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Abstract: Currently, cities are the most vulnerable places on the planet to the effects of global
change, both anthropogenic and climate-related, and this is not compatible with harmony and
well-being regarding the economy, nature, and future generations. Young people have a unique
potential to catalyze the transformative sustainable change that the planet needs now, as they are
the first generation to grow up with tangible impacts of climate change. We tested a new strategy to
empower young people to foster carbon neutrality in cities by engaging them in ecosystem services
quantification and technological innovation to increase CO2 sequestration in two Portuguese cities.
The species with best performance for carbon sequestration were M. exelsa in Porto and O. europea
in Loulé, and for air pollutant removal and hydrological regulation were P. hispanica in Porto and
P. pinea in Loulé. Through the innovative advanced summer program SLI, a nature-based learning
experience, young people developed two new concepts of technological solutions to accelerate city
decarbonization by designing a hedge for air pollution hotspots and a biodevice to be placed at bus
stops using autochthonous shrubs and mosses. Initiatives like SLI contribute to a greater awareness
among young people about the drivers that brought us to the current climate emergency, motivating
them towards more balanced lifestyles and creating innovative nature-based solutions towards a
smart and sustainable city.

Keywords: youth and sustainability; climate change; carbon neutrality; urban ecosystem services;
sustainable solutions for smart cities

1. Introduction

The world’s population reached 8.045 billion in 2023 [1], and projections suggest that it
could grow to around 8.5 billion in 2030, 9.7 billion in 2050, and 10.4 billion in 2100, in part
due to population growth caused by declining levels of mortality, as reflected in increased
levels of life expectancy at birth [2]. Understanding population trends and anticipating
demographic change are crucial for national development planning and implementing the
2030 Agenda for Sustainable Development.

The current consumption patterns and demand for natural resources for all human
activities are beyond what is sustainable, causing serious damage to the Earth and human
health [3–5], related to the increase in the atmospheric concentration of different green-
house gases, including CO2. There are three major fluxes that determine the atmospheric
concentration of CO2: biogenic land ecosystem fluxes, ocean fluxes, and human-induced
emissions [6]. Carbon fluxes in land ecosystems have high variability and need to be better
analyzed. Greenhouse gas emissions induced by human activities have unequivocally
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caused global warming, with global surface temperature reaching 1.1 ◦C above 1850–1900
levels in 2011–2020, changes in precipitation patterns, and ocean acidification that are
leading to serious biodiversity loss. Despite this, greenhouse gas emissions continue to
increase, mainly due to four major anthropogenic sources: fossil fuels (extraction and
burning of coal, oil, and gas), land use, land use change, and forestry (deforestation, soil
disturbances, etc.) [7,8]. On average, currently, just about a quarter of the global human-
induced CO2 emissions are sequestered and stored, mainly in forest soils and aboveground
biomass [9].

Since 2007, more than half of the world’s population has lived in cities, and by 2050,
it is projected that 68% of people will live in urban areas. However, urban settings are a
relatively new phenomenon in human history, and this transition has transformed the way
we live, work, travel, and build networks [10]. Cities, centering people, infrastructure, and
services, are particularly vulnerable, and represent 80% of energy consumption and 75% of
total carbon emissions [11].

The burning of fossil fuels that support the transport of people and goods and the pro-
duction of non-renewable energy is responsible for emissions that linger in the atmosphere
for hundreds of years [7,8] that are considered the main drivers of both man-made climate
change and urban air pollution [12]. In Europe, released pollutants such as fine particles,
nitrogen oxides, sulfur dioxides, and others remain a major challenge, being a major cause
of premature death and disease (mainly respiratory and cardiovascular) and the single
largest environmental health risk. Recent studies relate the influence of climate change
on air pollution in urbanized regions [5,8], showing a clear pattern for the future across
Europe with an increase in PM10, PM2.5, and NO2 concentrations, mainly in the warm
season [13,14]. The consequences of climate change (e.g., heat islands, water scarcity, and
rising sea levels) and air pollution are not compatible with the harmony and well-being
that a sustainable city must provide concerning the economy, nature, and people from
current and future generations [15,16], and are strongly challenging for scientific research
and technological innovation. Were the new World Health Organization (WHO) air quality
guidelines met across Europe, then this would have delivered a 72% drop in premature
deaths across the EU compared with 2005 levels [17]. For every 10 g/m3 of PM2.5 humans
are exposed to, life expectancy falls by 0.98 years; lowering the concentration of PM to
meet guidelines set by the WHO can raise average global life expectancy by roughly two
years [18]. Cities also play a significant role in freshwater management, as they impact both
water quantity and quality, and future urban design needs to integrate traditional water
services developed in recent decades with the ecosystem services provided by nature in
cities [19,20].

In 2021, after the COVID-19 crisis, which offered only a temporary reduction in global
carbon emissions [21], the EU Climate Law established a framework for a gradual and
irreversible reduction in greenhouse gas emissions by anthropogenic sources and the
enhancement of removals by sinks regulated in EU law. To overcome these challenges, the
European Green Deal was designed, aiming to transform the EU into a modern, resource-
efficient, and competitive economy. Beyond the reduction of the EU’s greenhouse gas
emissions by at least 55% by 2030, the Green Deal aims to achieve carbon neutrality by 2050
by increasing and strengthening carbon sinks as a tool to mitigate and adapt to climate
change, thereby preserving biodiversity [22].

Nature-based solutions (NBSs) aim to help societies address a variety of environmen-
tal, social, and economic challenges in sustainable ways. During the last few decades,
different studies have demonstrated how nature works and how it can benefit all people
through different ecosystem services, namely, by improving the water and carbon cycles
in cities [15,23]. Besides their contribution to carbon (CO2) sequestration through photo-
synthesis (6 CO2 + 6 H2O → 6 C6H12O6 + 6 O2), plants can also improve urban air quality
by removing air pollutants, absorbing them through their stomata or simply retaining
them on the surface of their tissues [19,24,25]. NBSs require new processes for design and
implementation that are by their very nature more inclusive and that can provide outcomes



Smart Cities 2024, 7 447

that are transformative for nature, people, and places. In line with the EU [26], NBSs
are a means through which it is possible to generate sustainable communities, with the
potential to offer a transformative approach to meeting sustainability challenges. Cities’
aesthetics will be improved by the integration of green areas in urban spaces, which also
contribute to increasing biodiversity, tackling heat waves, and tackling climate change
effects. The promotion of sustainable lifestyles requires increasing citizens’ awareness of
their contribution to the decarbonization of the cities where they live. Public attention to
the environment is an important form of environmental protection [27]. However, previous
studies report that public awareness of air pollution mainly depends on education and
income [28]. Given that health problems are the most important consequence of low air
quality, public opinion should be a driver of air pollution reduction and government policy.

A previous study reported by Zhang et al. [29] found public opinion pressure on
the government has an ameliorating effect on air quality, but it can still be short-lived.
Young people have a unique potential to catalyze the transformative sustainable change
that the planet needs now, as they are the first generation to grow up with tangible impacts
of global warming, such as heatwaves, floods, and droughts, for which they were not
responsible [30]. In general, Generation Z (those born between 1995 and 2009) is concerned
about environmental protection actions and pollution’s negative effects, preferring a health-
ier environment, often choosing sustainable principles, and being keener to adopt green
products, even if this comes at higher monetary costs [31]. Thus, the design of innovative
solutions for adapting to climate change must involve young people, as they will deter-
mine the success of new products and services and consequently the path towards carbon
neutrality. To accelerate cities’ decarbonization, it is essential to reduce greenhouse gas
emissions to a minimum and increase carbon sequestration by taking advantage of the
partnership between nature’s services and technology, and, to a certain extent, meeting
young people’s requirements. Therefore, new biodevices for carbon sequestration must be
developed with the active intervention of young people.

Aware of Generation Z’s importance in designing solutions for carbon neutrality, the
Centre of Engineering and Product Development (CEiiA), a non-profit private organization,
organizes the Sustainable Living Innovators (SLI) program for four weeks in the summer.
The SLI is an advanced program in which a group of 20 high school and university students
explores concepts of innovative products and services that promote the planet’s sustain-
ability. The 2021 and 2022 SLI editions aimed to empower Generation Z, contributing to a
transformative and inspirational movement that will induce new ways of living together
and closest to nature in urban spaces for the transition towards carbon-neutral, inclusive,
and beautiful cities, according to the New European Bauhaus initiative. During the SLI
program, youngsters were trained on sustainability drivers and challenged by senior re-
searchers, engineers, and designers to connect technology and nature to devices for urban
air cleaning.

The International Union for Conservation of Nature [32] defines NBSs as actions to
protect, sustainably manage, and restore natural or modified ecosystems that address
societal challenges effectively and adaptively, simultaneously providing well-being and
biodiversity benefits. Whereas nature-based learning is in general learning through expo-
sure to nature in an urban, rural, or wilderness context [33], nature-based solution learning
looks directly into the answers for mitigating and adapting to climate change impacts [34].
Improving students’ understanding of climate change has become critical, as a UNESCO
online survey of 17,471 young people from 166 countries in 2022 found 70% of them were
dissatisfied and doubted the quality of climate change education, which they demanded
be improved [35]. Robust evidence shows that experiences with nature promote learning,
nature connection, and awareness [36], and the challenge increases in wealthier countries as
their youth tend to feel less connected to nature than those from less wealthy countries [37].
Moreover, it has been emphasized recently [38] that it is urgent and essential to investigate
carbon sequestration benefits on a local scale.
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As far as our knowledge is concerned, there are no studies available in the literature re-
porting the engagement of young people in the development of innovative nature-inspired
technologies for carbon sequestration, particularly in Portuguese cities. Thus, the main
objective of this work was to present a new approach to how to empower young people to
foster carbon neutrality in cities by engaging them in ecosystem services quantification and
technological innovation to increase CO2 sequestration, using two Portuguese cities as case
studies and thus contributing to the idea of smart cities.

During SLI at CEiiA, both case studies promoted the direct contact between young
people and nature within cities. To quantify the services that nature provides to the com-
munity, in situ measurements of selected trees that interact directly with urban pollution
were performed and integrated with pollution and meteorological data collected in the
same locations by the Portuguese Environment Agency (APA) and Portuguese Institute for
Sea and Atmosphere (IPMA). Then, a peer-reviewed technological tool for the calculations
was used. Integrating the results for carbon sequestration by urban trees with both cities’
features allowed the young people to discuss and realize the need to develop new tech-
nological solutions, motivating them to work on concepts for urban biodevices that can
improve the effect of nature in cities.

Thus, advanced summer program of SLI was an innovative nature-based learning
experience, in which young people were challenged to develop new technological solutions
to accelerate cities’ decarbonization by configuring cyber-physical biodevices.

2. Materials and Methods

The pedagogical strategy used in SLI comprised three consecutive stages: motiva-
tion for the challenge; quantification of the role of nature, using two case studies; and
empowerment of young people for nature-based technological innovation.

2.1. Sustainable Living Innovators—Motivation

In the preferably technological environment of CEiiA, the youngsters attended an
innovative program called SLI, in which they explored new approaches for (bio)device
concepts inspired by nature, for carbon sequestration and air pollutant removal from
the urban atmosphere. The candidates for the SLI program were selected by a jury of
researchers and engineers from CEiiA among students from different areas of knowledge in
the domains of engineering, life and health sciences, architecture, and design, and coming
from different regions of the country to ensure equal opportunities and gender equality.
The selection criteria for the 20 students were school performance and soft skills (50%) and
motivation for planet sustainability issues expressed in a submitted letter and during the
final interview (50%). The SLI 2021 and 2022 editions took place between mid-July and
mid-August and were designed with an innovative collaborative pedagogical approach
between students (“innovators”) and researchers/engineers (“activators”), focusing on
real-world case analysis to stimulate the younger students’ curiosity for the principles
of (un)sustainability. Collaborators from several public and private entities, including
Portuguese universities, municipalities, and private companies, were involved as activa-
tors to inspire and equip these young people with different tools for valuing knowledge
and technology in new products and innovative services designed from a sustainability
standpoint. During both SLI editions, interaction and leadership skills that allow young
people to assert their values and mobilize others around the realization of their ideas were
promoted. The different background profiles of the activators ensured several areas of
knowledge relevant to preparing a new generation of leaders who value innovation to
foster the quality of life and the sustainability of the planet.

During the first two weeks of SLI, theoretical and practical sessions were addressed
mainly to inspire and motivate young people using an international perspective focused
on the challenges that cities are facing. We included modules on climate change, the UN
Sustainable Development Goals, ecosystem services, nature-based solutions, the green
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economy, new business models for sustainability, carbon fluxes and carbon neutrality in
cities, and carbon sequestration by plant biomass.

After considering the global perspective, young people were encouraged to take action
locally in their cities through two case studies.

2.2. The Role of Nature in Carbon Neutrality in Cities

As case studies, two urban areas were selected: Porto, which is the second-largest
city in Portugal, and Loulé Municipality in the Algarve region in the south of the country
(Figure 1). Characterization of each urban area was done, considering the main socioeco-
nomic aspects and environmental constraints (Table 1). In Porto, the Parque da Cidade
(41.169167 N; −8.680323 W), built in 1993 and extended to its current dimensions in 2002,
was considered the largest urban park in the country, with an area of 826,670 m2, includ-
ing 543,343 m2 of cultivated areas, 35,227 m2 of lakes, and 11 km of pedestrian paths,
plus public buildings and parking. In Loulé, the Jardim das Comunidades—Almancil
(37.084943 N; −8.033542 W) was built in 2003 and is one of the largest urban green spaces
in the Algarve region, with an area of 12,180 m2 including cultivated areas, pedestrian
paths, and children’s and seniors’ play areas, plus a lake of 1200 m2.
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2.2.1. In Situ Measurements

To raise young people’s awareness of the services provided by autochthonous trees,
during the practical sessions of SLI 2022, we visited green spaces to collect real data. In
Parque da Cidade, Porto, we selected the autochthonous tree species Cupressus lusitanica,
Platanus hispanica, Metrosideros excelsa, and Pinus pinea, and in Jardim das Comunidades,
Loulé, we chose Ceratonia siliqua, Olea europaea, and Pinus pinea. For each species, we iden-
tified five representative individuals and measured their total height, crown base height,
crown width, diameter at breast height, and percentage crown missing. We considered
in situ recent pollution data, collected in the vicinity of both green spaces by the APA.
Both green spaces are surrounded by main roads, and the studied trees stand in areas
directly influenced by emissions from road traffic. The meteorological data for each city
were collected by local weather stations from the IPMA.
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2.2.2. In-Process Measurements

To quantify the ecosystem services provided by each urban tree species, we used an
application of the peer-reviewed software i-Tree Eco v6 developed by the USDA Forest
Service Northern Research Station (available at itreetools.org). Ecosystem services included
carbon sequestration and storage, oxygen production, air pollutant removal, and hydrology
effects (potential evapotranspiration, transpiration, evaporation, water intercepted, and
runoff avoided). The quantification of air pollutants removed per year by trees included
ozone (O3), carbon monoxide (CO), nitrogen dioxide (NO2), PM2.5, PM10, and sulfur
dioxide (SO2).

To assess whether there were significant differences (p < 0.05) in the results for ecosys-
tem services (CO2 sequestration, O2 production, and air pollutant removal) provided by
different tree species, a one-way ANOVA test was performed for a significance level of 0.05
using SPSS 27 [39]. After this, Duncan’s test was used to check if there was any relationship
between the trees and the detected differences. In the case of Pinus pinea, Student’s t-test
(p < 0.05) was performed to evaluate the differences between the means obtained for both
cities.

In this context, the relevance of the ecosystem services provided by the tree’s species
was analyzed and discussed, considering the features of both urban areas presented in
Table 1.

Table 1. An overview of the urban areas selected as case studies [40,41].

Porto City Loulé Municipality

Area (ha) 4035.39 76,367
Population (inhabitants) 231,800 72,332
Density (people/km2) 575 10
Köppen–Geiger climate classification Mediterranean Csb Mediterranean Csa

Main economic activities From the tertiary sector: health, tourism,
commerce, and business services linked to ICT.

From the primary sector: agriculture, fisheries,
and salt production. From the tertiary sector:

tourism.
Carbon emissions per capita (t/year) 2.04 1.59
Green area per capita (m2) 14.2 9675

Main environmental constraints

Air pollution due to road traffic, heat waves,
urban flooding due to extreme precipitation
events, an increase in Douro River flow, and

strong sea waves; a rise in mean sea level,
storms or tornadoes, landslide [42]

Decrease in mean annual precipitation and
water scarcity, extreme precipitation events

with urban flooding, heat waves; wildfires, rise
in mean sea level and coastal erosion, and

biodiversity loss [43]

2.3. Sustainable Living Innovators—Empowerment

To face the challenge of combining technology, nature, and youth creativity to accel-
erate carbon neutrality, several researchers and senior engineers addressed key issues to
empower the young during the third and fourth weeks of SLI. Through different theoretical,
expository, and practical sessions, including in a laboratory context at CEiiA, the activators
explored modules on design thinking, teamwork methodologies, software, electronics,
connectivity, cyber-physical systems, materials with a low carbon footprint, the product
life cycle, plant physiology and biotechnology, and business plan development.

3. Results and Discussion
3.1. Ecosystem Service Quantification

It is already known e.g., [15,44–49] that different tree species supply ecosystem services
with different efficiency and that within each species, the size and condition of the sampled
trees are relevant factors, namely, for carbon sequestration and storage. This study held
in the summer period in two Portuguese cities confirmed some significant differences
(p < 0.05) in the ability of the tree species to sequester CO2 and produce O2 (Table 2).
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Table 2. Comparison of ecosystem services provided by trees in the public green spaces considered
in both cities.

Parque da Cidade, Porto Cupressus
lusitanica

Platanus
hispanica Metrosideros excelsa Pinus

pinea

Leaf area per tree (m2), min–max 68.5–867 438–1240 164–946 310–449
C storage per tree (kg), mean ± SD 2656 ± 2143 2461 ± 2808 4563 ± 3163 605 ± 286
Min-Max 213–6045 673–7412 436–7500 247–950
CO2 sequest. per tree (kg/year), min–max 22.7–206 4.4–280.3 78.0–726 33.3–88.3
Mean ± SD per leaf area (g/m2 year) 246 ± 164 ab 325 ± 214 ab 540 ± 438 b 154 ± 46 aA

O2 production per tree (kg), min–max 16.6–150 ab 3.2–204 ab 56.7–529 b 24.3–64.3 aA

Mean ± SD per leaf area (g/m2 year) 179 ± 119 ab 237 ± 156 ab 393 ± 319 b 112 ± 33 aA

Air pollutant removal 1

Mean ± SD per leaf area (mg/m2 year) Min–max per tree (g/year)

24.3 ± 0.1 CO 1.7–21 a 10.6–30.1 b 4.00–23.0 a 7.50–10.9 aA

773 ± 1 O3 52.9–670 a 339–959 b 127–731 a 240–347 aB

509 ± 1 NO2 34.9–442 a 223–631 b 83.4–482 a 158–229 aB

144 ± 1 SO2 9.8–125 a 62.9–178 b 23.5–136 ab 44.5–64.4 abB

426 ± 1 PM10 29.2–369.5 a 187–528 b 69.8–403 a 132–191 aB

42.7 ± 0.1 PM2.5 2.9–37.1 a 19.0–53.0 b 7.00–40.4 a 13.3–19.2 bB

Jardim das Comunidades, Loulé Ceratonia siliqua Olea europaea Pinus pinea

Leaf area per tree (m2), min–max 130–507 36.8–408 186–530
C storage per tree (kg), mean ± SD 2339 ± 1163 2041 ± 1799 448 ± 275
Min–max 768–4093 216–5095 187–939
CO2 sequest. per tree (kg/year), min–max 7.3–36.8 34.7–1659 229–280
Mean ± SD per leaf area (g/m2 year) 17.8 ± 13.7 a 703 ± 759 b 255 ± 18.7 abB

O2 production per tree (kg), min–max 2.1–3.8 a 5.0–101 b 37.8–95.3 abB

Mean ± SD per leaf area (g/m2 year) 13.3 ± 10.3 a 512 ± 553 b 185 ± 14 abB

Air pollutant removal 1

Mean ± SD per leaf area (mg/m2 year) Min–max per tree (g/year)

57.1 ± 0.1 CO 7.4–28.9 a 2.1–23.3 a 10.6–30.2 aB

1724 ± 1 O3 226–884 a 64.0–711 a 324–923 aA

140 ± 1 NO2 18.2–71.1 a 5.2–57.2 a 26.1–74.2 aA

105 ± 1 SO2 13.6–53.1 a 3.8–42.7 a 19.5–55.5 aA

374 ± 1 PM10 48.5–190 a 13.8–153 a 69.6–198 aA

28.3 ± 0.6 PM2.5 3.7–14.4 a 1.0–11.6 a 5.3–15.0 aA

Values with the same letter (a, b, or ab) do not differ significantly from one another according to Duncan’s test
(p < 0.05). In the case of P. pinea, for each of the factors, values with the same capital letter (A or B) do not differ
significantly from one another according to Student’s t-test (p < 0.05). 1 The air pollution removal calculation was
based only on the total leaf area, not considering the intrinsic properties of each species. The pollution data were
from the APA’s stations in the vicinity of both green spaces and assuming that pollutant concentration was the
same throughout the day.

3.1.1. Parque da Cidade, Porto

M. excelsa is an ornamental species widely used in coastal areas due to its robust-
ness and resistance to maritime influence and drought-prone coastal environment. In
Porto, this was the species with the highest efficiency for CO2 sequestration per leaf area
(540 ± 438 g/m2 per year), and O2 production per leaf area (393 ± 319 g/m2 per year). In de-
creasing order, the CO2 sequestration and O2 production quantified per leaf area by species
studied in Porto (Table 2) were M. excelsa > P. hispanica ∼= C. lusitanica > P. pinea. The studied
trees of M. excelsa also presented the highest carbon storage capacity (4563 ± 3163 kg).

Regarding the removal of atmospheric pollutants, characteristics of the species such as leaf
size and structure, wax content, ultrastructure, thickness, pubescence, and surface roughness, but
also climatic conditions such as precipitation, wind, and quantity and composition of atmospheric
pollutants can affect plant efficiency [44,48,49]. The P. hispanica trees were significantly more
efficient (p < 0.05) in air pollutant removal (CO, O3, NO2, SO2, PM10, and PM2.5) in Porto, because
they present a more favorable leaf morphology to air pollutant deposition and at the same time
the largest leaf areas among the sampled trees. Recent studies performed in two European cities
(Rimini and Krakow) emphasized that the complex dynamics of PM accumulation, wash-off,
and resuspension affect the vegetation contribution to air quality, and during a non-precipitation
month (July), reported that species with basal leaves, as in the case of Platanus hispanica, showed
greater PM 10–100 accumulation than the median and apical ones [49].
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However, some limitations were found in the air pollution removal calculation in the
i-Tree. Although the intrinsic characteristics of each species condition its ability to remove air
pollutants [44,48,49], this aspect is not included in the i-Tree model. For each tree species, the
total removal of air pollutants is calculated based on the total leaf area only, not considering, e.g.,
leaf properties such as hair and wax cover. Furthermore, pollution data were derived from an
APA’s station in the vicinity of the green space and assuming that pollutant concentration was
the same throughout the day. This is a critical consideration, because the efficiency of vegetation
to remove air pollutants at a local scale depends on pollution concentration [15].

3.1.2. Jardim das Comunidades—Almancil, Loulé

These drought-tolerant tree species may be particularly interesting in a climate-change
scenario because they are naturally adapted to warmer climates and to water stress [50]. Our
results in Loulé also confirmed significant differences (p < 0.05) in their efficiency for CO2
sequestration and O2 production. In decreasing order, the CO2 sequestration and O2 produc-
tion quantified per leaf area and by species (Table 2) were O. europaea > P. pinea > C. siliqua.
Studies on these species in urban spaces are scarce, but there has been some previous
work on their carbon sequestration potential in Mediterranean forests. The carbon seques-
tration by olive groves was quantified in southern Spain in the range of 7.52 to 15.05 t
CO2/ha year−1 [51], in central Italy as 1.507 t CO2/ha year−1 for the first 11 years of the
olive grove [52], and in Creta as 9.18 CO2/ha year−1 [53]. In the Algarve region, the carbon
sequestration by C. siliqua was estimated as 0.668 t CO2/ha [45], and other authors [50]
showed that under dry-farming systems, carbon sequestration by C. siliqua and O. europea
can function as a novel ecological economic incentive that may potentiate a new income
source for farmers while assuring ecosystem services. In different regions of Portugal, the
biomass allometry and carbon factors for P. pinea were studied, emphasizing the importance
of species-specific methods for stand-level carbon estimates, showing that P. pinea stands
are important carbon stocks, especially mature stands in the reproductive stages [54].

In our work in Loulé, among the studied species, C. siliqua presented higher values for
carbon storage, maybe because, like M. excelsa in Porto, it is a slow-growing species that
usually accumulates more carbon than the fast-growing trees [50,55]. The carbon storage
per tree of C. siliqua ranged between 768 and 4093 kg, higher than reported before for the
Algarve region [50] as 675 kg for trees over 50 years old and as 231 kg for trees over 40 years
old. Among the studied species, P. pinea showed a trend to sequester larger amounts of air
pollutants (CO, O3, NO2, SO2, PM10, and PM2.5), but no statistically significant differences
were found (p > 0.05). Previous studies about particulate pollution capture by woody
species in Italy and Poland [49] also revealed that needle-leaved species such as P. pinea
should be preferred, as they displayed the higher potential for air quality amelioration.

3.1.3. Comparison of the Role of P. pinea in Porto versus Loulé

Comparing the results obtained for P. pinea in these two Portuguese urban green
spaces, we confirmed that different environmental conditions significantly affect (p < 0.05)
its efficiency for CO2 and O2 production per leaf area, reinforcing previous studies in
different Portuguese P. pinea stands [54]. Our values were higher for P. pinea in Loulé (CO2
sequestration = 255 ± 18.7 g/m2 year and O2 production = 185 ± 14 g/m2 year) than in
Porto (CO2 sequestration = 154 ± 46 g/m2 year and O2 production = 112 ± 33 g/m2 year).
Assuming that water and nutritional tree needs are assured in both urban green spaces
and that the condition of the canopies is similar, these differences should be related to the
higher photosynthetic rate in Loulé due to higher insolation levels than Porto [42,43]. Some
previous studies also found that under the climate conditions of high temperature and
low rainfall, scattered small-scale green spaces like Jardim de Almancil in Loulé tend to
have higher carbon sequestration performance [38]. Other studies in Chinese urban green
spaces [46] included the contribution of shrub vegetation and reported that the highest
carbon sequestration performance was achieved when the ratio of trees to shrubs was four.
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The per capita green space area can be considered a human activity indicator negatively
related to anthropogenic pressure, and the global standard is at least 20 m2 per capita [56].
The more urbanized areas are, the more intense the human activities and the respective
environmental impacts [57,58]. Globally, urban vegetation can play a crucial role in re-
ducing those impacts, e.g., in the USA, trees and shrubs in urban areas adsorb around
215,000 t/year of PM10 [19]. The per capita green space area in Loulé is around 600 times
that in Porto (Table 1), where air pollution due to road traffic is considered a main envi-
ronmental constraint. The type of air pollutants and their respective concentrations in the
atmosphere affect plants’ behavior upon their removal [44,45,49]. In our study, P. pinea trees
removed greater quantities (g/year) of air pollutants directly related to the use of fossil
fuels (NO2, SO2, PM10, and PM2.5) in Porto than in Loulé.

3.1.4. Hydrological Effects of Urban Trees

Our results are in agreement with previous studies, e.g., [20,48,59], that urban trees
can be an important force not only for carbon sequestration and air pollutant removal but
also to improve the urban water cycle if appropriate management measures and planning
solutions are adopted. The change in precipitation patterns is one of the most felt effects of
climate change in the Mediterranean, including Portugal [60], namely, the decrease in mean
annual precipitation. In recent years, water availability has varied between situations of
severe scarcity and extreme abundance due to heavy precipitation events that cause urban
flooding with serious human and material damage. Green urban infrastructure can collect
and temporarily retain these sudden floods, allowing the discharge peak to flatten [59,61].

We verified that the studied species play an important role in the urban water cy-
cle of both cities through water-flow regulation (Table 3). In Porto, with a mean annual
precipitation of 1100 mm [62], P. hispanica was the species that most affected the quanti-
fied hydrological parameters, e.g., the biggest sampled tree can intercept 13.1 m3/year
and avoid runoff of 2.6 m3/year. Similar results were obtained for Platanus orientalis in
recent studies in Mashhad, Iran [48]. In Loulé, with a lower mean annual precipitation,
about 600 mm [62], the effects of trees on water intercepted and runoff avoided were lower;
however, through their transpiration, trees can make an important contribution to increas-
ing atmospheric humidity and attenuating temperature peaks [20], which is the main
environmental constraint for Loulé (Table 1).

Table 3. Structure of trees and their hydrological effects in public spaces in Loulé and Porto.

Parque da Cidade, Porto Cupressus
lusitanica Platanus hispanica Metrosideros excelsa Pinus

pinea

DBH, cm Min–max
25.5–137

Min–max
62.0–197

Min–max
25.5–119

Min–max
40.7–65.3

Height, m 11.3–18.8 11.9–20.4 8.5–13.8 9.2–15.4
Crown height, m 6.8–14.2 6.9–15.0 6.4–11.4 2.9–9.1
Potential evapotranspiration, m3/year 4.3–54.1 27.3–77.3 10.2–59.0 19.3–28.0
Evaporation, m3/year 0.7–9.1 4.6–13 1.7–9.9 3.3–4.7
Transpiration, m3/year 1.3–16.1 8.1–23 3.0–17.6 5.8–8.3
Water intercepted, m3/year 0.7–9.1 4.6–13.1 1.7–10.0 3.3–4.7
Runoff avoided, m3/year 0.1–1.8 0.9–2.6 0.3–2.0 0.7–1.0

Jardim das Comunidades, Loulé Ceratonia siliqua Olea europaea Pinus pinea

DBH, cm Min–max
56.0–127

Min–max
27.7–109

Min–max
33.0–67.0

Height, m 6.8– 11.2 4.2–8.9 8.9–9.9
Crown height, m 5.1–9.8 2.7–6.8 5.1–7.0
Crown width, m 7.5–15.9 4.8–11.5 7.9–12.1
Potential evapotranspiration, m3/year 16.6–64.8 4.7–52.1 23.7–67.7
Evaporation, m3/year 0.6–2.3 0.2–1.8 0.8–2.4
Transpiration, m3/year 8.8–34.5 2.5–27.8 12.7–36.1
Water intercepted, m3/year 0.6–2.3 0.2–1.9 0.9–2.4
Runoff avoided, m3/year 0.1–0.5 0.1–0.4 0.2–0.6
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3.2. Carbon Sequestration by Nature in the Two Urban Contexts

Considering the number of inhabitants in each urban area and respective carbon
emissions per capita (Table 1), the city of Porto and the Municipality of Loulé emitted in
2020, respectively, 472,872 and 115,008 t CO2e. According to these values, to neutralize the
carbon emissions of the two cities, a much larger number of trees would be needed, which
would take up space that is currently unavailable.

As expected, our results show that the efficiency of the different tree species is not
the same and that mixed native species in cities can be more valuable than monoculture
plantations to ensure different ecosystem services, preserve habitats and reduce biodiversity
loss [23]. Moreover, it is important to create new solutions in cities to integrate other types
of autochthonous vegetation, such as some shrub species, that take up less space than trees
and contribute to urban ecosystem services [23,38,63].

Analyzing these results during the SLI program, youths understood the role of differ-
ent tree species in supplying ecosystem services, namely, their efficiency in CO2 seques-
tration and air pollutant removal from the urban atmosphere, and the need to maintain
biodiversity in cities.

After this exercise, activators challenged innovators to develop new concepts for
technological solutions to improve nature’s role in carbon sequestration and air pollutant
removal, which, together with the reduction of CO2 emissions, can accelerate carbon
neutrality in cities.

The main research question at this time was: How can technological innovation
improve carbon sequestration by nature in your city?

3.3. Technology and Nature towards Carbon Neutrality

The definition of the biodevice concept has evolved to be innovative while encom-
passing the different morphologies it could assume to respond to the needs of different
places in the city, always based on a co-design process. It was decided that a biodevice
is a cyber-physical product to sequester carbon (CO2e) and atmospheric pollutants that
quantifies and communicates sequestered carbon in real time. Being bio-inspired, these
devices incorporate technological components to improve natural processes’ efficiency in
carbon and air pollutant sequestration, respond to variations in urban atmospheric compo-
sitions, and communicate with the CEiiA platform. Like living organisms, these devices
are “sensitive” to environmental conditions and interpret and adjust to them, operating in a
homeostatic way. The theoretical assumption is that biodevices can sequester carbon and
remove atmospheric pollutants with greater efficiency than urban vegetation, thanks to the
forced circulation of atmospheric air through plant tissues of native species selected for their
morphophysiological and physiological characteristics [24,64]. They are supported by vascu-
lar and avascular plants (shrubs and mosses) and “transparent technology”, which is highly
efficient in accelerating vegetal physiology to remove mainly CO2, NOx, O3, SO2, PM2.5, and
PM10. The sensors incorporated in the biodevice collect information about pollutant con-
centrations and send it to the CEiiA’s platform. When pollutant concentrations reach alert
values according to WHO air quality guidelines (e.g., NO2 = 10 µg/m3; SO2 = 40 µg/m3;
CO = 4 mg/m3; PM10 = 15 µg/m3; PM2.5 = 5 µg/m3), a real-time system is activated that
forces the polluted air to pass through the plants and optimizes the phytoremediation of
these toxic substances that threaten the health of the urban population.

From the young’s perspective, biodevices should be natural elements in the city and
perfectly integrated with the urban environment, according to their requirements and
functionalities, as follows.

• They should be modular and reconfigurable, responding to the atmospheric pollutants
in different parts of the city.

• They should have a cute and innovative design integrated into the city’s landscape
and optimize the functioning of selected native plants using technology.

• They should be built with low-carbon materials and function with eco-efficiency,
including energy autonomy and water reuse for irrigation.
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During the last phase of SLI, the innovators worked in an interactive dynamic with the
different activators and energizers. Sketches of the biodevice prototypes evolved, trying to
respond to the defined requirements and functionalities. Figures 2 and 3 show the results of
the biodevice prototypes co-designed by the young people at the end of SLI. The idea is that
the devices functioning in a real context are ensured with the support of young generations.
In an open knowledge environment, children and young people will be involved in their
operation and maintenance by identifying anomalies, reporting problems, disseminating
results, etc. This approach induces the social adoption and appropriation of these devices
by the entire community. Moreover, data and information about the amount of sequestered
carbon and pollutants removed and other indicators will be available to youths, who can
transmit the lessons learned to their families, inducing behavioral change.
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Making tangible the value of sequestered carbon and stressing, for example, the costs
avoided in public health systems is very important for empowering citizens to act, as carbon
footprint assessment tools can be the first approach to enhancing climate awareness [48,65].

Data and information stored and shared prove to be a valuable resource for increasing
citizen awareness of the value of urban nature and their engagement with initiatives to protect
and restore it. Furthermore, cities’ aesthetics will be improved by the integration of these
kinds of new green areas in urban spaces, increasing biodiversity, and tackling heat waves.

4. Final Considerations

Urban trees ensured the studied ecosystem services in two Portuguese cities in dif-
ferent but complementary ways for people’s health and well-being, reinforcing results
obtained with various methodological approaches in other cities. For CO2 sequestration,
the best performance was from M. exelsa in Porto and O. europea in Loulé, and for air
pollutant removal and hydrological regulation was from P. hispanica in Porto and P. pinea
in Loulé. The innovators verified the importance of biodiversity and ecosystem services
provided by autochthonous tree species in Porto city and Loulé Municipality and the need
to increase carbon sequestration to foster carbon neutrality.

Innovative nature-based solutions were discussed to meet young people’s expectations
and to be strategically integrated for the first time in two Portuguese cities, where the space
available for nature has become increasingly smaller. In a multidisciplinary approach, they
developed two concepts for innovative biodevices, associating technology with native vege-
tation to increase CO2e sequestration by plant biomass. Young people considered that these
innovative biodevices to increase CO2e sequestration in cities should be cyber-physical
products of two types: one in the form of a hedge for air pollution hotspots, and the other
to be placed at bus stops. Both biodevices were designed to incorporate autochthonous
shrubs and mosses, be supplied by rainwater and renewable energies, use recycled plastic
support materials, and reduce galvanized steel to the minimum necessary and only in the
biodevice for the bus stop. The technological component collects information and manages
it in order to increase the biodevice’s sensitivity to environmental variations and real-time
reaction capacity. The next step is to enroll young people in the prototype building and
concept proof with the CEiiA team in a real-city context.

Programs, including nature-based solution learning, have the potential to accelerate
youth awareness of the adverse impacts of climate change, leading them to action. By
quantifying the role of nature and using innovative technological approaches to accelerate
the physiological processes of some autochthonous species with high carbon sequestration
potential, young people were empowered to act and reconfigure their vision of the urban
ecosystem toward a smart and sustainable city.
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