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Featured Application: Our study introduces an innovative application through the deployment of
the Totem Outdoor DELUX interactive kiosk, complemented by a user-friendly web application.
This dual-component system is not solely a cutting-edge piece of smart furniture centered on
hardware; it also encompasses a specially designed web application to engage the citizens of
Balaguer. Together, they form a comprehensive infrastructure aimed at enhancing environmental
awareness and promoting civic participation. This kiosk is a dynamic platform for displaying
real-time data from sensors across the city, facilitating interactive questionnaires, and providing
essential information about the city and town hall. The application of this technology directly
contributes to several Sustainable Development Goals (SDGs) by fostering public awareness
and participation in critical issues such as climate action, health and well-being, gender equality,
innovation in infrastructure, and reducing inequalities. Specifically, the interactive totem allows
for the collection and analysis of data regarding citizens’ perceptions of their living conditions,
environmental impact, and social inequalities. This practical application of our work exemplifies
how technological innovation can be leveraged to enhance civic engagement, support sustainable
development, and foster a more informed and participatory urban community.

Abstract: The concept of a smart city is becoming increasingly popular to improve citizens” quality
of life. Institutions are also committed to enhancing the sustainability of cities by implementing the
Sustainable Development Goals (SDGs). This paper presents a Balaguer case study investigating
energy demand monitoring, decreasing energy demand, and citizen acceptance in a municipality
district. The study collected data from three sources: (1) quantitative data coming from on-site sensors;
(2) quantitative data from a simulation of the area; and (3) qualitative data from questionnaires
developed with a totem located in the city center. This study shows the importance of citizen science
in contributing towards the increased awareness of energy demand, renewable energy, and climate
change. But it also shows how citizen science can improve research quality involving the municipality
authorities. This study also was instrumental in contributing to the increase in awareness among
municipality authorities and capacity building on the topic. This activity may also contribute towards
the implementation of actions to reduce the energy demand in public buildings and helping them in
deploying policies to decrease energy demand in buildings, increase the use of renewable energy, and
increase awareness among citizens. The government will use the information gathered to develop
policies for citizen improvement.

Keywords: smart city; building energy simulation; citizen science; public awareness; SDG;
e-government
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1. Introduction

The construction sector stands out as a significant contributor to global energy con-
sumption and anthropogenic carbon impacts. Efforts aimed at enhancing energy efficiency
and curbing carbon emissions, formulated on both global and continental scales, can be in-
terpreted as endeavors to mitigate the repercussions climate change could cause. Currently,
the prevailing trend increasingly highlights more frequent and severe extreme events,
coupled with a significant overall increase in monitored variables linked to global warming.
In this context, attention in the construction sector is shifting from a narrow focus on
individual buildings’ energy efficiency to a broader exploration by research and policy
entities at the neighborhood level, clusters of buildings, and cities [1]. Various initiatives,
including the EU 100 Climate Neutral and Smart Cities program, the European Bauhaus ini-
tiative, and legislation addressing energy communities, underscore this shift toward a more
comprehensive approach to decarbonizing the entire building energy infrastructure [2].

This transition aims to address the intricate aspects of building interactions, energy
flexibility, grid integration, and load balancing [3]. Additionally, the urban scale facilitates a
focus on critical elements such as urban planning and stakeholder involvement throughout
the entire lifecycle of a neighborhood [4]. This broader perspective strives for an interdisci-
plinary and holistic approach to the design and management of neighborhoods and cities.
Positive Energy Districts (PEDs), smart neighborhoods scaling up to smart cities and aiming
towards the EU mission of Carbon neutral cities are the core tools chosen at the continental
and international level to enhance the quality of life in European cities, contribute to COP
climate targets, and bolster European leadership as a global model [5]. Smart cities solu-
tions and positive energy districts will need to play a pivotal role in steering urban areas
toward a low-carbon future, intending to partially cover the energy needs of nearby areas
and foster the development of truly climate-neutral cities. This process involves deploy-
ing renewable energy systems within urban and regional energy frameworks, achieving
high energy efficiency levels across systems and grids, implementing energy flexibility
solutions, utilizing advanced materials, adopting smart energy grids, and emphasizing
district-level self-consumption of renewable energy systems. Initiatives like PED JPI Urban
Europe, IEA EBC Annex 83—Positive Energy Districts [6], EERA /Smart grids [7], and PED
EU NET Cost Action [8] collectively strive to establish PEDs as integral components in
the current building sector landscape. However, numerous challenges accompany these
concepts, including the technical feasibility of achieving a positive balance in specific urban
areas, the imperative for capacity-building among stakeholders, societal challenges, the
enhancement of regulatory frameworks, the need for replication potential assessment, and
the development of tailored business models for these specific technical solutions.

According to the most widely accepted definition [9], Positive Energy Districts are de-
fined as “energy-efficient and energy-flexible urban areas or groups of connected buildings
which produce net zero greenhouse gas emissions and actively manage an annual local
or regional surplus production of renewable energy. They require integration of different
systems and infrastructures and interaction between buildings, the users and the regional
energy, mobility, and ICT systems, while securing the energy supply and a good life for all
in line with social, economic and environmental sustainability” [10]. The concept is thus
inherently not limited to a mere mathematical balance between energy use and generation
and will require deeper integration with sustainability applications as well as the social
sphere [11].

This initiative is designed to leverage technology as a bridge between citizens and
their local government, fostering an environment of mutual trust and engagement. By
integrating citizens directly into the data collection and policy-shaping process, we ensure
that local governance is responsive and attuned to the community’s needs and perspectives.
This endeavor is not only about enhancing the quality of life through smart city innovations,
but also about reinforcing the social contract by demonstrating a genuine commitment
to considering citizen input. Accordingly, this aligns with and actively contributes to the
Sustainable Development Goals, promoting well-being and ensuring inclusive participation
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in all facets of urban life. Gathering information from citizens in a smart city is essential
for institutions to understand what measures to take to enhance the quality of life of its
residents. Various methods can obtain this information, including observation, interviews,
bibliographic study, IoT, public cameras, websites, etc. Lately, totems have been frequently
used, to offer online bureaucratic services to the public to simplify and speed up proce-
dures [12]. However, concerns about protecting citizens’ data are significant, focusing on
potential exploitation within the framework of neoliberal ideologies [13]. Recently, the term
“smart street furniture” has been used to describe interactive equipment [14]. Interactive
kiosks find practical applications in various sectors such as transportation systems [15],
tourism [16], healthcare [17], and enhancing societal value [18].

In the case study of Balaguer, citizen data was collected through questionnaires
displayed on a smart street furniture device known as a totem, a device installed at the town
hall entrance in the city’s most central square. The totem allowed a two-way communication
channel between citizens and the city governmental institutions. This information is crucial
for developing effective social policies, fostering trust in institutions [19-22], and meeting
the needs of citizens.

Our study leverages a multifaceted approach that integrates quantitative data analyses—
derived from on-site sensors and simulations—with qualitative insights from citizen science
activities. The quantitative analyses provide the empirical evidence needed to understand
energy demand patterns, while the citizen science component enriches this data with
human insights, making the research outcomes more holistic and actionable. This intercon-
nected approach ensures that policy interventions are not only data-driven but also aligned
with citizen perceptions and behaviors, enhancing the likelihood of successful implementa-
tion and positive outcomes regarding sustainability and quality of life improvements.

2. Methods
2.1. Methodology

This study employed a mixed-method approach using qualitative and quantitative
data to investigate energy-demand monitoring and the energy-demand decrease and
citizen acceptance in a district of a municipality. The study used three levels of data
gathering: (1) quantitative data coming from on-site sensors; (2) quantitative data coming
from simulation of the area, and (3) qualitative data coming from questionnaires developed
with a totem located in the city center.

2.2. Case Study

The case study investigated is in Balaguer, a city with approximately 15,000 residents
in the province of Lleida, Catalonia, Spain. Figure 1 provides an aerial view of the district
case study.

The entire district spans about 8825 m? and comprises various public buildings with
diverse functions. From an energy standpoint, all these structures stand to benefit from
efficiency measures due to common issues such as insufficient insulation, predominantly
single-pane windows, and the prevalence of low-efficiency energy systems and lighting.

Figure 2 reports some pictures of the main facades of the buildings and some brief
descriptions of the buildings within the district which are as follows:

e  Angel Guimera Public School (1800 m?): Primarily operational during the day with
limited afternoon occupancy and a month of inactivity in August. Envelope mate-
rials include solid brick and plaster, with single-glazed windows. Gas heating is
utilized, and cooling is provided by single split systems in most areas, with some
zones remaining unconditioned.

e  Xalet Montiu (461.44 m?): A historic building showcasing modernist architecture,
operating mainly from 9:00 am to 8:00 pm. Envelope features solid brick and plaster,
along with single-glazed windows. Various split air conditioner systems complement
radiator-based heating, with cooling based on split single systems.
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Educative Service of La Noguera (1093 m?): Mainly active during the day with limited
afternoon occupancy and a month of inactivity in August. Envelope comprises solid
brick and plaster, with double-glazed windows. Gas burner and radiators facilitate
heating, while multi-split air systems are employed for cooling.

Museum of La Noguera (1496 m?): The building operates at different hours during the
week. Envelope materials include brick, polystyrene, clay, plaster, and double-glazed
windows. Gas is used for heating, and air systems distribute it, with chiller-based
cooling systems of low efficiency.

Library Margarida de Montferrat (3975 m?): It operates with variable schedules during
the week. Envelope features brick and plaster, along with double-glazed windows.
Heating relies on radiators gas-based, while split air conditioning systems provide
cooling for the entire area of the building.

Figure 2. (A) Anguel Guimera Public School, (B) Museum of La Noguera, (C) Xalet Montiu, (D) Ed-
ucative Service of La Noguera, and (E) Library Margarida de Montferrat.
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2.3. Monitoring of Public Buildings

One key aspect of any research that involves either modeling, machine learning, big
data, and so on, is the availability of data: a sufficient amount of data and adequate data
quality are required for statistical, machine learning, and simulation models to be accurate.
Within this project, one of the lines of work was the design of a method to monitor several
data points from the buildings involved on the project. The requirements for the design
were as follows:

1. Ithas to involve small form factor sensors (they should be aesthetically unpleasant
and bulky, as they are placed in public places).

2. Data from the sensors have to be collected wirelessly (for the same reasons as 1).

3. Asone of the goals was to enable citizen science and participation (a future endeavor),
sensors and components should be cheap, and, if possible, COTS (Components Off
The Shelf).

4. All protocols and software, wherever possible, should be open source and based on
standards (to ease replication).

From these requirements, the sensoring architecture thus resulted in using the widely
available COTS sensoring from Xiaomi/Aqara (China), Raspberry PI SBCs, from Rasp-
berry Foundation (UK), as collecting nodes, and MQTT/InfluxDB/Grafana as transport,
collection and graphing, respectively. An overview of the used architecture is shown in
Figure 3.

Sensors Sensors
RPi RPi
| Building 1 \ Building n
| MQTT |
ZeroTier-One
I VPN
Mosquitto Telearaf InfluxDB Grafana
MQTT A gnt Database Visualization
Server g Server Server

Figure 3. Overview of the used architecture for buildings monitoring and data collection and storage.

2.4. Modelling and Simulation of the District
The simulation section of the study includes some further methodological stages:

i.  On-site investigation of the district: multiple visits to the buildings were conducted
between 2020 and 2022. Comprehensive data, including details about the building
envelope, energy systems, occupancy levels, internal loads, lighting and equipment,
and energy bill usage, were systematically gathered.

ii.  District energy modeling and model calibration: This phase was executed within the
Energy Plus modelling and simulation environment. All relevant data obtained during
the on-site investigations were input into the models. A calibration procedure was
executed, focusing on refining the accuracy of key variables that carried uncertainty.

iii. Towards the level of Positive Energy District, renovation, and energy efficiency mea-
sures: several solutions for enhancing energy efficiency and energy generation were
introduced and implemented in the calibrated model. The subsequent calculation in-
volved assessing the impact of these modifications on the overall energy consumption
and verifying the achievement of the definition of the Positive Energy District.

The buildings models were developed in accordance with the available modelling
information to mirror the existing district geometry. Screenshots in Figure 4 depict the
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models alongside the actual structures. The model geometry was developed using the
Sketchup environment. Further information regarding the thermal performances of the
building, either assumed based on the available information or computed as reported in
Table 1, also reported the thermal transmittance, (U-value), defined as the rate of transfer
of heat (in watts) through one square meter of a structure divided by the difference in
temperature across the structure, expressed in W/ (m?-K).

Table 1. Building energy performance parameters and assumptions.

Parameter Angel Guimera Museum of La Xalet Montiu Educative Service  Library Margarida
Public School Noguera of La Noguera de Montferrat
Area m? 1800 1496 461 1093 3975
U Exterior fenestration
average (W/m?K) 5.80 2.72 5.80 2.72 2.72
Average solar heat 0.80 0.65 0.80 0.65 0.65
gain coefficient (—)
U Opaque exterior
wall average 1.2 0.3 1.2 1.2 1.5
(W/m?2-K)
U Opaque exterior
floor (W /m2 K) 3.7 3.7 3.7 05 3.7
U Opaque exterior
roof (W/m?-K) 5.1 1.7 23 0.7 0.8
Occupant 241 157 10 36 381
Lights (W/m?) 9 7-20 9 10 10
Electric equipment 0-14 0-3 0-10 0-7 3.5

(W/m?)

(b)

Figure 4. Cont.
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(e)

Figure 4. (a) Anguel Guimera Public School, (b) Museum of La Noguera, (c) Xalet Montiu, (d) Educa-
tive Service of La Noguera, and (e) Library Margarida de Montferrat.

The building energy simulation was performed utilizing non-steady state calculations
within the Energy Plus environment. The computation of air temperature and heat flows
employed the heat balance method. Internal loads, encompassing lighting, occupancy,
and appliances, were determined based on data acquired during the on-site investigation.
Additionally, details on energy system usage, schedules, and occupancy information
were derived from on-site surveys. The modeling of energy systems adopts a simplified
approach, treating them as thermal ideal loads, and uses fixed efficiencies for the various
components of the energy systems. A validation procedure was performed to compare
baseline energy use (3 years energy bills for electricity and gas) with the actual models,
in order check their reliability with a monthly base for validation for both electricity and
gas energy consumption which is aimed at guaranteeing a lower than 10% error with this
timestep.

Once the existing district was modelled and validated, renovation and renewable
energy solutions were designed, modelled, and simulated in an energy plus environment
to investigate the potential of the district to be a positive energy. The district renovation
simulation incorporates the modelling and simulation of several technical solutions:



Appl. Sci. 2024, 14, 2544

8 of 21

e  External wall insulation coating (polystyrene): applied to buildings including Xalet
Montiu, Servei Educatiu de la Noguera, Angel Guimera Public School, and Biblioteca
Margarida de Montferrat.

e  Roof external insulation coating (polystyrene): implemented in Xalet Montiu, Servei
Educatiu de la Noguera, Angel Guimera Public School, and Biblioteca Margarida de
Montferrat.

e Window substitution: windows with a thermal transmittance up to 1.6 W/m?-K and a
Solar Heat Gain Coefficient (SHGC) of 0.6 are introduced to Angel Guimera Public
School and Xalet Montiu.

e  Replacement of lighting bulbs and heating/cooling generators: commercially available,
state-of-the-art heat pumps (air or water-based) with Coefficient of Performance (COP)
and an Energy Efficiency Ratio (EER) greater than 4.5 are implemented.

e Photovoltaic generation systems installation: deployed on surfaces facing south, south-
east, and south-west, as well as on on-site close surfaces, such as parking areas. The
planned total installation is 104 kW, covering a total area of 528 m?, as detailed in
Table 2.

Table 2. Generation of all roof-installed PV systems within the district.

PV Power [kW]
Xalet Montiu 8.75
Angel Guimera Public School 26.6
Educative Service of La Noguera 6.3
Library Margarida de Montferrat 11.5
Museum of La Noguera 21
PV installation A 58
PV installation B 30.8

e  Utilization of a 250-kWh storage system in scenario, reflecting the concept of struc-
turing an energy community with peer-to-peer energy flow connections across the
entire district.

The performance of the district in terms of the potential positive energy district was
investigated according to the following equation:

B=Y" ExW =Y  Cx*W, (1)

where B refers to the PED balance results; i refers to the generic energy carrier being used
within the district area; E; is the energy generated on-site by means of renewable energy
sources; C; is the energy use on-site per energy carrier; and W; is a weighting/conversion
factor (e.g., from final energy to primary energy/carbon equivalent) [23]. An explicative
view of all the other PV generation solutions planned in close-by buildings is in Figure 5.

The effect of the battery is quantified via the use of the Load Cover Factor [24]
(Equation (2)), and is defined as the percentage of the electrical demand covered by on-site
electricity generation. In periods with no on-site generation, the load cover factor value is
zero, while the highest values are reached when there is a coincidence between the profile
shape of electricity load and self-generation.

min[g(t) — S(t) = {(b),1(t)]at
lond = J2U()dt

where g(t) refers to on-site electricity generation (kW); 5(t) refers to storage (kW); f(t)
represents energy losses (kW); and I(t) is the energy load (kW).

()
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Figure 5. Further PV installations planned.

2.5. Questionnaires

The approach of the questionnaires followed a four-phase methodology (Figure 6).
The first phase involves designing a survey to gather necessary data. After conducting
our study, we identified an interactive kiosk as the most suitable Smart Street Furniture to
display information gathered by different humidity and temperature sensors throughout
the city. In the second phase, we implemented a citizen data collection system with a web
application focusing on Human-Computer Interaction and User Experience to encourage
massive citizen participation. This web application allows citizens and visitors to access
the survey designed for this study. The third phase involves placing the interactive kiosk
in the town hall, a central location for Balaguer. The survey aims to collect responses from
citizens and visitors to analyze the information gathered. Finally, in the fourth phase, we
analyze all the collected data, discuss it, and draw conclusions. In the fourth phase, the
government analyzes the data collected and adjusts their actions to align with the citizens’
needs. City councils seek citizen feedback on aspects of city life for more attractive, useful,
and closer projects. In this way, they help to enhance citizens’ trust in their government
institutions. Figure 6 provides a graphical illustration of the entire process.

Software Informationo
Development Analysis
* HCl design and * Results,

. development at .
the interactive

kiosk selected

. discussion and
conclusion

Figure 6. Four-phase methodology diagram.
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As part of the infrastructure to complete questionnaires, an interactive kiosk named
Totem Outdoor DELUX, ins-digital (Madrid, Spain), with a 65” 2500 cd screen is provided
(Figure 7). It runs on an Intel I3 CPU and Windows 10 Pro 64-bit operating system. This
kiosk displays three types of data: information about the sensors installed in various
Balaguer buildings, details required to complete the questionnaires, and static information
about Balaguer city and town hall.

Information about the
sensors

Questionnaire and Project
information

Static information about
the council and city

Figure 7. Balaguer interactive kiosk displaying the system implemented.

All this information is displayed on a web page. For this purpose, the interactive totem
connects to two servers. The first is a web server with HTML5, CSS3 and PHP 8.1 code,
which manages the data obtained from citizens in a relational database. The second is a
Grafana server (V9.0.2), which collects data from the different sensors in relevant buildings
in Balaguer and generates pre-designed graphics. The Grafana server then sends this
information to the digital totem for display in real-time.

The questionnaires given to citizens included questions about their general infor-
mation (age and gender), their life in Balaguer (origin, length of stay, neighborhood of
residence, and preferred neighborhood), their opinions about the city, their perception of
the atmospheric temperature, and their emotions generated by the weather. The ques-
tionnaires were designed using Nielsen’s heuristic rules [25]. They were displayed in the
central left part of the device screen to make it easier for citizens to interact with the system.
The questionnaires were presented as a challenge under the question “How Balaguerian
are you?” to motivate citizens to participate. At the end of the participation, the system dis-
played statistics that compared the individual answers of each citizen with the accumulated
answers of all the participating citizens.

The objective of collecting and analyzing the questionnaire data was to interpret social
data and their relationship with the following SDGs:

e SDG3: Good health and well-being: citizens should be aware of the temperature
in public buildings, as it serves as an example of the temperature that should be
maintained in private homes.

e  SDGS5: Gender Equality: the study results have been analyzed from the perspective of
the participants” gender.

e  SDGY: Industry, innovation, and infrastructure: the totem pole installed on the city
hall’s door is an innovative public infrastructure for the city.
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SDG10: Reduce inequalities: to reduce inequality, citizens can provide input on which
neighborhoods need revitalization.

SDG13: Climate action: analysis of wind chill’s impact on women, men, and intersex
people raises awareness of climate change.

3. Implementation Details

From the requirements already stated, we proceeded to implement the designed

architecture, shown in Figure 3.

The details of each of the elements of this architecture and the reasons why they were

selected are as follows:

Aqara/Xiaomi Zigbee Sensors. We wished to have standard off-the-shelf components
wherever it was possible, to lower the cost of possible replications of that setup,
especially for citizen science. Zigbee is a wireless transmission protocol designed for
IoT (Internet of Things) data transmission, and is becoming, due to its reliability, low
power requirements, area coverage, and low price, the de facto standard for home
sensoring. There are several manufacturers of Zigbee based devices, and one of such,
Xiaomi/Agqara, has a wide selection of products, is affordable, and is aesthetically
pleasant enough so they will not stand out once installed in place.

Raspberry PI (RPi3). For the data collection nodes, we require a small form factor
computer, which is affordable and easy to acquire. One such device is the Rasp-
berryPi (Raspberry Pi Foundation, UK). For the deployment for this work, we used
RaspberryPi 4/2 GB of RAM, the state-of-the-art SBC at the moment. Other models
(RaspberryPi 5, or RaspberryPi Zero 2W) could be used, as they fulfill the requirements
of RAM/CPU for the task they have to perform. These RaspberryPi will require this
additional hardware and software:

o CC2531 USB-2-Zigbee: Any USB to Zigbee device will operate. For our project
we used one based on a Texas Instrument CC2531 (with a price tag around
10EUR each), with a modified firmware from the Zigbee2MQTT project.

o Zigbee2MQTT: Zigbee2MQTT is a software system that, using a USB 2 Zigbee
dongle, receives Zigbee messages from a network of sensors and relays them
using MQTT to a MQTT broker. This software is running on a Docker container
on the RPi3 for better isolation and more reliability.

ZeroTier-One VPN. For increased security, the connections between the RPi3 nodes and
the central MQTT broker are routed through a secure VPN (Virtual Private Network)
using ZeroTier-One service.

Mosquitto MQTT Server. All MQTT messages with the sensor data are transmitted
from the RPi3 via the local building internet (through a VPN) to a Mosquitto MQTT
Server that acts as the MQTT broker.

Telegraf Agent. A Telegraf agent is running continuously subscribed to the MQTT
broker and rerouting (and format translating) all messages to the InfluxDB database
server.

InfluxDB Database. Data is stored on an InfluxDB instance. As data coming from
sensors is a time-series data stream, InfluxDB is one of the best choices for storing that
data.

Grafana Visualization Server. We are running a Grafana instance that, as it has the
InfluxDB instance as a data source, allows us to visualize the collected data, as seen in
Figure 8. The Grafana instance also provides the graphs that will be visualized as part
of the display of the totem.

As can be seen from the detailed description we choose all elements of the architecture,

both hardware and software, to be as standard, cheap, and affordable as possible, with
the focus on having an easily reproducible setup. An example of the results obtained is
presented in Figure 8.
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After some months of operating with this architecture, we can see, on the hardware
side, that:

e The sensors by Xiaomi/Agqara, priced around 5 EUR each, have enough precision
for this kind of study: temperature can be between —20 °C and +50 °C, with a
£0.3 °C error; humidity can be 0-100% RH (non-condensing), £3%, and, for those with
atmospheric pressure, it can be between 30 kPa and 110 kPa, 4-0.12 kPa. Their battery,
a CR2032 cell, lasts around two years. And the chosen communications protocol,
Zigbee, has a longer range than WiFi or Bluetooth and lower power consumption.

o The RPiis a robust SBC, and the latest models (Zero 2W) are widely available with a
price tag floating around 20 EUR.

e  The required Zigbee USB dongles have become, thanks to the expansion of domotic
hardware by big brands (IKEA and Lidl amongst them), widely available, with prices
between 10 EUR and 30 EUR (depending on antennas, range, brand, etc.).

On the software side:

e  The combination of MQTT for messaging, InfluxDB for data storage, and Grafana as a
visualization platform, has proven reliable and robust. No wonder this combination is
becoming the powerhouse behind many home automation and sensoring projects.

Biblioteca Temperatures

02
04
05
06
07
08

Figure 8. Example of the data obtained in the library.

4. Results and Discussion

Given the results after several months of monitoring, it is clear that this architecture
could easily be expanded to encompass a more ambitious citizen science project where
citizens can easily deploy at home nodes for data collection with a low and affordable
cost. Moreover, due to the low cost per citizen (under 100 EUR for a complete setup with
5+ sensors), if funding or sponsorship is available, such solutions could surely add several
data collection points for a smart monitored city.

The outcomes derived from the methodological steps detailed for simulations earlier
are presented below. Figure 9 succinctly presents the monitored data, offering insights
across the entire district. The information includes detailed breakdowns of electricity and
gas consumption at the individual building level. Table 3 describes the total consumption
for each building, divided into thermal and electrical consumption. Figure 8 instead shows
the main results achieved for district energy use within the district, respectively, including
electricity and gas, based on the total computed in Table 3.

The electricity and gas expenditure over a two-year time span were averaged to
facilitate a meaningful comparison with simulation data. The deviation between monitored
and simulated results on a monthly base is presented in Figure 10. The results for the
entire simulation year were then aligned with the corresponding billing periods for each
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building in the district. The annual deviation consistently falls below £10%, confirming
the soundness of the modeling and simulation efforts. The results for energy generation
according to all the assumptions described in the methodology section are reported in

Table 4. Table 5 instead shows the results of energy consumption due to renovation at the
district level.
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Figure 9. (a) District electricity use (average monthly), and (b) district gas use (average monthly).

Table 3. Thermal and electricity consumption.

Consumption Xalet Montiu Angel Guimera Public Biblioteca Margarida

School de Montferrat Museu de la Noguera

Electricity and cooling
consumption [KWh] 8202 64,59 55,114 40,940

Gas consumption
[KWh] 50,282 367,853 175,482 64,700
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Figure 10. (a) Final error analysis in the electricity, and (b) gas consumptions for each building.

Table 4. Electricity generation per PV plant installed.

Building PV Area [m?] Generation [kWh/y]
Xalet Montiu 50 11,540
Angel Guimera Public School 170 37,760
Servei Educatiu de la Noguera 74 8729
Biblioteca Margarida de
Montferrat 73 16,647
Museu de la Noguera 234 29,212
PV installation A 769 79,661
PV installation B 352 40,605
Table 5. Pre- and post-renovation electricity and gas use.
Month Electricity Gas
Renovation Existing District Renovation Existing District
Jan 33,624 15,137 0
Feb 28,501 13,531 0 270,208
Mar 20,343 11,522 0
Apr 18,422 11,723 0 135,898
May 13,371 12,565 0
Jun 9628 14,036 0 18,954
Jul 14,168 20,721 0
Aug 14,333 18,583 0 3918
Sep 11,547 15,810 0
Oct 12,855 13,729 0 28,539
Nov 18,620 14,022 0
Dec 24,119 12,987 0 184,459

The electrification strategy implemented in the district, despite leading to an overall
electricity usage increase of approximately 25% compared to the current system, has
effectively eliminated gas expenses related to domestic hot water and heating. Additionally,
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this strategy ensures a substantial enhancement in building performance, notably reflected
in discernibly lower electricity requirements during the summer months, attributable to
reduced cooling needs. Figure 11 describes the primary energy balance as described in
Equation (1) and further clarifies the aims of the electrification strategy pursued [26]. It
describes the energy balance between energy use at the district level and the renewable
energy solutions described in Table 2, the existing district highlights severe deficiencies
across the year while the renovated one allowed to meet a positive energy balance across
the year. In terms of overall generation and consumption of the renovated district, Figure 12
illustrates the monthly trends for electricity generation and consumption.

300,000
200,000

100,000

-100,000
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(=]
l
]
l
-
O

-200,000

-300,000
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Figure 11. Primary energy balance.
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Figure 12. Electricity use and generation for the overall Balaguer district.

Although the overall generation is higher than consumption (overall generation is
equal to 226,090.13 kWh, while consumptions amount to 219,532.04 kWh) during the year
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examined, it is worth mentioning that some deficits are traced for the winter months causing
a significant import from the grid which is counterbalanced by a net export during summer.

Figure 13 describes the impact of the battery on the interaction of the district with
the energy grid. The graph reports hours of the day on the x-axis and all 365 days of the
year on the y-axis thus showing all hours of the year. The impact of the battery is clearly
highlighted during days 50-300, whereas the load cover factor is nearly constant at one
during most hours in the day throughout the year, thus theoretically allowing the smart
district to become nearly independent from the grid during this timeframe. The average
yearly load cover factor is improved from the existing district to the renovated one from
41% to around 80%.

365

350 1.000

0.8750
300
0.7500

0.6250

I~ 0.5000

Fload

0.3750

0.1250

0.000

Figure 13. Load cover factor at the district level.

On the other hand, citizen response was positive, with 148 surveys collected between
July and November 2022, resulting in 2528 answered questions.

To achieve gender equality, as outlined in SDG 5, we have analyzed the data from a
gender perspective and presented the information in the graphs in a disaggregated manner.
Figure 14 illustrates the distribution of citizen participation by gender and age. Notably,
the age groups of 41 to 60 years and 21 to 40 years have the highest number of participants.
It is important to note that in all age groups, except those aged 15 to 20 and over 60, men
represent more than 50% of the participants.

28
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Figure 14. Breakdown of citizen engagement by gender and age group from surveys collected
between July and November 2022.
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To tackle inequalities per SDG 10, which focuses on reducing inequality within and
between countries; the City Council of Balaguer has taken a step forward by allowing the
residents to express their preferences for the neighborhoods where they would like to live.
This approach aims to prioritize city actions and identify areas that require revitalization.
Figure 15 illustrates the respondents’ preferences for residential areas. It is worth noting
that the neighborhoods of “Eixample” and “Casc Antic” have received more favorable

N

results, while fewer respondents have expressed a desire to reside in the “Seca” area.
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Figure 15. Respondents’ preferences for residential areas from surveys collected between July and
November 2022.

As per SDG goal 13 (climate action), raising awareness about climate change involves
more than just monitoring weather data. It is also important to consider how people,
regardless of gender identity, perceive the weather. Figure 16 illustrates how the general
public perceives wind chill. The objective is to provide the Balaguer city council with
valuable information that can assist them in implementing measures to improve the well-
being of citizens concerning the thermal sensation they perceive. WeatherSpark [27] has
defined the temperature ranges using six distinct categories: 1-Very hot (34-30 °C), 2-Hot
(29-25 °C), 3-Normal (24-19 °C), 4-Cool (18-14 °C), 5-Cold (13-7 °C), and 6-Very cold
(below 7 °C). Figure 5 shows these temperature ranges by color bands. It should be noted
that no responses were received from the “6-Very cold” category, so it was excluded from
the analysis.
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Figure 16. Comparison between real thermal sensation and perceived thermal sensation from surveys
collected between July and November 2022.
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As a part of the analysis, separate tables are created for different genders, such as
female, male, and intersex. These tables compare the thermal sensation perceived by the
respondents with the actual weather data. The deviations are calculated by comparing the
average temperature range provided by two weather stations located in Balaguer and the
nearest village (Os de Balaguer) on the same date. For instance, if a respondent perceives
a day as “Cold” (coded as 4) while the mean provided by the weather stations is “Cold”
(coded as 2), the deviation for that day is —2 (Thermal sensation minus real temperature),
indicating a lower perceived temperature. The resulting data show the thermal sensation
deviation for each day and gender.

It is important to note that not all genders provide data every day. For days when
no data was provided, it was assumed that there was no deviation from the real thermal
sensation. The analysis shows that, in most cases, the deviation in perceived wind chill is
minimal and falls within the upper or lower temperature range, as seen in the one-band
row in Table 6. A deviation of three bands in the temperature range is considered an outlier,
as shown in Table 6. Based on the results in Figure 15, respondents generally perceive
temperatures to be higher than the real thermal sensation of the day.

Table 6. Deviation between the real thermal sensation and perceived thermal sensation by tempera-
ture bands (data expressed in days) from surveys collected between July and November 2022.

Deviation No Deviation 2 Band 2 Band 2 Band
Women 14 17 8 3
Men 17 30 5 3
Intersex 1 3 3 0

Given the high impact of the Sustainable Development Goals driven by the United
Nations, it is interesting to evaluate to which ones this study contributes:

e  SDG3—Good health and well-being: decreasing GHG emissions and improving ther-
mal comfort inside the buildings increased the population’s health and its well-being.

e  SDG4—Quality education: citizen science contributes to lifelong learning of the citi-
zens involved in the actions.

e  SDG5—Gender equality: The study results have been analyzed from the perspective
of the participants’ gender.

e SDG7—Affordable and clean energy: decreasing the energy demand of buildings
decreases energy poverty; increasing the use of renewable energy contributes to
having affordable, reliable, and sustainable energy.

e  SDGY9—Industry, innovation, and infrastructure: introducing innovation in public
buildings and private households contributes to this SDG.

e  SDG10—Reduce inequalities: decreasing energy demand and contributing to more
affordable energy in buildings reduces inequalities between citizens.

e SDG11—Sustainable cities and communities: the study contributes to making cities
and human settlements inclusive, safe, resilient, and sustainable.

e  SDGI12—Responsible consumption and production: an objective that also applies
to energy.

e SDGI13—Climate action: decreasing energy demand in buildings and introducing
renewable energy production are clear actions towards climate change mitigation.

e SDGl6—Peace, justice, and strong institutions: the involvement of municipality
authorities in citizen science and energy-use optimization contributes to having
stronger institutions.

5. Conclusions

Following the presentation of data within the totem increases awareness about energy
demand and its consequences. Moreover, citizens’ interaction with the totem showed
increased interest in reducing energy demand in their households.
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This study shows the importance of citizen science to increase awareness on topics
such as energy demand, renewable energy, and climate change. But it also gives a clear
example of how citizen science can improve the quality of research carried out. Even
more interesting is the involvement of the municipality authorities. This study increased
awareness among municipality authorities on the topic but also increased their knowledge;
helping them implement actions to reduce the energy demand in public buildings and
helping them in deploying policies to decrease energy demand in buildings, increase the
use of renewable energy, and increase awareness among citizens. It is important to note
that the proposed work aims to not only gather and analyze data, but also understand
people’s perceptions of significant aspects of the city, such as temperature sensations and
perceptions of the citizens of Balaguer.

Our research explicitly demonstrates the role of citizen science in enhancing public
awareness about key urban issues. The deployment of the Totem Outdoor DELUX inter-
active kiosk, alongside its accompanying web application, in the city center of Balaguer,
established a comprehensive solution that transcends mere hardware. This system served
as a physical and interactive platform for collecting and disseminating information directly
from and to the citizens. At the same time, the web application provided an accessible
digital interface for deeper engagement. Integrating the totem with the web application
facilitated a multifaceted approach to citizen science—citizens could not only view real-time
data on energy usage and participate in questionnaires physically but also engage with
the content and contribute data digitally. This dual strategy emphasized the importance
of a software-hardware symbiosis in enabling citizens to provide qualitative feedback on
their perceptions and behaviors, ensuring a richer, more accessible data collection process.
This dual flow of information is a quintessential example of citizen science, where the
public participates in scientific research to achieve mutual learning experiences. Finally,
this study highlights the effectiveness of our approach in fostering a more informed and
participatory urban community, where citizen science acts as a catalyst for enhancing public
awareness and influencing policy making. As part of future work, the city council will seek
the citizens’ opinions on the measures taken based on this study. In this way;, citizens can
provide feedback on whether the measures align with expectations, if progress is being
made towards meeting SDGs, and if trust in government institutions has improved.

Author Contributions: Conceptualization, L.F.C.; methodology, L.F.C. and M.T.; software, F.G.
and R.R;; validation, M.T. and FE.G.; formal analysis, L.E.C., RM.G. and M.C.; investigation, C.M.,
M.T.,, M.D,, EG. and R.R; resources, L.E.C. and M.C.; data curation, L.E.C.; writing—original draft
preparation, LEC., M.T.,, CM. and FG.; writing—review and editing, M.D., RM.G., R.R. and
M.C.; visualization, C.M. and M.T.; supervision, L.EC., RM.G. and M.C.; project administration,
L.EC.; funding acquisition, L.E.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was partially funded by the Generalitat de Catalunya and the European Union
Fund under the project ERDF2014-2020. This research was funded within the Italian National
program: “AIM: Attrazione e Mobilita Internazionale”, developed by Ministero dell’Istruzione,
dell’Universita e della Ricerca in attuazione del Programma Operativo Nazionale (PON) Ricerca e
Innovazione 2014-2020, Asse I “Capitale umano” e nel rispetto della Strategia Nazionale di Specializ-
zazione Intelligente 2014-2020 (SNSI), azioni volte a favorire la mobilita e I'attrazione di ricercatori in
ambito universitario.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available under request to the correspondence authors.



Appl. Sci. 2024, 14, 2544 20 of 21

Acknowledgments: The authors thank the Generalitat de Catalunya for the quality accreditation
granted to the GREiA research group (2021 SGR 01615) and GRIHO research group (2021 SGR 01620).
GREiA is a TECNIO-certified agent in the category of technological development of the Generalitat
de Catalunya. This work is partially supported by ICREA inside the program ICREA Academia. The
research is partially developed within the International Energy Agency (IEA) Energy in Buildings
and Communities (EBC) Annex 83 “Positive Energy Districts” work program.

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

References

1. Du, H; Han, Q.; de Vries, B. Modelling Energy-Efficient Renovation Adoption and Diffusion Process for Households: A Review
and a Way Forward. Sustain. Cities Soc. 2022, 77, 103560. [CrossRef]

2. ur Rehman, H.; Reda, F; Paiho, S.; Hasan, A. Towards Positive Energy Communities at High Latitudes. Energy Convers. Manag.
2019, 196, 175-195. [CrossRef]

3.  Sareen, S.; Albert-Seifried, V.; Aelenei, L.; Reda, F.; Etminan, G.; Andreucci, M.-B.; Kuzmic, M.; Maas, N.; Seco, O.; Civiero, P,; et al.
Ten Questions Concerning Positive Energy Districts. Build. Environ. 2022, 216, 109017. [CrossRef]

4. Neumann, H.-M.; Garayo, S5.D.; Gaitani, N.; Vettorato, D.; Aelenei, L.; Borsboom, J.; Etminan, G.; Kozlowska, A.; Reda, E; Rose, J.;
et al. Qualitative Assessment Methodology for Positive Energy District Planning Guidelines. In Proceedings of the Sustainability
in Energy and Buildings 2021; Littlewood, J.R., Howlett, R.J., Jain, L.C., Eds.; Springer Nature: Singapore, 2022; pp. 507-517.

5. JPI Urban Europe, SET-Plan ACTION n°3.2 Implementation Plan. 2018. Available online: https://jpi-urbaneurope.eu/wp-
content/uploads/2021/10/setplan_smartcities_implementationplan-2.pdf (accessed on 15 December 2023).

6. Hedman, A.; Rehman, H.U.; Gabaldén, A.; Bisello, A.; Albert-Seifried, V.; Zhang, X.; Guarino, F; Grynning, S.; Eicker, U;
Neumann, H.-M; et al. IEA EBC Annex83 Positive Energy Districts. Buildings 2021, 11, 130. [CrossRef]

7. EERA. Smart Cities, European Energy Research Alliance Joint Programme on Smart Cities. Available online: https://www.eera-
sc.eu/ (accessed on 28 January 2024).

8.  PED-EU-NET. European Cooperation in Science & Technology Ped Eu Net. 2023. Available online: https://pedeu.net/action/
(accessed on 15 December 2023).

9.  JPI Urban Europe. Europe Towards Positive Energy Districts. 2020. Available online: https:/ /jpi-urbaneurope.eu/wp-content/
uploads/2020/06/PED-Booklet-Update-Feb-2020_2.pdf (accessed on 20 May 2023).

10. Guarino, F; Rincione, R.; Mateu, C.; Teixidé, M.; Cabeza, L.F; Cellura, M. Renovation Assessment of Building Districts: Case
Studies and Implications to the Positive Energy Districts Definition. Energy Build. 2023, 296, 113414. [CrossRef]

11.  Cellura, M.; Fichera, A.; Guarino, F; Volpe, R. Sustainable Development Goals and Performance Measurement of Positive
Energy District: A Methodological Approach. In Proceedings of the Sustainability in Energy and Buildings 2021; Littlewood, J.R.,
Howlett, R.J., Jain, L.C., Eds.; Springer Nature: Singapore, 2022; pp. 519-527.

12.  Aliu, A. Automation and Control Applications in Developing Regions: An Industry Perspective of Emerging Technologies and
Challenges: Surveys of Technology Projects Regarding e-Citizen Services and Smart City Approach. IFAC-Pap. 2019, 52, 568-572.
[CrossRef]

13.  Amsellem, A. The Noise of Silent Machines: A Case Study of LinkNYC. Surveill. Soc. 2021, 19, 168-186. [CrossRef]

14. Gangneux, J.; Joss, S.; Humphry, J.; Hanchard, M.; Chesher, C.; Maalsen, S.; Merrington, P.; Wessels, B. Situated, Yet Silent: Data
Relations in Smart Street Furniture. J. Urban Technol. 2022, 29, 19-39. [CrossRef]

15. Eksioglu, M. User Experience Design of a Prototype Kiosk: A Case for the Stanbul Public Transportation System. Int. ].
Hum.-Comput. Interact. 2016, 32, 802-813. [CrossRef]

16. Gomez-Carmona, O.; Sadaba, J.; Casado-Mansilla, D. Enhancing Street-Level Interactions in Smart Cities through Interactive and
Modular Furniture. . Ambient Intell. Humaniz. Comput. 2019, 13, 5419-5432. [CrossRef]

17.  Grigorescu, S.D.; Argatu, F.C.; Paturca, S.V.; Cepisca, C.; Seritan, G.C.; Adochiei, F.C.; Enache, B. Robotic Platform with Medical
Applications in the Smart City Environment. In Proceedings of the 11th International Symposium on Advanced Topics in
Electrical Engineering (ATEE), Bucharest, Romania, 28-30 March 2019; IEEE: New York, NY, USA, 2019.

18. Hosio, S.; Goncalves, ].; Kukka, H. Situated Engagement and Virtual Services in a Smart City. In Proceedings of the 7th
International Conference on Service-Oriented Computing and Applications, Matsue, Japan, 17-19 November 2014; pp. 328-331.

19. Tanny, T.; Al-Hossienie, C. Trust in Government: Factors Affecting Public Trust and Distrust. J. Adm. Stud. 2019, 12, 49-63.

20. Ramo, EJ.L. The Rise and Fall of Institutional Trust in Spain. In Borders and Margins; Barbara Budrich Publishers: Berlin, Germany,
2018; Volume 4, pp. 93-108.

21. Marozzi, M. Measuring Trust in European Public Institutions. Soc. Indic. Res. 2015, 123, 879-895. [CrossRef]

22. CIS (Centro de Investigaciones Socioldgicas). Study Number 3383 of October—November 2022. Available online: https:
/ /datos.cis.es/pdf/Es3383marMT_A.Pdf (accessed on 9 November 2023).

23. Sartori, I; Napolitano, A.; Voss, K. Net Zero Energy Buildings: A Consistent Definition Framework. Energy Build. 2012, 48,
220-232. [CrossRef]

24. Salom, J.; Marszal, A.].; Widén, J.; Candanedo, J.; Lindberg, K.B. Analysis of Load Match and Grid Interaction Indicators in Net

Zero Energy Buildings with Simulated and Monitored Data. Appl. Energy 2014, 136, 119-131. [CrossRef]


https://doi.org/10.1016/j.scs.2021.103560
https://doi.org/10.1016/j.enconman.2019.06.005
https://doi.org/10.1016/j.buildenv.2022.109017
https://jpi-urbaneurope.eu/wp-content/uploads/2021/10/setplan_smartcities_implementationplan-2.pdf
https://jpi-urbaneurope.eu/wp-content/uploads/2021/10/setplan_smartcities_implementationplan-2.pdf
https://doi.org/10.3390/buildings11030130
https://www.eera-sc.eu/
https://www.eera-sc.eu/
https://pedeu.net/action/
https://jpi-urbaneurope.eu/wp-content/uploads/2020/06/PED-Booklet-Update-Feb-2020_2.pdf
https://jpi-urbaneurope.eu/wp-content/uploads/2020/06/PED-Booklet-Update-Feb-2020_2.pdf
https://doi.org/10.1016/j.enbuild.2023.113414
https://doi.org/10.1016/j.ifacol.2019.12.607
https://doi.org/10.24908/ss.v19i2.14302
https://doi.org/10.1080/10630732.2022.2036311
https://doi.org/10.1080/10447318.2016.1199179
https://doi.org/10.1007/s12652-019-01577-8
https://doi.org/10.1007/s11205-014-0765-9
https://datos.cis.es/pdf/Es3383marMT_A.Pdf
https://datos.cis.es/pdf/Es3383marMT_A.Pdf
https://doi.org/10.1016/j.enbuild.2012.01.032
https://doi.org/10.1016/j.apenergy.2014.09.018

Appl. Sci. 2024, 14, 2544 21 of 21

25. Nielsen, J. Enhancing the Explanatory Power of Usability Heuristics. In Proceedings of the Human Factors in Computing
Systems, Chi “94 Conference Proceedings—Celebrating Interdependence; Adelson, B., Dumais, S., Olson, J., Eds.; Association for
Computing Machinery: New York, NY, USA, 1994; pp. 152-158.

26. IS0 52000-1:2017; Energy Performance of Buildings Overarching EPB Assessment. ISO: Geneva, Switzerland, 2017. Available
online: https://www.iso.org/standard /65601.html (accessed on 28 January 2024).

27. Weather Spark. The Weather Year Round Anywhere on Earth. Available online: https://weatherspark.com/ (accessed on 28
January 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.iso.org/standard/65601.html
https://weatherspark.com/

	Introduction 
	Methods 
	Methodology 
	Case Study 
	Monitoring of Public Buildings 
	Modelling and Simulation of the District 
	Questionnaires 

	Implementation Details 
	Results and Discussion 
	Conclusions 
	References

