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 ABS TRACT  

The increasing demand for sustainable urban development requires innovative solutions 
that balance environmental conservation with residential expansion. This study presents 
a clean technologies roadmap for horizontal condominiums, providing a structured 
approach to mitigate environmental impacts and enhance sustainability in the residential 
construction sector. The research followed a four phases methodology: pre-prospective 
analysis with an exploratory review; technological foresight through bibliometric (642 
articles) and patentometrics (155 patents) studies; data organization and analysis, leading 
to the consolidation of 13 technology clusters; and roadmap development, categorizing 
technologies into energy, water, and waste. Key solutions include solar energy systems, 
thermal control, phase change materials, high-efficient windows, water reuse strategies, 
and additive manufacturing (3D printing), all aimed at reducing environmental impacts 
and optimizing resources. This roadmap provides a valuable strategic guide for 
policymakers and environmental agencies, fostering sustainable practices in the planning, 
licensing, and implementation of eco-condominiums. By bridging gaps in the literature and 
aligning with global sustainability goals, this study contributes to the transformation of the 
construction industry towards more resilient and environmentally responsible housing 
solutions. 
 

Cite this article as: Abrahão AV, Ghesti GF. Pursuing sustainability: Clean technologies 
roadmap for eco-condominiums. Environmental Research and Technology, 2026, 9 (3), 
412-424. 
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INTRODUCTION 
 

In recent decades, global development, driven by the 
capitalist model, has triggered unbalanced advances, 
prioritizing economic aspects while neglecting socio-
environmental issues [1, 2]. In Brazil, environmental 
protection is a constitutional right and is carried out through 
the environmental licensing of ventures and activities that 
use environmental resources or may degrade the 
environment [3, 4], such as land partitioning for the 
construction of horizontal condominiums. Measures 
mitigating or compensating for the environmental impacts 
caused by these ventures may be required [5, 6]. In the 
Federal District/Brazil, territorial occupation is an evident 
problem, greatly impacted by the implementation of irregular 
subdivisions and condominiums [7]. The region experiences 
demographic growth [8], and its real estate market is thriving, 
driving urban expansion into new residential areas, with a 
focus on the construction of horizontal condominiums. 
Consequently, land partitioning is "the potentially polluting 
activity that most challenges the environmental management 
of the region" [9]. 

The construction sector is highly resource-intensive: it 
consumes about 40% of global energy, 12-16% of all available 
water, 32% of non-renewable and renewable resources, 25% 

 
* Corresponding Author: grace@unb.br (Grace Ferreira Ghesti) 

of all wood, and 40% of all raw materials. It also generates 
roughly 30-40% of solid waste and emits 35-40% of global 
carbon dioxide emissions [10, 11]. In horizontal 
condominiums the main environmental pressures include 
soil compaction and sealing, erosion, reduced rainwater 
infiltration, high volumes of waste, loss of native vegetation 
and wildlife habitat fragmentation, as well as increased air, 
water, and noise pollution, proliferation of invasive species 
and greater flood risk [12]. 

The growing emphasis on sustainability in project 
management has increased the demand for structured tools, 
such as roadmaps, that support long-term transitions toward 
more resource-efficient and environmentally responsible 
construction practices. Roadmaps help define clear 
implementation pathways, allowing decision-makers to 
anticipate technological developments, align investments 
with sustainability goals, and integrate innovative solutions 
into regulatory frameworks. Recent studies highlight that this 
approach has been successfully applied in various industries, 
accelerating the adoption of clean technologies and 
supporting global sustainability commitments [4, 6, 13, 14, 
15]. Moreover, aligning technological roadmaps with 
international policies - such as the Paris Agreement and 
carbon neutrality targets - enhances their role as strategic 
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instruments for guiding the construction sector toward a low-
carbon and climate-resilient future [15, 16]. 

In addition to the strategic value of technology roadmaps 
highlighted above, environmental licensing emerges as a key 
governance instrument for steering urban expansion towards 
sustainability. By imposing mitigation and compensation 
requirements, the licensing process can actively foster the 
adoption of sustainable technologies that reconcile economic 
feasibility with environmental responsibility. In urban 
infrastructure and housing, for example, this framework 
unlocks opportunities for innovations in renewable energy, 
water security, sanitation, sustainable construction and low-
carbon mobility, thereby improving citizens’ quality of life 
while curbing the ecological footprint of growing 
agglomerations [10]. Prioritising such 'clean' technological 
paradigms not only reduces consumption, but also promotes 
circularity through waste recycling and reuse [17, 18, 19, 20]. 

The successful implementation of sustainable technologies 
requires not only innovation but also strategic planning and 
long-term foresight. Recent studies suggest that adopting 
future-oriented methodologies and foresight studies can 
contribute to the effective deployment of technological and 
sustainable innovations [2, 14]. In this context, this article 
aims to provide a structured vision of emerging trends in the 
sustainable construction sector, anticipating both challenges 
and opportunities. 

Given this scenario, this study develops a clean technologies 
roadmap for eco-condominiums, offering a structured 
framework to identify emerging trends, assess their 
technological maturity, and provide practical guidelines for 
their integration into sustainable construction practices. 
Digitalization has proven to be a key driver in accelerating 
sustainable processes, facilitating the adoption of innovative 
technologies in the construction sector [13]. Thus, this 
roadmap is intended to serve as a strategic reference for 
implementing solutions that promote urban sustainability 
and circular economy principles in residential developments. 

To materialize this framework, this research pursues four 
interrelated objectives: (1) to identify and classify emerging 
clean technologies applicable to horizontal residential 
condominiums; (2) to evaluate each technology’s readiness 
level, implementation feasibility and potential to mitigate key 
environmental pressures (energy, water, waste and 
emissions); (3) to integrate these insights into a phased 
roadmap that aligns project life-cycle stages - planning, 
construction, operation and retrofit - with suitable 
technological solutions; and (4) to provide evidence-based 
guidelines for developers, policymakers and investors 
seeking to accelerate large-scale adoption of high-impact 
clean technologies.  To achieve these objetives, the research 
was divided into four phases- exploratory, 
bibliometric/patentometric, data analysis, and framework - 
that identified 13 clusters of applicable technologies in 
horizontal condominiums, with an emphasis on energy, 
water, and waste. The focus of this prospective study is not to 
'discover' the future but to outline probable visions that can 
positively guide the choices made today for the construction 
of a desirable future [21 - 26]. 

Consequently, this study provides a structured tool to 
support public policies, particularly in environmental 
licensing and urban planning. By identifying key clean 
technologies and assessing their technological readiness, the 
proposed roadmap enables decision-makers to anticipate 
challenges, refine regulatory frameworks, and promote the 
large-scale adoption of sustainable solutions in horizontal 
condominiums. Additionally, this roadmap serves as a 

strategic reference for integrating innovative technologies 
into construction planning, ensuring that sustainability-
driven advancements are effectively translated into practical 
applications. By bridging technological progress with 
regulatory needs, this study contributes to both theoretical 
discussions and practical implementations, reinforcing the 
role of clean technologies in shaping future urban 
development. 
 

METHODOLOGY 
 

A qualitative research design was adopted because the study 
is inherently exploratory: it seeks to interpret emerging 
technological patterns and build an actionable roadmap 
rather than test hypotheses or estimate effect sizes. 
Technology roadmapping is, by nature, interpretative and 
therefore relies on contextual judgements of maturity, 
feasibility and stakeholder relevance [25, 26]. The analytical 
core combined thematic coding, expert elicitation and cross-
case synthesis - procedures firmly rooted in qualitative 
research traditions [27]. Implementing a mixed-methods or 
fully quantitative design would have required harmonised 
datasets and large-scale adoption metrics that are not yet 
available for many of the nascent clean technologies 
identified here. Consequently, a qualitative framework 
provides the most appropriate foundation for early-stage 
technological foresight. This research involved four phases 
described in Table 1. 

Phase 1 (preliminary prospective) consisted of a scoping 
literature review conducted to graound the study’s 
theoretical foundation and refine its key concepts. Searches 
were performed in Google Scholar and CAPES Journals portal 
(CAFe access) using structured queries in English and 
Portuguese: "environmental licensing" AND ("horizontal 
condominium" OR "land partitioning"); "clean technology" 
AND ("construction" OR "building" OR "condominium"); and 
"technology roadmap." Articles were retained if they 
addressed regulatory aspects, technological innovation in 
sustainable construction, or strategic planning 
methodologies. Because this phase served only to build the 
conceptual background - rather than the empirical dataset - 
the references are cited qualitatively and are not counted as 
part of the study sample. The synthesis provided the 
knowledge base for the subsequent stages of technological 
prospecting and roadmap development. 

Phase 2 (technological prospective) involved defining 
targeted search strategies to identify relevant clean 
technologies for this study. Given the wide range of available 
technologies, the research focused on three key categories - 
energy, water, and waste - due to their direct relevance to 
environmental licensing processes for horizontal 
condominiums in the Federal District. These categories were 
selected based on their significant environmental impact, as 
identified in previous studies on land partitioning and 
sustainable urbanization [28]. The categorization ensured 
that the selected technologies addressed critical regulatory 
and sustainability challenges, particularly those related to 
energy consumption, water management, and waste 
generation in residential developments. By structuring the 
research around these categories, the study aligned 
technological innovations with the most pressing 
environmental concerns in horizontal condominium projects, 
facilitating their applicability in environmental licensing and 
urban planning frameworks. 

To systematically identify and analyze relevant technologies, 
two complementary search strategies were employed. The 
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first strategy focused on retrieving scientific articles from the 
Scopus database, chosen for its advanced filtering 
functionalities and comprehensive coverage of peer-
reviewed literature. The search queries combined the terms 
"technology" AND "construction" AND "hous*" with category-
specific keywords ("energy" OR "water" OR "waste"), 
restricting results to publications from January 2015 to June 
2022. This search yielded 642 records (Table 2), forming the 
basis for further screening and classification. 

From this total, only articles that met the following criteria 
were selected for analysis: (i) alignment with the scope of 
clean technologies applicable to horizontal condominiums 
construction, and (ii) availability of information on 
Technology Readiness Levels (TRL). Studies focusing 
exclusively on other types of buildings, conventional 

construction materials without environmental innovation, or 
technologies with low replicability in the Brazilian context 
were excluded. The final sample ensured that the selected 
studies provided both technological applicability and 
feasibility for environmental licensing scenarios. As a result, 
65 articles were selected for the final sample, focusing on 
clean technologies in the areas of energy, water, and waste, 
with potential applications in the construction and operation 
of horizontal condominiums (Table 3). 

The second strategy focused on retrieving patents from the 
WIPO GREEN database, a specialized platform for sustainable 
innovations with a structured classification system. It is 
possible to consult technologies in seven distinct areas, as 
shown in Table 4, which presents in descending order of 
registered patents by category and subcategory. 

 

 

Table 1. Research phases 

Phase Objective 

Phase 1 - Preliminary 
prospective 

Literature review to gather theoretical references on the research topics: environment; 
environmental licensing (particularly land subdivisions in the Federal District); clean technologies 
applied in horizontal condominiums, and technological roadmap. 

Phase 2 

Technological 
prospecting 

Definition of strategies for targeted search, including the selection of keywords and choice of 
research databases for scientific articles and patents. Search for scientific articles and patents 
related to the chosen categories of clean technologies in the study. 

Phase 3 

Organization and data 
analysis 

Compilation of a database containing comprehensive information about the identified 
technologies. Categorization of technologies according to applicable technological areas and 
assessment of technological maturity (TRL). Consolidation of results into clusters for visual 
structuring of the roadmap. 

Phase 4 

Roadmap 
development 

Definition of sub-layers and positioning of analyzed technologies on the roadmap, according to the 
'maturity' dimension (TRL). Development of the roadmap. Drafting support texts for 
communicating the results and providing insights for the future. 

 

 

Table 2. Results of the Scopus search records 

Strategies applied in Scopus Articles 

TITLE-ABS-KEY (technology AND construction AND hous* AND “solar energy”) AND PUBYEAR AFT 
2015 

30 

TITLE-ABS-KEY (technology AND construction AND hous* AND “wind energy”) AND PUBYEAR AFT 
2015 

6 

TITLE-ABS-KEY (technology AND construction AND hous* AND (biomass OR bioenergy)) AND 
PUBYEAR AFT 2015 

29 

TITLE-ABS-KEY (technology AND construction AND hous* AND “energy efficiency”) AND PUBYEAR AFT 
2015 

254 

TITLE-ABS-KEY (technology AND construction AND hous* AND lighting) AND PUBYEAR AFT 2015 26 

TITLE-ABS-KEY (technology AND construction AND hous* AND (cooling OR ventilation OR "thermal 
insulation")) AND PUBYEAR AFT 2015 

182 

TITLE-ABS-KEY (technology AND construction AND hous* AND ("water use efficiency" OR "water 
storage" OR "water treatment" OR "sanitation") AND PUBYEAR > 2015 

46 

TITLE-ABS-KEY (technology AND construction AND hous* AND ("waste collection" OR "recycling and 
reuse" OR "wastewater treatment" OR "solid waste treatment" OR "construction waste”) 

38 

TITLE-ABS-KEY (technology AND construction AND “permeable pavement”) AND PUBYEAR AFT 2015 15 

TITLE-ABS-KEY (technology AND construction AND hous* AND drainage) AND PUBYEAR AFT 2015 16 

Total number of articles found 642 
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Table 3. Selection of articles by category and technological area 

Category and technological area Articles 

ENERGY 

Energy efficiency 

Solar energy 

Wind energy 

Cooling, ventilation, and thermal insulation of buildings 

Biomass / Bioenergy 

31 

12 

4 

3 

10 

2 

WATER 

Water efficiency 

Stormwater management 

7 

5 

2 

WASTE 

Construction technologies and materials 

Recycling and reuse 

Solid waste treatment 

27 

23 

3 

1 

Total selected records for analysis in the roadmap 65 

 

 

 

Table 4. WIPO GREEN clean technologies patents 

Category Patents by subcategories (quantity) 

ENERGY 

(51,161 patents) 

Fuel cells (11,844); Solar (9,924); Energy storage (5,989); Wind (4,503); Biomass/Bioenergy 
(4,205); Electrical engineering (4,051); Energy transmission and distribution (3,933); Power 
generation (2,644); Wave/Tidal/Ocean (1,659); Hydropower (1,530); Waste to energy (865); 
Waste heat recovery (644); Geothermal (351); Energy efficiency (230); ICT in energy and 
energy management (146); Thermal (82). 

TRANSPORT 

(23,030 patents) 

Electric/Hybrid vehicles (16,031); Enhanced internal combustion engines (4,002); 
Aeronautics/Aviation (2,318); Maritime/Waterborne (499); ICT-based transport solutions 
(170); Railways (79); Road (74). 

POLLUTION AND WASTE 

(15,651 patents) 

Waste recycling and reuse (5,076); Wastewater treatment (3,497); Air (3,367); Carbon capture 
and storage (3,026); Pollution detection, measurement, monitoring, and removal (1,083); 
Greenhouse gas measurement and monitoring (623); Waste collection and transportation 
(139); Waste disposal (138); Food waste (118); Bioremediation (55); Land (38); Waste 
prevention (18); Solid waste treatment (13); Clean coal (11); ICT in pollution and waste 
management (8). 

BUILDINGS AND 
CONSTRUCTION 

(12,406 patents) 

Heating, cooling, ventilation, heat pumps (4,400); Building materials (3,400); Lighting (2,725); 
Buildings (788); Thermal insulation (590); Appliances (357); Urban planning (35); ICT in 
buildings and urban management (10). 

AGRICULTURE AND 
FORESTRY 

(11,468 patents) 

Plant and animal varieties (2,548); Greenhouse and indoor (2,321); Fish farming (aquaculture) 
(1,632); Enhanced agricultural inputs (1,626); Agricultural technologies (1,402); Livestock 
(820); Food processing (575); Irrigation (302); Hazard prevention and early warning systems 
(261); Forest, biodiversity, and ecosystem restoration/conservation (166); Stress-tolerant 
cultivation (158); Harvesting and storage (122); ICT in agriculture (46); Forest production 
(silviculture) (32); GIS and Earth observation (16); Soil improvement (16); Land use 
management (4). 

PRODUCTS, MATERIALS 
AND PROCESSES 

(9,639 patents) 

Chemical and industrial processes (5,347); Mining and metals (2,315); Enhanced materials 
(646); Packaging and fabric materials (551); Sustainable fashion and textiles (302); 
Biodegradable/biocompatible products (280); Water/energy-saving products (236); Products 
avoiding toxic emissions or others (123); Bio-based products (54). 

WATER 

(2,863 patents) 

Desalination (1,153); Water treatment (500); Assessment, monitoring, and control of water 
reserves (291); Coastal protection (291); Water extraction (285); Water use efficiency (195); 
Flood control (135); Water transportation and distribution (118); Water storage (17); 
Sanitation (9). 
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This search, conducted between June 14 and 18, 2022, 
targeted the 'Buildings and Construction' category, covering 
four subcategories: (i) heating, cooling, ventilation, and heat 
pumps; (ii) building material; (iii) lighting; and (iv) thermal 
insulation. The search yielded 155 relevant patents (Table 5). 

All selected articles (N = 65) and patents (N = 155) were 
analyzed. Technologies that did not align with environmental 
licensing requirements or had limited applicability in 
horizontal condominiums - such as large-scale power 
generation systems (power plants) and manufacturing 
processes for construction materials (material industry) - 
were excluded. Additionally, technologies designed 
exclusively for individual buildings, or those with low 
replication potential in the Federal District, such as solutions 
developed for extreme climatic conditions (deserts, severe 
winters, etc.), were also disregarded. This filtering process 
ensured that the final roadmap focused on technologies with 
practical implementation potential in sustainable urban 
planning and environmental licensing contexts. 

Phase 3 (data analysis) involved structuring a multi-layered 
roadmap. The vertical axis included three layers (energy, 
water, and waste), while the horizontal axis represented time, 
divided into three stages - now, tomorrow, and future, based 
on the TRL of the analyzed technologies. The 'now' stage 
comprises technologies currently available on the market 
(TRL 9: production/expansion phase). In contrast, the 

'tomorrow' stage includes innovations undergoing final 
testing and industrial scaling, requiring further validation 
before widespread commercialization (TRL 7: validated 
prototype in operational environment; TRL 8: commercial 
demonstration). Lastly, the 'future' stage consists of 
technologies in early research and development phases, 
requiring additional development and validation before 
market entry (TRL 3-4: proof of concept; TRL 5-6: prototype 
development). This structured timeline enables stakeholders 
to anticipate technological adoption pathways, align 
investment strategies, and support regulatory decision-
making for sustainable urban development. 

Although this study was conducted until 2023, its findings 
remain highly relevant due to the prospective nature of the 
roadmap, which anticipates technological trends still in 
development and implementation [26]. Moreover, recent 
studies highlight that sustainable technologies in the 
construction sector have yet to achieve full operational 
maturity, reinforcing the importance of continuous strategic 
planning [13]. Therefore, this roadmap should be interpreted 
as a dynamic tool that can be periodically updated as new 
innovations emerge and consolidate in the sector, ensuring its 
applicability in future decision-making processes. 

Finally, in Phase 4 (framework), the roadmap was finalized, 
with technologies categorized based on maturity levels, 
concluding with a comprehensive synthesis of results. 

 

Table 5. Results of the WIPO GREEN patents search 

Subcategory Technological Readiness Level (TRL) Patents 

Heating, Cooling, 
Ventilation, and Heat 

Pumps 

Proof of concept (TRL 3-4) 

Technology development/Prototype (TRL 5-6) 

Validated prototype in operational environment (TRL 7) 

Production/Scale-up (TRL 9) 

81 

3 

23 

21 

Building materials 

Proof of concept (TRL 3-4) 

Validated prototype in operational environment (TRL 7) 

Production/Scale-up (TRL 9) 

11 

2 

7 

Lighting 
Validated prototype in operational environment (TRL 7) 

Production/Scale-up (TRL 9) 

2 

2 

Thermal insulation 
Proof of concept (TRL 3-4) 

Production/Scale-up (TRL 9) 

2 

1 

Total patents found 155 

 

RESULTS AND DISCUSSION 
 

The increasing convergence of digitalization and 
sustainability is driving innovation in the construction sector, 
accelerating the adoption of resource-efficient technologies 
[13, 14]. Emerging digital solutions, including artificial 
intelligence, IoT, and blockchain, have demonstrated their 
potential to optimize material management, predict energy 
demand, and reduce waste throughout the construction 
lifecycle [14]. These advancements align with the strategies 
proposed in this roadmap, emphasizing the role of smart 
technologies in enhancing energy efficiency and sustainable 
urban planning [13]. Furthermore, circular economy 
principles -  such as material reuse and recycling - are gaining 
traction, further validating the relevance of this study in 
addressing contemporary challenges in sustainable 
construction [29]. 

Advancing sustainable construction practices requires not 
only technological progress but also structured 

implementation strategies, such as roadmaps, which provide 
a systematic framework for guiding long-term sustainability 
transitions [16]. In project management, digital technologies 
- especially IoT and artificial intelligence - have been 
extensively explored to enhance operational efficiency and 
minimize environmental impacts [16]. These trends 
underscore the strategic importance of the roadmap 
developed in this study, as it serves as a guiding tool 
adaptable to sectoral transformations and regulatory 
changes. 

This study follows sustainable project management 
guidelines, ensuring that the mapped technologies are 
assessed based on economic, environmental, and social 
feasibility [16]. One of the ongoing challenges in this field is 
the absence of standardized sustainability assessment 
metrics, which complicates the comparison and validation of 
different technologies. Nevertheless, the roadmap developed 
in this study remains relevant, as it aligns with global trends 
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and integrates emerging digital tools to enhance decision-
making in sustainable construction. 
 

Approaches of the Technologies in the Roadmap 
 

The roadmap presents two complementary strategies: the 
first focuses on infrastructure solutions that mitigate 
environmental damages caused by land partitioning, while 
the second concentrates on integrating sustainable 
technologies into residential units within condominiums, 
aiming for comprehensive sustainability throughout the 
development. Although the second approach is not directly 
related to environmental licensing, these technologies can be 
integrated into condominium guidelines and contribute to 
addressing environmental challenges commonly identified in 
the environmental licensing process of horizontal 
condominiums in the Federal District, such as energy 
consumption, water use, and waste management. 
 

Clean Technologies Roadmap for Horizontal 
Condominiums 
 

The prospective analysis identified key clean technologies, 
which were grouped based on their functional similarities 
and categorized according to standardized criteria reflecting 
their characteristics, attributes, and applications. This 
process resulted in the identification of 13 technology 
clusters, considered the most relevant for sustainable 
horizontal condominiums (Figure 1). 

In the next section, we discuss each technology synthesized in 
Table 6, highlighting both opportunities and challenges for 
their widespread adoption in the market. 
 

Energy Category 
 

Renewable energy solutions and more energy-efficient 
equipment have been incorporated into the construction 
industry, expanding the functionality of building elements 
such as walls, which can now store, transmit, and radiate heat 
while also distributing structural loads [30, 31]. Various 
solutions are recommended to minimize energy 
consumption. In hot climates, low-cost reflective materials, 
internal and external shading, and low-emissivity window 
coatings can be applied to improve thermal efficiency. In cold 
climates, passive heating sources, advanced windows, and 
high-performance glazing systems are more suitable [32]. 
Emerging technologies such as IoT and machine learning are 
enhancing the efficiency of renewable energy systems in the 
construction sector. Smart buildings are now utilizing 
predictive algorithms and sensor networks to optimize the 
consumption of solar and wind energy, reducing operational 
inefficiencies and improving energy resilience [33]. 
 

Phase change materials (PCM) 
 

The use of phase change materials (PCMs) is a promising 
strategy for improving energy efficiency in buildings, 
enabling passive thermal regulation [32, 34, 35]. By 
incorporating PCMs into building elements such as walls, 
floors, roofs, and windows, significant energy savings can be 
achieved, ranging from 5% to 25% of annual cooling and 
heating needs, depending on the climate and building type 
[31]. PCMs offer substantial benefits by absorbing and 

releasing latent heat, thereby stabilizing indoor temperatures 
and reducing reliance on active heating and cooling systems 
[32, 35, 36]. However, current challenges include the lack of 
standardization, uncertainty regarding long-term 
performance, and limited information on economic 
feasibility. Continuous research is needed to optimize PCM 
formulations, improve thermal behavior, and enhance their 
mechanical performance for large-scale adoption in 
construction [37]. 
 

Photovoltaic thermal hybrid (PVT) 
 

Hybrid solar heating and power generation systems, known 
as photovoltaic thermal hybrid (PVT), represent a promising 
approach by combining thermal solar collectors with 
photovoltaic modules [38], optimizing roof space and 
enhancing overall energy efficiency [39]. These systems 
convert solar radiation into electricity while simultaneously 
capturing thermal energy, allowing seasonal solar energy 
supply to align with seasonal energy demand, enabling solar 
fractions exceeding 50% for residential and water heating 
applications [40]. However, the challenge lies in finding a 
balance between electrical and thermal performance, 
considering the decrease in the efficiency of photovoltaic cells 
with increasing temperature [41]. Despite their potential, the 
widespread adoption of PVT systems is still hindered by 
technical and economic barriers. Studies indicate that key 
challenges include the efficiency loss of photovoltaic cells at 
higher temperatures, high initial investment costs, and 
maintenance issues such as dust accumulation [42]. To 
address these challenges, research is focusing on optimizing 
materials and integration methods to improve the overall 
performance and cost-effectiveness of PVT systems [39]. 
Additionally, recent advancements suggest the potential of 
integrating photobioreactor panels with microalgae into 
building facades as a complementary technology to PVT 
systems. These biopanels can enhance energy efficiency while 
simultaneously capturing CO₂ and generating bioenergy [33]. 
 

Heating, ventilation and air conditioning technologies - 
HVAC 
 

Over the past decades, significant innovations have emerged 
in heating, ventilation, and air conditioning (HVAC) systems. 
Among these, heat pumps have gained prominence for their 
energy efficiency, robustness, and widespread applicability in 
residential and commercial buildings. Nighttime radiative 
cooling has also been explored as a low-energy alternative for 
temperature control, with successful implementations in 
competitions such as the Solar Decathlon Europe 2012 and 
Solar Decathlon US 2015, where rainwater-cooled surfaces 
contributed to passive cooling strategies. While these 
solutions alone may not fully maintain thermal comfort, they 
can complement HVAC systems, significantly reducing 
cooling demands during nighttime hours. In addition to new 
technologies, efficient control of HVAC systems allows 
optimizing sustainability and energy efficiency through 
mathematical models that predict solar radiation, 
photovoltaic performance, and heating and cooling demands 
[34]. 
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Figure 1. Clean technologies roadmap for horizontal condominiums 
 

Table 6. Selected clean technologies for the roadmap 

Category Technology Description 

Energy 

Phase change materials 
(PCM) 

Materials that absorb and release heat during their phase transition 
(mostly from solid to liquid and vice versa) at a relatively constant 

temperature. 

Hybrid photovoltaic-thermal 
collectors (PVT) 

Photovoltaic cells placed in a heat exchanger that extracts heat for useful 
purposes, combining the production of heat and electricity from solar 

energy. 

Heating, ventilation, and air 
conditioning (HVAC) 

Systems Systems for thermal control of indoor environments in a 
building. 

Solar chimney 
Passive ventilation mechanism triggered by pressure changes obtained 

by the convective cycle of air, where warm, lighter air rises and pulls 
cold, heavier air, creating air movement inside the house. 

Green roofs and facades Use of vegetation on roofs and facades to reduce building cooling needs. 

Reflective surfaces 
Reflective materials that help reduce the daily surface temperature of a 

pavement by reflecting solar radiation. 

Photobioreactor panels for 
microalgae 

Glazed panels filled with algae in water that generate biomass and solar 
thermal energy. 

Water 

Permeable pavements 
Pavements designed to allow rainwater to flow to sub-layers and 

percolate into the soil 

Treatment and reuse of 
greywater 

Technologies for treating greywater before its reuse or final disposal. 

Rainwater harvesting 
systems (RWHS) 

Collection, storage, treatment, and distribution of rainwater from roofs, 
terraces, and impermeable surfaces for on-site use. 

Waste 

Additive manufacturing (3D 
Printing) 

Manufacturing process of objects using the deposition method of 
material, layer upon layer. 

Construction with maritime 
containers 

Reuse of maritime containers for the construction of residences. 
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High efficiency windows (HEW) 
 

Windows play a significant role in the energy efficiency of 
buildings, ranking among the top five most impactful 
technologies in this context. In addition to providing natural 
light and ventilation, windows significantly influence thermal 
radiation and heat conduction, directly affecting energy 
consumption. In larger and high-end residences, where 
window size and quantity are generally greater, optimizing 
window energy efficiency becomes even more critical. High-
efficiency windows (HEW) are designed to improve thermal 
insulation by utilizing double or triple glazing filled with 
dense gases such as argon and incorporating low-emissivity 
(low-E) coatings to minimize heat transfer [43]. 
 

Solar chimney 
 

Passive cooling strategies, such as natural ventilation, are 
essential for energy-efficient buildings. One of the most 
effective passive ventilation mechanisms is the solar 
chimney, which uses solar energy to induce airflow by 
creating a "chimney effect" based on temperature 
differentials. During daytime heating, solar radiation raises 
the temperature of the chimney, causing hot air to rise and 
creating an upward airflow. As warmer air exits, cooler air 
from shaded areas is drawn into the building through 
openings, effectively ventilating and cooling indoor spaces. 
Studies suggest that the use of solar chimneys can reduce the 
energy demand of mechanical cooling systems by up to 8%, 
making them a viable solution for sustainable building design 
[44]. 
 

Green facades and roofs 
 

Although the use of vegetation on facades and rooftops is not 
a new concept, its adoption is expanding due to its potential 
to reduce cooling demands in buildings. Green roofs and 
facades can regulate indoor temperatures, mitigate urban 
heat island effects, and improve urban air quality. However, 
studies indicate that economic viability remains a challenge, 
particularly in hot climates where artificial irrigation is 
required for maintenance. Nonetheless, broader economic 
analyses suggest that these systems can provide indirect 
financial benefits by reducing pollution and mitigating 
climate change impacts [45]. 
 

Reflective surfaces 
 

To mitigate excessive heat gain and reduce cooling demands, 
various eco-efficient technologies have been developed for 
building surfaces. Reflective materials are particularly 
effective in lowering surface temperatures by reflecting a 
significant portion of incoming solar radiation, thereby 
reducing the heat absorbed by buildings and pavements. 
Some notable reflective material applications include: i) 
highly reflective white paints on concrete roof tiles; ii) 
infrared-reflective colored paints for asphalt or concrete 
surfaces; iii) heat-reflective coatings for asphalt aggregates; 
iv) thermochromic paints that change color based on 
temperature, improving reflectivity in hot weather; v) the 
incorporation of fly ash and slag into concrete as substitutes 
for cement, enhancing solar reflectance. These technologies 
help lower ambient temperatures and mitigate the urban heat 
island effect, contributing to a more sustainable built 
environment [45]. 
 
 
 

Photobioreactor panels of microalgae 
 

Although still in the early stages of development, the 
integration of photobioreactors in building facades is 
emerging as an innovative approach to improving energy 
efficiency and sustainability in architecture [46]. 
Photobioreactors consist of transparent panels filled with 
microalgae in water, which utilize sunlight to generate 
biomass and produce bioenergy. This dual-function system 
not only contributes to energy production but also aids in CO₂ 
capture and air purification. Despite their potential, 
photobioreactors still face challenges such as lower efficiency 
compared to traditional renewable energy systems, high 
initial costs, and concerns about odor, contamination, and 
possible leaks from toxic algae species. As research advances, 
optimizing integration methods and scaling production will 
be essential to ensure their feasibility in large-scale 
construction projects [47]. 
 

Water Category 
 

The continuous urbanization process has significantly 
impacted natural water cycle, leading to increased runoff, 
early peak flows, and reduced evapotranspiration rates. 
Global concerns regarding water scarcity are particularly 
pronounced in regions where freshwater resources are 
already under stress, while deteriorating surface water 
quality remains an additional challenge. In Brazil, 
approximately 40% of urban water distribution systems 
experience losses due to leaks, underscoring the need for 
more efficient water management solutions. Faced with these 
challenges, the water sector has been actively seeking 
sustainable alternatives, including the implementation of 
smart meters, expansion of permeable areas, and 
decentralized systems such as rainwater harvesting [48, 49]. 
 

Permeable pavements 
 

Permeable pavements represent a sustainable solution for 
urban water management, designed to facilitate natural 
rainwater infiltration while reducing runoff and mitigating 
flooding risks. These porous materials help alleviate pressure 
on urban drainage systems and promote groundwater 
recharge. Technological innovations in permeable pavements 
include: i) water retention additives (e.g., steel by-products in 
porous asphalt); ii) use of fine blast furnace slag, permeable 
mortar, and bottom ashes in permeable concrete; iii) grass 
pavers and concrete grids, which allow vegetation growth 
within pavement gaps. Although promising, existing research 
predominantly focuses on macroscopic phenomena, with 
limited studies on microscopic-scale factors such as internal 
water permeation, pollutant retention, and degradation 
mechanisms. Aspects such as internal water permeation, 
storage and evaporation, pollutant distribution, and 
degradation mechanisms require a more comprehensive 
approach for a complete understanding of the performance of 
permeable pavements [45, 50]. 
 

Technologies for greywater treatment and reuse 
 

The reuse of greywater from domestic activities represents 
an effective strategy to alleviate pressure on freshwater 
resources, particularly in urban areas. Greywater can be 
treated and repurposed for applications such as domestic 
cleaning, irrigation, and toilet flushing, reducing overall water 
consumption and wastewater discharge [51]. Despite its 
potential benefits, challenges remain, particularly regarding 
public perception, health risks, and technological adaptation. 
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The chemical and biological composition of greywater varies 
significantly, often containing nutrients, organic pollutants, 
pharmaceutical residues, and heavy metals [52]. Filtration, 
reverse osmosis, and biological treatment methods such as 
activated sludge systems and membrane bioreactors have 
been explored to enhance the safety and efficiency of 
greywater reuse systems [11, 52].  
 

Rainwater harvesting systems - RWHS 
 

Rainwater harvesting systems (RWHS) offer a practical and 
environmentally sustainable solution to address water 
scarcity, particularly in regions with limited freshwater 
resources [53]. These systems involve the collection, storage, 
treatment, and distribution of rainwater for non-potable uses 
such as irrigation, toilet flushing, and industrial processes 
[54]. Proper reservoir sizing and system efficiency can be 
optimized through computational tools such as the Netuno 
program, which simulates precipitation patterns and daily 
water demand to estimate potential potable water savings. 
Studies indicate that RWHS implementation can significantly 
reduce the demand on municipal water supplies and lower 
stormwater runoff, helping to prevent urban flooding. 
However, the economic feasibility of RWHS depends on 
several factors, including water tariffs, storage tank costs, and 
the investment payback period, making financial incentives 
crucial for widespread adoption [48]. 
 

Waste Category 
 

The construction sector is the largest contributor to landfill 
waste while simultaneously being a major consumer of 
natural resources. This results in high rates of material 
wastage, including sand (21%), aggregates (20.7%), PVC 
pipes (19.6%), timber (19.5%), cement (8.3%), concrete 
blocks (17.1%), steel reinforcement (17%), concrete 
(16.8%), ceramic tiles (15.6%), and cladding stones (14.1%) 
[55]. Innovative strategies are being developed to reduce 
construction and demolition waste (CDW) and promote 
material reuse, recycling, and recovery. In the European 
Union alone, over 800 million tons of CDW are generated 
annually, including excavated soil. The adoption of circular 
economy models has encouraged the integration of recycled 
construction materials into new building components, 
reducing the carbon footprint of the industry and 
contributing to the preservation of natural resources [56]. 
 

Additive manufacturing (3D printing) 
 

Additive manufacturing, particularly 3D printing, is 
transforming the construction industry by enabling precise, 
material-efficient, and highly customizable building 
processes. Unlike traditional construction methods, which 
rely on subtractive techniques and generate considerable 
waste, 3D printing follows a layer-by-layer fabrication 
process, optimizing material usage and significantly reducing 
environmental impact [57, 58]. This technology offers 
multiple advantages, including lower material waste, reduced 
labor costs, and decreased carbon emissions. Recent studies 
indicate that 3D printing can streamline production timelines 
and minimize the ecological footprint of construction 
projects, making it an attractive solution for sustainable 
development [59, 60, 61]. Moreover, its flexibility allows for 
complex architectural designs that would be difficult or costly 
to achieve using conventional methods. Despite its potential, 
widespread adoption still faces regulatory and technical 
challenges, particularly concerning building codes, safety 
standards, and the structural properties of printed materials 

[58, 62]. Ensuring compliance with existing construction 
regulations and developing new standards tailored to 3D-
printed structures remain critical steps toward its 
mainstream application. 

An emerging evolution of this technology is 4D printing, 
which introduces the ability for printed structures to change 
shape, color, or function over time in response to external 
stimuli. This innovation is paving the way for adaptive and 
resilient architecture, potentially enhancing sustainability 
and efficiency in the built environment [63]. However, 
barriers such as certification challenges, safety concerns, and 
technological limitations must still be addressed before 4D 
printing becomes commercially viable [64]. 

To unlock the full potential of additive manufacturing in 
construction, key challenges must be overcome, including 
shifts in architectural paradigms, improvements in 
collaborative workflows, and the development of design 
strategies that fully exploit the capabilities of this technology 
[57]. Despite these hurdles, additive manufacturing stands as 
a transformative force in the construction industry, fostering 
innovations in materials, structural designs, and sustainable 
production methods. Nevertheless, its large-scale 
implementation remains contingent on resolving regulatory 
and technical constraints. Developing policies that support 
the integration of 3D printing into construction frameworks, 
along with continued advancements in material science and 
automation, will be essential to ensuring its long-term 
viability and impact on sustainable construction practices 
[61]. 
 

Shipping container construction 
 

The repurposing of shipping containers for residential and 
commercial construction is gaining traction as an innovative 
and sustainable alternative to conventional building 
materials. Shipping containers are structurally robust, 
modular, and easily transportable, making them a practical 
option for eco-friendly housing solutions. Studies indicate 
that reusing shipping containers for construction consumes 
only 5% of the energy required for traditional recycling 
processes, significantly reducing carbon emissions and 
material waste. The conversion process involves 
modifications such as floor replacement, insulation 
installation, and the incorporation of prefabricated doors and 
windows to enhance livability [65]. However, the absence of 
specific regulatory guidelines for container-based housing 
remains a challenge, highlighting the need for further 
research and policy development to facilitate its safe and 
scalable adoption. 
 

Challenges and Barriers to the Implementation of 
Sustainable Technologies 
 

The large-scale adoption of sustainable technologies in the 
construction sector faces multiple challenges that may hinder 
their widespread implementation. Recent studies identify 
several critical barriers, including high initial costs, resistance 
to new practices, regulatory gaps, and deficiencies in 
technological infrastructure [33, 66]. Additionally, the 
shortage of skilled professionals and interoperability 
limitations between digital systems further complicate the 
integration of emerging technologies into sustainable 
construction [66]. 

One of the most pressing technical challenges in sustainable 
construction is the variability of renewable energy sources, 
such as solar and wind power, which necessitates efficient 
energy storage and hybrid system solutions to ensure 
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stability and reliability [33]. Furthermore, insufficient digital 
infrastructure remains a significant barrier to the adoption of 
smart and sustainable technologies. Without targeted 
investments in connectivity, automation, and data 
integration, these innovations risk being confined to pilot 
projects rather than achieving sector-wide adoption [66]. 
Addressing these barriers requires coordinated efforts in 
policy reform, financial incentives, and workforce 
development to build an enabling environment for 
sustainable construction. 

Recent studies emphasize that the integration of architectural 
and mechanical design factors significantly influences the 
energy efficiency and thermal performance of buildings, 
reinforcing the need for holistic planning approaches in 
sustainable construction [67]. Additionally, financial and 
economic assessments play a crucial role in the feasibility of 
implementing innovative technologies, underscoring the 
necessity of policy incentives that facilitate the adoption of 
clean solutions in eco-condominiums. 

Despite notable technological advancements, the large-scale 
implementation of green solutions in construction remains 
constrained by economic, regulatory, and structural barriers. 
Studies indicate that high initial costs, reluctance to embrace 
innovation, inadequate regulatory frameworks, and 
fragmented technological infrastructure remain key 
obstacles to progress [14, 67]. Moreover, limited 
interoperability between digital systems further hampers the 
seamless integration of new solutions into conventional 
construction workflows [66]. Overcoming these challenges 
demands well-designed policies, strategic investment 
incentives, and comprehensive training programs to equip 
the construction workforce with the necessary skills for a 
sustainable transition [14, 42]. 
 

Theoretical, Practical, and Social Contributions 
 

This study presents a structured framework for integrating 
clean technologies into the planning, development, and 
operation of horizontal condominiums, aiming to mitigate 
their environmental impacts. From a theoretical perspective, 
its main contributions include the identification, 
classification, and systematization of innovative technologies, 
establishing a solid foundation for future research on 
sustainable construction and urban development. On the 
social level, the study highlights the potential to improve 
residents’ quality of life by promoting clean technologies that 
enhance sustainability, resource efficiency, and 
environmental resilience. By incorporating these solutions 
into urban planning and environmental licensing policies, 
horizontal condominiums can transition toward more 
sustainable and adaptive urban environments. 

Regarding the practical contribution, the roadmap developed 
in this study offers a strategic and structured approach to 
implementing green technologies in eco-condominiums, 
aligning with emerging trends in digitalization, circular 
economy models, and sustainability. Recent studies indicate 
that the digital economy has accelerated innovations in 
energy efficiency, waste management, and impact reduction 
in the construction sector, reinforcing the importance of 
structured technological planning [13]. Additionally, this 
roadmap aligns with strategic foresight methodologies, 
ensuring that its proposed solutions remain viable both in the 
present and the future. The integration of future-oriented 
studies and innovative governance mechanisms can 
significantly enhance the scalability and resilience of these 
technologies [14]. 

Thus, this study offers both theoretical and practical 
contributions: it consolidates a methodological framework 
for developing technological roadmaps while also providing 
strategic guidelines for policymakers, industry professionals, 
and sustainable construction managers. By bridging eco-
innovation with regulatory and planning considerations, this 
research facilitates the transition toward more sustainable 
and resilient residential developments. 
 

Limitations and Proposal for Future Research Agenda 
 

The selection and systematization of relevant clean 
technologies for horizontal condominiums posed significant 
challenges, primarily due to the lack of a consolidated body of 
research on this topic. The wide range of available articles and 
patents required extensive effort to refine the study’s scope, 
ensuring that the roadmap remains applicable to 
environmental licensing and sustainable urban development. 
Furthermore, the continuous evolution of clean technologies 
reinforces the need for periodic updates to this roadmap. As 
new technologies emerge, regulatory frameworks evolve, and 
market conditions shift, periodic reassessment is necessary 
to maintain its relevance and effectiveness. Incorporating 
predictive modeling and scenario analysis could further 
improve its adaptability to future sustainability challenges. 

As part of the future research agenda, additional studies 
should evaluate the real-world impact of the identified 
technologies, considering their economic viability, social 
acceptance, and environmental performance. Additionally, 
exploring regulatory and political factors that influence large-
scale implementation is crucial for overcoming adoption 
barriers. Future studies should also focus on integration 
strategies, examining how entrepreneurs, policymakers, and 
communities can collaborate to accelerate the transition to 
sustainable horizontal condominiums. Moreover, 
interdisciplinary research should be encouraged, integrating 
insights from urban planning, environmental sciences, 
engineering, and digital transformation to develop 
comprehensive solutions for sustainable construction. The 
role of emerging technologies such as artificial intelligence, 
blockchain, and digital twins in optimizing sustainability 
strategies should also be further explored. 

The dissemination and discussion of this roadmap in qualified 
forums, such as academic conferences, industry panels, and 
policymaking roundtables, represent an essential step 
toward mainstreaming these sustainable practices. Effective 
collaboration between public authorities, regulatory bodies, 
private enterprises, and civil society is fundamental to 
shaping policies and strategies that align environmental 
sustainability with urban expansion needs. Additionally, 
financial mechanisms such as environmental offsets, green 
bonds, and government incentives could accelerate the 
adoption of clean technologies in the construction sector. 
Establishing structured funding channels would support the 
practical implementation of the roadmap, ensuring that 
sustainability-driven transformations in Brazilian urban 
planning are both scalable and economically viable. 
 

CONCLUSIONS 
 

This study developed a clean technologies roadmap 
specifically for horizontal condominiums, addressing a 
significant gap in the existing literature. By providing a 
structured analysis of sustainable technologies applicable to 
both the construction and operation of these developments, 
this research advances knowledge at the intersection of civil 
construction, sustainability, and urban planning.  
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The proposed roadmap aligns with global sustainability 
trends and regulatory frameworks, offering strategic 
guidelines for integrating clean technologies into eco-
condominiums. The increasing adoption of digital systems, 
supported by regulatory advancements, has accelerated the 
transition toward a more sustainable construction sector 
[33]. However, financial constraints, regulatory gaps, and the 
need for robust technological infrastructure remain critical 
challenges, reinforcing the importance of coordinated efforts 
among policymakers, industry stakeholders, and researchers 
to facilitate this transition [66]. 

By emphasizing the necessity of evidence-based public 
policies and structured decision-making, this study 
establishes a solid foundation for mobilizing both 
governmental and private-sector initiatives toward 
sustainable urban development. The identification of key 
technological trends, particularly in the energy, water, and 
waste categories, strengthens environmental licensing 
strategies while fostering innovation and broader adoption of 
sustainable construction practices.  

Beyond its theoretical contribution, this research serves as a 
call to action, outlining practical pathways for transforming 
the construction sector - especially in the residential segment 
- toward sustainability, lower environmental impact, and 
improved quality of life for communities. The roadmap 
presented here is not a static tool but a dynamic framework 
that must evolve alongside emerging technologies, regulatory 
shifts, and market transformations. As sustainability in 
construction continues to gain momentum, future studies 
should build upon these findings, further refining and 
expanding clean technology applications to ensure their long-
term integration into urban development strategies. 
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