure 25. NodeRed MQTT information flows.  

3.5. Optimization 

The outcome of the monitoring and analysis allowed the evaluation of different scenarios and 
their opportunities for energy savings. The potential gains were divided into short-term and long-term 
opportunities, as shown in Table 3 below. 
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Table 3. Optimization opportunities. 

Short-term gains (1–2 years)  Long-term gains (3–5 years) 

Replace traditional bulbs with LEDs (smart) Exchange high consumption equipment for lower 

consumption devices 

Appropriate use of lighting for the occasion Relocation of appliances for optimize thermal efficiencies 

and energy savings optimization 

Motion sensors to detect presence and drive automations 

to avoid waste 

Temperature/Thermostat optimizations for better fit the 

needs and find advanced savings 

Identify and switch off equipment with high stand-by 

consumption 

Behavioral and cultural change  

Calculation for minimum time to when to turn off 

appliances 

 

Design routines for clever use of devices  

As mentioned, these opportunities for savings lead to a design of routines and automations for the 
effective use of the devices and appliances. See some other examples in Figure 26 below.  

 

Figure 26. Apple Homekit Automation (left) and Amazon Alexa Routines (right). 
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Several improvements were designed around the energy savings opportunities found. Some of 
them are summarized in the following:  
 Bulb replacement 

Starting with the most intuitive enhancement, replacing all traditional low efficiency light bulbs 
by Smart Philips HUE LED lights. It enables not only the direct savings of a more efficient light 
technology, but also the added ability to use dimerization, remote access, and include them in 
well-designed routines. 

 Turning off high “stand-by” consumption devices 
During the late evenings and early mornings, devices with high “stand-by” consumptions such as TVs, 
TV receivers, radios, computers, Bluetooth speakers, etc. were tuned off by the smart plugs, saving 
considerable amounts of energy during idle portions of the day. Presence sensors were used to 
determine the correct moments those devices needed to be on “stand-by” or completely off (individual 
controlled power strips were also used to ensure individual control of single devices) 

 Turning off appliances during long trips (such as boilers and fridges) 
Following a similar methodology as above, for longer trips, a change in behavior and planning 
allowed for taking further saving actions by switching off more complex logistic equipment. This 
prevented unnecessary use of energy to keep an empty cool fridge or hot water for nobody. All 
these associated to the convenience to turn them on prior to arrival, manually via geolocation, 
ensuring convenience and maintaining the right level of comfort.  

 Adaptive lighting 
It is designed to offer the right level of lighting needed for the occasion. As traditional switches 
only provide “on/off” capabilities, with smart bulbs it was possible to set dimmer lights for 
evenings. This does not only reduce electricity consumption, but also enhances comfort. Via 
motion and presence sensors, it was possible to take the automation a step further and only trigger 
the lights where needed and in unconventional places. E.g., LED strips under the bed to light up the 
way to the toilet in the middle of the night, avoiding disturbing a partner or walking in the dark.  

 Use of geolocation 
Use of mobile geolocation of the residents to only turn on security cameras when the occupants 
are away. Turn on water heaters only when the occupants are in a 100 m radius of the residence. 
Reducing energy waste due to thermal loss. 

 Reducing relapses 
Common relapses include leaving the lights on when leaving a room, leaving doors and windows 
open by mistake, not properly closing the door of the fridge, etc. Presence sensors to switch off 
lights and devices when the presence is not detected in the room for some time. Door and window 
sensors to notify when doors or windows were left open reducing heating demands. Also 
applicable to fridges and freezers to notify if the doors were not fully sealed. 

 Repositioning of equipment. 
Tracking the energy consumption data was possible to experiment and validate different 
configurations for certain equipment to reduce energy consumption. E.g., moving the freezer to a 
more ventilated area for better heat transfer and avoiding extra work from the compressor. 
Additional 5–10% savings on freezer consumption.  

 Overwrite factory thermostats 
Using MQTT, it was possible to combine temperature and energy consumption information and 
run distinct sets of temperature ranges, overwrite default factory setups, and adapt to a more 



801 

AIMS Energy  Volume 12, Issue 4, 774–808. 

optimized temperature operational range. In Figure 27, the original thermostat range is shown, set 
to operate between 50 and 65 degrees Celsius, representing a total of 228 Wh per day, and the 
final optimized range between 50 and 60 degrees Celsius, representing a total of 181 Wh per day. 
A total savings of 20% for the kitchen boiler alone was found, and the same methodology was 
used for all boilers.  

 

Figure 27. Thermostat optimization with MQTT. 

 Other facilities 
Additionally, making use of the “smart” functions of the device, it was also possible to include 
voice assistance to help with convenience and better control of the device on a specific 
occasion (e.g.: “goodnight” command to turn off all the unnecessary devices during the night). 

4. Discussion 

Through the Power BI reports, it is possible to compare consumption and projections over the 
years. In the first years, where many of the short-term activities took place, it was possible to measure 
a considerable reduction in energy consumption and costs. Figure 28 shows a reduction in annual 
consumption from 2805 (2311 + 494) kWh per year in 2020 to 2262 (1745 + 517) kWh per year in 2022, 
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a reduction of 19%. These initial findings align with the expectations proposed by Lackner [19], 
demonstrating and confirming the saving potential. 

 

Figure 28. Comparison of total consumption 2020 vs 2022. 

It is also possible to see the reflection on the financials between those two years, with a savings 
of 11 EUR on monthly costs, totaling 132 EUR per year. Therefore, this represents a very motivational 
incentive for further developments and investments. As stated previously, the year of 2022 saw a 
significant price increase for the electricity in Europe. This price increase emphasizes even further the 
importance of such work and its impact on household finances. As shown in Figure 29, despite the 
additional savings achieved in 2023, another 26% from 2022, and an overall 40% if compared to 2020 
figures, the total cost has increased to 67 EUR per month. If calculated based on the current prices of kWh, 
and the consumption of 2020, the total costs would represent 112 EUR a month. Therefore, it is fair to 
assume that the current study has saved around 45 EUR a month and a total of 546 EUR per year.  
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Figure 29. Energy consumption for 2023. 

In the following picture, Figure 30, it is possible to compare the breakdown of the consumption 
by segment and understand where big savings occurred and when short- and long-term actions started 
to have a significant impact. 

 

Figure 30. Breakdown comparison of daily average consumption 2020 vs 2022 vs 2023 kWh/day.  
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Despite the impressive energy savings achieved throughout this extensive experiment, it is pertinent 
to highlight several significant factors that could potentially hinder implementation and affect results: 
 Initial investment: The deployment of a continuous monitoring system featuring cutting-edge IoT 

devices can often entail a considerable upfront cost. Depending on the size of the residence, this 
initial investment may be prohibitive for households with tight budgets. Consequently, some 
homeowners may be discouraged from embarking on this journey or may limit the number of 
devices installed throughout their homes. This limitation can result in a restricted amount of data 
collected, thereby diminishing the opportunities for exploration and the implementation of potential 
optimizations. While prices have gradually decreased and technology has advanced in recent years, 
the perceived high cost of smart devices compared to non-smart alternatives remains a concern.  

 High current limitations for Low-Voltage systems: The majority of electrical IoT devices 
are engineered for low-current applications, typically rated for up to 16 A. When integrated 
into 220−240 V systems, these devices can handle a maximum nominal power of 3600 Watts, 
suitable for a wide range of applications. However, when utilized in 110−120 V systems, the total 
power output is halved, significantly limiting the number of devices that can be connected to smart 
plugs. Additionally, this reduction in power availability may impede the ability to combine 
multiple devices under the same meter, further constraining operational flexibility. 

 Lack of basic electrical knowledge: Moreover, linked to the preceding point, the absence of 
fundamental electrical knowledge can present a hurdle for homeowners delving into this area. 
It is common to encounter expressions like: “This seems complicated,” “What if I cause a fire,” 
or “Could I get shocked?” These statements reflect concerns stemming from a lack of 
comprehension or the necessary skill sets to handle and maintain electrical infrastructure. 

 Limited logical thinking: Many homeowners find logical thinking to be a daunting task. The 
ability to conceptualize “if this, then that” scenarios and devise logical frameworks tailored to 
individual needs is crucial for achieving optimal results. How to create a logic that better 
represents individual needs is at the same time crucial to a good result. In the end, understanding 
and describing routines, multiple variables, boundary conditions, and desired outcomes can be 
overwhelming even for the most enthusiastic minds.  

 Behavioral Psychology: First and foremost, this project underscores the importance of playing 
the “long game”. Most of the limitations mentioned above are closely intertwined with behavioral 
science. Understanding what influences individuals to embrace or resist change, and focusing on 
long-term benefits over immediate gratification, lies at the heart of this exploration. Motivations 
for change can be broadly categorized as intrinsic or extrinsic. 
o Extrinsic Motivation: External factors such as energy-saving laws, financial incentives like 

tax breaks or bonuses, mandated targets, societal norms, competitive environments, and 
tangible rewards. 

o Intrinsic Motivation: Internally driven factors such as curiosity, ecological and 
environmental beliefs, a cooperative and pro-social mindset aimed at both personal well-
being and community welfare. It involves a desire to participate actively and align with 
community norms by following positive examples. 

It is known that in most cases it requires not one or another, but rather a combination of extrinsic 
and intrinsic motivations. That aims not only at short-term incentives and high adoption of behavioral 
change, but also draws a strategy to ensure long-term gains to the individuals and a collective win 
for society. 
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5. Conclusions 

According to the management thinker Peter Drucker, “If you don’t measure, you don’t improve”. 
For a good and rational measurement and more efficient use of electricity in a residence, it is crucial 
to constantly monitor its use. The digitalization of a home opens several opportunities for energy savings, 
reducing not only costs but also helping to reduce the carbon footprint and government investments.  

An analysis of the energy efficiency of IoT devices was carried out by Vasilieva [34], including 
comparing the energy consumption before and after installation of the automation devices. The 
analysis revealed the substantial potential for conserving energy through the use of Internet of Things 
devices. Particularly noteworthy is the 34% reduction in energy consumption by smart thermostats, 
underscoring their role in optimizing indoor temperature control. Additionally, a 23% decline in energy 
usage was observed in smart security systems, showcasing their contribution to energy-efficient 
surveillance. Smart HVAC systems made a significant impact on energy conservation with an 
impressive 27% reduction in energy consumption. Even though smart lighting showed a more modest 12% 
decrease, it still played a part in enhancing energy efficiency. Furthermore, smart appliances achieved 
a 15% reduction in energy consumption, aligning with the broader goal of sustainability. 

Smart thermostats, for example, can learn the household’s patterns and adjust heating and cooling 
systems accordingly, leading to significant energy savings without sacrificing comfort as shown in 
Figure 27. This not only reduces energy bills, but also contributes to a more comfortable living 
environment. In the study of Abuhussain [35], a novel fuzzy controller with additional input parameters 
to keep indoor thermal comfort consistent with the corresponding number of occupants was developed. 
The proposed method was able to save up to 50% energy if occupants do not worry about comfort.  

Smart lighting systems can be programmed to turn off lights in unoccupied rooms or adjust 
brightness based on natural light levels, thus reducing energy waste. Se-Hyun [36] proposed a lighting 
control method based on RILL (Ratio of Illuminance Influence of individual Lighting) that can realize 
the reduction of lighting energy within buildings.  

Additionally, smart appliances such as energy-efficient washers, dryers, and refrigerators can be 
remotely controlled and optimized for energy usage, contributing to overall energy efficiency. 

Moreover, smart home automation can enhance security and safety through features like motion-
activated cameras, smart locks, and smoke/CO detectors linked to mobile devices. This not only 
provides peace of mind, but also contributes to a higher living standard. 

In summary, smart home automation positively affects energy efficiency and living standards by 
optimizing energy usage, increasing convenience, enhancing security, and providing more control over 
various aspects of home management. 

This study allowed us to confirm that by conscientious behavior, a thoughtful mindset, and 
combined with constant digital monitoring of information, it is possible to create wisdom and 
awareness about efficient energy use, as suggested in the DIKW Pyramid in Figure 16.  

The IoT improvements and rational use of energy allowed for significant reductions in daily 
average consumption as shown in Figure 30, achieving approximately 20% on overall electricity 
consumption with small and short-term interventions up to 40%, including more long-term investments. 
Consequently, the costs were reduced by close to 500 Euros a year on current European prices, 
representing a return of investment of 1–2 years. 
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