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Abstract

:

As a crucial step in addressing the climate emergency and enhancing energy security, the European Union has set ambitious targets to decarbonise its economy by 2050. While the building sector plays a pivotal role in this transition, being accountable for 36% of the EU’s total carbon emissions, it shows a renovation rate below 1% per year, which is clearly insufficient. To address this challenge, this study uses the cost-optimal methodology from private and social perspectives to assess the cost-effectiveness and environmental impact of five renovation packages with passive and active solutions currently available on the Portuguese market. The results demonstrated that from both perspectives, optimal combinations of market solutions were generally cost-effective and could lead to a 90–99% reduction in energy needs and even to zero carbon levels. Nevertheless, beyond cost-effectiveness, consideration of co-benefits, e.g., social and health improvements, is also crucial, requiring government action. To drive these essential changes, effective policy measures are imperative. Recommendations encompass robust regulatory frameworks, financial support mechanisms, knowledge dissemination, and a shift towards broader-scale renovation. For carbon reduction to be economically attractive, fostering innovative business models and leveraging legal instruments to tackle complex scenarios are needed.
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1. Introduction


As we move towards the 2030s, the urgency of climate resilience has never been more evident. With the overarching goal of achieving carbon neutrality by 2050 and keeping the global temperature increase within the 1.5 °C threshold—aligned with the Paris Agreement—it is paramount that we set and meet substantial progressive targets for 2030 and 2040 [1]. Within the European Union (EU) framework, this translates into an ambitious target for 2030, aiming for a 55% reduction in carbon emissions compared to 1990 levels [2].



The building sector plays a critical role in this decarbonisation ambition. It is one of the largest energy consumers, responsible for 40% of total energy consumption and 36% of carbon emissions in the EU [2]. The extended lifespan of buildings means that about half of the existing infrastructures will still be standing by 2050 [3]. This scenario is even more pronounced in developed countries such as Portugal, where more than 50% of the building stock was constructed before 1980 [4], prior to the initial thermal regulations. Consequently, these structures present low-grade energy performance and provide substandard comfort conditions.



In response to these challenges, the EU published the Energy Performance of Buildings Directive (EPBD), which serves as the principal framework for guiding the transformation of the building stock towards carbon neutrality through the adoption of cost-effective energy efficiency measures for building envelopes and highly efficient equipment, ultimately supplied by renewable energy sources [5]. Moreover, the integration of photovoltaic (PV) panels in residential buildings emerges as a key strategy in this sustainability transition. PV panels not only contribute significantly to reducing the operational carbon footprint of buildings by generating clean and renewable energy, but they also align with the EU’s broader energy independence objectives, mitigating reliance on fossil fuels and enhancing long-term environmental and economic sustainability [6,7].



The current 2018 recast EPBD (Directive (EU) 2018/844) requires the Member States to develop national roadmaps consistent with an 80–95% target of carbon reductions by 2050 [8]. Despite these regulatory advancements, the rate of building renovations remains woefully inadequate, barely scratching 1% per year in the EU [9]. On a global scale, the International Energy Agency (IEA) prescribes a requisite renovation rate of 2.5% annually until 2050 for the building sector to reach a ‘Zero-Carbon-Ready Building (ZCRB) level’ [3]. As outlined by European Union directives, the sector requires a substantial acceleration in the renovation rate, aiming for at least 3% annually [8].



Although the existing literature primarily utilises cost-efficiency methodology to identify the most economically viable strategies for building renovations [10,11,12,13], the focus remains predominantly on direct acquisition costs, lifecycle expenditures, and energy efficiency improvements. Despite their scientific relevance, these studies often fall short of adopting a more holistic approach that integrates societal viewpoints, especially in terms of factoring in carbon taxes associated with emissions during a building’s operational phase. Carbon taxes have grown since 2017, especially in European Union countries’ trading systems, now ranging between 20 and 120 USD/tCO2eq [14]. In this context, integrating these carbon taxes into the energy efficiency analyses of building renovations is not only environmentally prudent but also essential in bridging the current knowledge gap. While the scientific literature delves into the technical facets of energy renovations, there remains a void regarding the assessment of these technical solutions from both private and societal standpoints. Additionally, most studies do not differentiate between the impacts of active and passive renovation measures, often analysing them collectively [15,16]. Nonetheless, in the face of economic constraints, it becomes sensible to identify and prioritise those measures that demonstrate the highest cost-efficiency.



This paper innovatively diverges from the traditional trajectory by offering a dual-perspective analysis, integrating investors’ and societal (considering carbon taxes) viewpoints to assess the cost-efficiency of energy renovation technical solutions in Portuguese residential buildings. The approach extends beyond direct economic calculations, considering carbon taxes and environmental impacts, thus presenting a more holistic picture of cost-efficiency. Furthermore, this study comparatively analyses active and passive technical solutions for energy renovations, providing nuanced insights into their combined decarbonisation potentials. This comprehensive assessment model is a novelty, particularly within the Portuguese market, filling a critical research gap. The methodology quantifies the decarbonisation potential and evaluates the broader societal benefits of each technical solution, thereby informing more sustainable and socially responsible investment decisions. By tailoring the study to the specific Portuguese climatic, socio-economic, and policy context, the aim is to ensure that the findings are actionable and have direct policy relevance. This research contributes original insights to the field poised to influence policy dialogues and market dynamics in Portugal and potentially the broader EU, especially concerning the feasibility of achieving the ambitious 2050 carbon neutrality targets.




2. Materials and Methods


This section outlines the methodology to quantify the decarbonisation potential of a set of passive and active solutions in a typical Portuguese residential building. The residential segment was selected because it corresponds to 99% of the country’s building stock [17]. For the typical residential building, the cost-optimal assessment was carried out using five energy renovation packages, quantifying the potential for reducing energy needs and carbon emissions of each package.



2.1. Housing Stock Conditions


In Portugal, the vast majority of the building stock, except for multifamily units built after 2016, experiences thermal discomfort for more than 95% of the year [18], with particularly harsh conditions during winter when indoor temperatures often plummet around 10 °C [18,19]. This predicament arises from inadequate insulation of building envelopes, leading to humidity-related pathologies, poor acoustics, and indoor air-quality issues, all of which adversely impact residents’ health [19], especially those grappling with energy poverty, which afflicted 17.4% of households in 2020 [20]. This condition can be attributed to the age distribution of buildings, with 70% constructed before 1990, when Portugal introduced its first thermal regulations [21,22]. An analysis of Energy Performance Certificates (EPCs) issued from 2014 to the present reveals that only 15.3% of residential buildings achieve A+ or A ratings, while 22.7% fall into the E and F categories, and the most prevalent ratings are C and D, accounting for 44.6% of all residential EPCs. These statistics are far from the requirement for nearly zero-energy buildings (nZEB), which necessitates at least an A rating.



The Portuguese housing stock is further characterised by low-efficiency building systems, particularly in space heating, where 67.1% of households primarily use biomass (like firewood) for heating. At the same time, electricity, the primary energy source overall, constitutes just 10% of space conditioning [23]. This pattern results in an inadequate heating energy supply, exacerbated by a cultural habit of enduring suboptimal indoor temperatures. Additionally, energy poverty and an inability to cover energy expenses contribute to this issue [19,24,25]. While cooling energy needs are relatively minor compared to heating, the prevalence of air conditioning, especially in southern Portugal and newer buildings, has been rising [21]. Domestic hot water (DHW) is primarily generated using GPL (42%) and natural gas (34%) boilers, although solar thermal systems have gained popularity due to regulatory incentives [23].



The household’s main energy source is electricity (46.4%), a trend likely to continue due to incentives for electrification [23], the growing use of heat pumps, and other electric devices [26]. To align with carbon neutrality goals, Portugal aims to achieve 49% renewable energy in total consumption by 2030, driven by wind (31%), hydroelectricity (22%), and solar energy (27%) [27]. Wind and solar energy, in particular, are poised to supply an increasing share of electricity [28], with the decentralisation of renewable energy production, including self-consumption solutions, actively encouraged [27].




2.2. Characterisation of the Reference Building


A typical detached house constructed during the period 1991–2012 was defined as the building typology to be accessed. This construction period represents about 66% of Portugal’s total energy performance certificates, of which 84% are classified from C to F. The parameters to model the reference building (e.g., area of windows and walls, heating system) for the energy performance assessment were obtained from ADENE (Portuguese Energy Agency) and the INE (National Statistical Institute) Census.



The thermal performance of the reference building was simulated for two climates, I2V1 and I1V2 (nomenclature according to the Portuguese official climate zoning), which correspond to the Greater Lisbon and Greater Porto regions, respectively, reflecting the areas with the highest population density in the country [29]. The I1V2 climate (Lisbon) is characterised by 1071 HDD (heating degree–days), an average temperature of 10.8 °C during the coldest month, and an average temperature of 21.7 °C during the hottest month. The I2V1 climate (Porto) features 1250 HDD, an average temperature of 9.9 °C during the coldest month, and an average temperature of 20.9 °C during the hottest month [30]. Table 1 offers a detailed summary of the characteristics of the reference building. On the other hand, Figure 1 depicts a single-family home from this study, representative of the typical Portuguese building stock.



Before and after implementing the energy efficiency measures, the reference building’s energy requirements were assessed with the official ITECONS building renovation tool [31] in compliance with Portuguese standards [30]. To estimate the energy needs and the carbon footprint reduction potentially achieved with building energy renovation, typical renovation solutions were adopted, including adding thermal insulation to the exterior walls and roof, replacing windows and building systems with more energy-efficient alternatives, and integrating photovoltaic panels.




2.3. Renovation Scenarios


Five distinct renovation packages were proposed, each composed of selected solutions readily available in the market. The initial package (P01) focused solely on passive renovation solutions with U-values complying with current regulations. The second package (P02) comprised active-only renovation solutions, also meeting current efficiency regulations. The third package (P03) combined the aforementioned passive (P01) and active (P02) solutions, ensuring compliance with Portuguese regulations across all climate regions, and included a photovoltaic system sized to meet the building’s energy requirements. The fourth package (P04) replaced the wall insulation, windows, and building systems with more efficient alternatives, still incorporating the same photovoltaic system from P03. Lastly, the fifth package (P05) expanded upon P04 by doubling the photovoltaic system’s original capacity, intending to achieve surplus energy production that could be utilised for other building needs (e.g., lighting, appliances) or exported to the grid. The performance of each solution, including the U-values and energy needs, was calculated with the aid of DesignBuilder software (Design builder Engineering Plus, version v7.1.4.005, Location, UK). The photovoltaic panels were dimensioned to fit the roof area, with each module measuring 1.7 × 1.0 m and generating a total energy output of 2800–5600 kWh/year, striving for carbon neutrality in conjunction with the strategies outlined in P03, P04, and P05. To calculate the carbon footprint, the following CO2 intensity values for Portugal were considered: in 2020, 1 kWh of electricity production emitted 0.203 kg of CO2 [32], while 1 kWh of natural gas resulted in 0.204 kg of CO2 [32]. Table 2a,b summarise the renovation packages adopted in this study, where the configuration of the renovation packages is shown varying from a reference solution to a package that is better than the one proposed by the Portuguese regulation with the addition of renewable energy sources (RES).




2.4. Cost-Optimal Assessment


This study conducted a cost-optimal assessment to identify the most economically efficient renovation packages. This methodology aligns with the guidelines set out in IEA EBC Annex 56 [33] and complies with the procedures established by the 2010 EPBD recast [34], along with Delegate Regulation 244/2012 [35]. The goal is to ensure an optimal balance between energy efficiency measures and renewable energy sources. This assessment involves a comprehensive analysis that considers a building’s life-cycle costs and primary energy consumption from both private and societal perspectives. The private perspective reflects costs from the investor’s point of view, while the societal perspective incorporates calculations inclusive of the prevailing carbon taxes in Portugal, set at 20 EUR/t of CO2 [14]. This comprehensive approach illustrates the potential financial trade-off between continuing to pay existing carbon taxes or investing in measures designed to accelerate the decarbonisation of the building stock.



Table 3 presents the initial and maintenance costs associated with the reference building and various renovation packages (P01 to P05). These cost estimates were derived from the Cype Price Generation software (Cype Price Generation software version 2023.g) [36], a commonly used tool in Portugal for such evaluations. The costs considered encompass all aspects, including investment costs, maintenance costs, and even expenses related to preparation for the intervention, such as the use of scaffolding and labour costs in terms of person-hours. These calculations are based on a 30-year life cycle. The final energy consumption estimated through simulation was converted to primary energy, considering a conversion factor for electricity and natural gas.



The anyway renovation measures associated with the reference building (Table 3) are renovation interventions only related to functional and structural issues without improving the energy performance of the building [37]. They relate to renovation measures that would be implemented even if no energy renovation were carried out (for example, painting walls or replacing damaged equipment with equivalent energy-efficient ones) [38]. The costs associated with this anyway renovation of the reference building and the costs of the five renovation packages (P01 to P05) are compared. A renovation intervention is considered cost-effective if the associated renovation package leads to lower primary energy consumption and lower costs compared to the anyway renovation. In this study, the conversion factors used to calculate primary energy consumption were set at 2.5 kWhp/kWhf for electricity and 1.0 kWhp/kWhf for natural gas.




2.5. Study Limitations


This study, while comprehensive, acknowledges several limitations. Firstly, the analysis concentrates predominantly on the Portuguese setting, featuring a specific reference building model and emphasising its two distinct climatic zones and carbon tax structure. This focus limits the direct transferability of the achieved results to regions with different climatic conditions or alternative building topologies [39].



Secondly, the range of technical solutions evaluated does not encapsulate all existing or emerging technologies, particularly concerning cutting-edge technologies. The renovation packages are tailored around energy renovation solutions currently accessible in the Portuguese market. Conversely, the assessment of cost-effectiveness does not fully account for other qualitative benefits (renovation co-benefits) like enhanced occupant well-being and productivity or societal advantages from decreased carbon emissions beyond carbon taxes.



Third, the analysis does not consider potential fluctuations in carbon pricing, which could markedly affect future cost-effectiveness evaluations. The reliance on the current carbon tax rates in Portugal might not anticipate future policy adaptations or the possibility of more extensive carbon pricing strategies that could further stimulate building decarbonisation.



Finally, using the Cype Price Generation software for cost estimates may introduce some limitations, reflecting the software’s inherent calculation parameters and database, thereby potentially omitting specific cost components or regional market dynamics.





3. Results and Discussion


As depicted in Figure 2, the reference building presents heating energy requirements of 85 and 123 kWh/(m2·year) for the I1V2 (Lisbon) and I2V1 (Porto) climate regions, respectively. Heating and DHW account for 88 and 98% of the overall energy demands for Lisbon and Porto, respectively. The implementation of renovation packages, namely P01 and P02—representing passive-only and active-only strategies, respectively—demonstrates the potential to reduce building energy needs by 71–76%. Passive renovation (P01) contributes 25–28% to this reduction, with active renovation (P02) accounting for 46–48%. These results are consistent with existing studies, which indicate that HVAC systems can decrease energy consumption by 20–58% [40], underlining the significant role of space heating systems in reducing a building’s carbon footprint [11].



Incorporating a renewable energy system generating 2800 kWh of electricity can further decrease energy requirements by 18 kWh/(m2·year), resulting in an overall reduction of 90–93% (P03). Enhancing passive and active solutions to their most advanced market-available solutions (P04) nearly achieves a net-zero energy building, with energy needs decreasing by 96–99%. In certain scenarios, this even transforms the building into a positive energy contributor, with renewable energy production reaching 5600 kWh, as exemplified by P05.



Figure 3 illustrates the annual carbon footprint of the reference building, resulting in 4500–5500 kg·CO2/(residence. Year). The application of renovation packages offers the potential to attain near carbon neutrality (P04) or even negative emissions (P05). These outcomes align with findings in the existing literature highlighting CO2 reductions of 80–96% when renovation solutions are employed to transition towards nearly zero-energy buildings [41]. Negative emissions in P05 stem from the surplus electricity generated by the photovoltaic system, which can be utilised for other building requirements, including lighting and appliances. This remarkable reduction in carbon emissions represents a significant step towards fostering sustainable and low-carbon building practices.



Figure 4 presents the results of the cost-optimal assessment from a private perspective, portraying the results for the five distinct energy renovation packages. The carbon emissions results correspond to primary energy consumption, following the same hierarchy from the smallest to the largest environmental impact of each renovation package.



The package solely focusing on passive measures (P01) did not prove to be cost-effective when compared to the reference building due to the substantial expenses associated with solutions such as replacing windows with low thermal conductivity (U = 1.6 W/m2°C), which do not provide sufficient economic returns over their operational lifespan, totalling 67 EUR·m−2·year−1. Nonetheless, as suggested by [33], passive measures offer significant co-benefits at the building level, especially concerning indoor environmental comfort and the reduction of building pathologies such as those related to mould. Thus, passive measures must be regarded as an essential initial step in renovation projects, particularly in the Portuguese context, where addressing these issues is paramount. It is important to highlight that, for this case study, neither the order of results nor the magnitude of global costs and primary energy consumption changed for the two simulated climates. However, it is noteworthy that P01 (passive-only solutions) was not cost-effective for I1V2 (Lisbon) but approached the cost-effectiveness threshold for I2V1 (Porto), characterised by colder winters, where insulation is more critical to reduce thermal losses [42,43].



The most cost-effective packages are P02 (active-only solutions) and P03 (combining active and passive solutions with a photovoltaic system), reducing 68–71% and above 95% in primary energy demand, respectively, with a global cost of around 30 EUR·m−2·year−1 for both. These findings are consistent with what is reported in the literature, which indicates a potential reduction of reduction of 57%, with the potential to reach up to 75% in renovations of existing buildings [44]. Additionally, these packages (P02 and P03) enable a 50% reduction in costs associated with space heating and cooling and DHW. While P02 (active-only solutions) stands as the cost-optimal renovation package for this study, P03, which merges passive and active solutions with PV energy, closely follows P02 in terms of overall costs but significantly outperforms it in environmental performance, almost reaching zero energy consumption and zero carbon emissions.



P03 underscores the importance of a well-balanced integration of building envelope energy efficiency measures, high-efficiency building systems, and renewable energy supply. These results are consistent with IEA EBC Annex 56 results [33], emphasising that cost-optimality is not always the ideal criterion when striving for zero emissions. Instead, selecting the most comprehensive yet cost-effective renovation package can enhance environmental performance considerably.



In comparison, P04 and P05, which incorporate advanced energy efficiency enhancements for both the building envelope and systems, led to approximately a 60% cost increase compared to P03, with minimal differences in the reduction of primary energy demand and carbon emissions. It is worth noting that doubling the PV system from P04 to P05 did not increase the overall costs, averaging around 45 EUR·m−2·year−1, which aligns with the findings in the existing literature for Portugal, citing figures between 45 and 55 EUR·m−2·year−1 to reach near-zero primary energy consumption levels [37]. The negative carbon emissions observed in P05 result from high-energy efficiency packages and the energy production from the photovoltaic panels; in practical terms, the building generates more energy than it consumes for heating, cooling, and DHW.



These findings highlight the need for a strategic approach to building renovations, where passive measures form a foundational step in improving indoor comfort and reducing building pathologies. Subsequently, incorporating active solutions and renewable energy sources can significantly enhance the overall energy performance and environmental impact. The economic viability of these measures, particularly those that approach zero energy and zero carbon emissions, underscores their potential contribution to the goals of decarbonising the building stock and achieving carbon neutrality, aligning with global sustainability initiatives.



From a societal perspective, which takes into account carbon taxes, all five packages have proven to be cost-effective, as demonstrated in Figure 5. Interestingly, the renovation packages’ order is reversed compared to the private perspective. The most favourable solutions are those with the lowest carbon footprints, namely renovation packages P04 and P05, which achieve nearly zero primary energy consumption (kWh/(m2·year)) and global costs of 5–10 EUR·m−2·year−1. P03, which combines energy efficiency measures with renewable energy sources, closely follows suit. P03, P04, and P05 are the renovation packages with energy efficiency measures associated with renewable energy sources. These results underscore the significance of transitioning from fossil fuels to renewable energy sources when striving for the decarbonisation of the economy.



Within the context of existing buildings, operational carbon emissions take on a significant role, contributing a substantial 75% to the total carbon emissions throughout the building’s life cycle [3]. This underscores the critical importance of intensifying efforts to enhance the energy efficiency of existing buildings, making these changes economically attractive by promoting new business models and utilising legal frameworks to address more challenging situations [45]. It is noteworthy that carbon prices in European Union countries can range from 20 to 120 USD/t·CO2eq [14]. Within the scope of this case study, each renovation package (P01–P05) that falls below the threshold line (defined by the reference scenario) results in negative carbon abatement costs. In practical terms, this translates into an annual expense lower than that of the reference building and signifies a reduced carbon footprint, highlighting that promoting building energy renovation and decarbonisation pays off compared to continuing to pay carbon taxes.



The results from this societal perspective emphasise the significant role that regulatory frameworks and policies can play in incentivising the adoption of sustainable and energy-efficient building practices. As carbon taxes and pricing mechanisms continue to evolve and become more stringent, it becomes increasingly economically viable for building owners and investors to promote energy renovation measures. Moreover, these findings underline the need for governments and policymakers to create an enabling environment that not only encourages but rewards sustainable and decarbonised building practices. By doing so, substantial progress towards achieving global carbon reduction goals and improving the living quality of the residents (i.e., more comfort and wealth and fewer building pathologies) is made.




4. Policy Recommendations


Building upon the insights from the results and discussion section, it becomes apparent that while many energy renovation measures are economically viable and cost-effective, there exist crucial strategies necessary for achieving the decarbonisation of the building sector that may not yield immediate financial returns. In these cases, decisive policy actions and government decisions become imperative to drive the necessary changes [46]. Such categories of measures include passive strategies, which may have lower upfront returns but play a pivotal role in ensuring optimal indoor environmental conditions, health, and the prevention of building pathologies. Passive measures, such as improved insulation, are essential for providing thermal comfort and minimising humidity-related issues. Without these measures, buildings risk becoming environmentally substandard, which can adversely affect the well-being and health of the occupants.



In this context, well-calibrated policy interventions hold the unique capacity to overcome many of the existing barriers within the building renovation sector. Through financial incentives, tax benefits, or regulatory frameworks promoting sustainable practices, governments can stimulate private investment in energy-efficient renovations. These incentives can effectively offset initial costs, encourage community-driven renovation initiatives, and expedite the transition towards a more sustainable and carbon-neutral building stock.



For the Portuguese context, a set of policy recommendations has been crafted to boost the energy renovation rate of existing buildings. Firstly, establishing a robust regulatory environment is essential, encompassing adaptable building codes [47]. These codes should prioritise energy renovations aimed at achieving carbon neutrality, mirroring the principles outlined in packages P04 and P05, and they should actively endorse using renewable energy sources whenever feasible. By aligning regulations with decarbonisation objectives, policymakers can create a supportive ecosystem conducive to transformative building practices [38,48].



Secondly, facilitating financial support mechanisms is crucial for promoting affordable, holistic renovations [49]. Particular attention should be directed towards assisting vulnerable and low-income groups, while innovative funding models should be encouraged to attract investment. The financial attractiveness of energy renovation projects can be significantly enhanced through well-crafted policies, a dynamic energy market, and a reliable supply chain of construction products. In this regard, the accurate estimation of renovation co-benefits in a life-cycle context will prove instrumental in guiding informed decisions and attracting investors [5,11,50].



Thirdly, disseminating knowledge, training, and awareness campaigns is pivotal in engaging building professionals and owners. Establishing one-stop shops offering consultancy services, technical guidance, and a platform for showcasing successful renovation projects can help bridge the knowledge gap [51]. These initiatives aim to boost energy efficiency and elevate resident comfort, fostering a sense of community involvement. By encouraging dialogue, raising awareness about the benefits of deep renovation, and providing access to expertise, Portugal can empower its citizens to actively participate in the decarbonisation journey.



Lastly, there is a compelling need to transition from individual building-focused renovation efforts to a broader scale, encompassing neighbourhoods, communities, and urban areas. This shift in scale is essential to accelerate the overall building renovation rate and align with ambitious European targets. However, undertaking such large-scale initiatives is complex and often costly, necessitating the indispensable involvement of both political intervention and active citizen participation [52]. In this context, the building sector should be prepared to deliver high-quality outcomes in deep renovations at building, cluster, and district levels. Specifically, at the cluster and district levels, there is an opportunity to capitalise on economies of scale, which have the potential to diminish the aggregate costs of energy-focused renovations [53]. However, the extent of these advantages is influenced by factors such as the geographical distribution of the civil sector and the particular type of renovation implemented [54,55].



The role of carbon taxes, which has been increasing in recent years across European countries, becomes pivotal in accelerating the adoption of public policies for deep energy building renovation (as exemplified in P04 and P05 for a typical Portuguese building), as the costs of solutions throughout the life cycle (considered to be 30 years in this study) decrease from 40 to 50 euros/m2 (Figure 4) to less than 10 euros/m2 (Figure 5). Additionally, the intermittent nature of renewable energy sources necessitates energy grid management and distribution adaptations. Innovative solutions such as energy storage systems, thermal storage, and batteries hold significant potential for improving energy efficiency and reducing costs. To ensure success, these advancements should be considered within climate change scenarios, addressing both heating and cooling strategies. By implementing these multifaceted policy recommendations, Portugal can accelerate its progress towards achieving a zero-carbon housing stock while fostering sustainability and resilience for the future.




5. Conclusions


This study demonstrates the potential of strategic energy renovations in reducing the carbon footprint of existing buildings, a critical step towards global carbon neutrality goals. The analysis, centred on typical Portuguese buildings, revealed that the implementation of comprehensive renovation packages, particularly those combining passive and active measures with renewable energy systems (P03, P04, and P05), could lead to a drastic reduction in energy needs by 90–99% and carbon emissions approaching near-zero levels. Notably, P05 even demonstrated the potential for a building to become a positive energy contributor, underlining the promise of these advanced measures in creating a sustainable, energy-positive future.



The cost-optimal methodology was applied to identify the most economically efficient renovation solutions. From a private perspective, the application of renovation packages P02 (active-only solutions) and P03 (combining active and passive solutions with a photovoltaic system) presented the best cost-effectiveness, with a cost of about 30 euros·m−2·ano−1. Passive measures alone P01 (passive-only) have limited cost-effectiveness due to high upfront costs, which is similar to the reference building (anyway renovation) with a cost between 65 and 75 euros·m−2·ano−1. However, passive renovations offer significant co-benefits regarding indoor environmental comfort and reduced building pathologies.



From a societal perspective, which incorporates carbon taxes, all renovation packages (P01–P05) proved cost-effective, with the most ambitious packages (P04 and P05) being the most economically favourable due to the lowest carbon footprints. This underscores the effectiveness of regulatory mechanisms in incentivising sustainable practices and the transition towards renewable energy, a crucial element in the decarbonisation of the economy. As carbon pricing mechanisms evolve and become more stringent, the economic viability of energy renovation measures increases, making them an attractive option for building owners and investors.



Implementing appropriate policy measures is fundamental to driving the necessary transformations in the building sector. While some energy renovation strategies may not be immediately financially rewarding, they are essential for ensuring long-term environmental sustainability and human well-being. Political interventions can effectively bridge the gap between financial viability and the imperative need for sustainable building practices, ultimately contributing to the achievement of both national and European decarbonisation goals. Therefore, policymakers should recognise their role in facilitating these changes and enact measures encouraging the adoption of comprehensive energy renovation solutions across all scales of the built environment.



For future work, the scope extends beyond the technical and economic aspects of building renovations to explore the socio-economic impacts of large-scale renovation initiatives, including their effect on job creation, public health, and local economies. More granular, localised studies are needed to understand how different climates, building types, and social contexts might influence the effectiveness and cost-efficiency of various renovation strategies. Moreover, future research should also focus on the development of robust, long-term predictive models accounting for the evolving nature of climate change, technological innovations, and societal needs. These models would provide invaluable foresight for policymakers, investors, and urban planners, assisting in mitigating future risks and the strategic allocation of resources.
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Figure 1. A typical single-family residential building representative of the selected construction period. 
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Figure 2. Building energy needs for heating, cooling, and domestic hot water for the reference scenario and the five renovation packages. 
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Figure 3. Carbon footprint per year and the influence of each renovation package in decarbonising the residence. 
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Figure 4. Results of the cost-optimal assessment regarding primary energy consumption and carbon emissions from a private perspective. The dashed line represents the cost-effectiveness threshold. 
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Figure 5. Results of the cost-optimal assessment regarding primary energy consumption and carbon emissions from a societal perspective. The dashed line represents the cost-effectiveness threshold. 
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Table 1. Characteristics of the reference building.






Table 1. Characteristics of the reference building.





	Area (m2)
	155



	Construction period
	1991–2012



	Floors
	2



	Thermal inertia
	medium



	Window area (m2)
	31



	Opaque area (m2)
	152



	Floor-to-ceiling height (m)
	2.6



	Building colour
	light



	Solar protection
	exterior blinds



	Domestic hot water
	gas boiler



	Heating system 1
	electric heater



	Cooling System 1
	air conditioning







1 In the reference building, no heating and cooling systems are installed. Following Portuguese regulation, default systems were adopted for this calculation, namely, an electric heater and an air conditioning system.













 





Table 2. (a) Characteristics of the reference building and the renovation packages P01 and P02. (b) Characteristics of the renovation packages P03, P04, and P05.






Table 2. (a) Characteristics of the reference building and the renovation packages P01 and P02. (b) Characteristics of the renovation packages P03, P04, and P05.





	
(a)




	

	
Reference building

	
Passive-only (P01)

	
Active-only (P02)




	

	
solution

	
performance

	
solution

	
performance

	
solution

	
performance




	
external walls

	
hollow brick

(11 + 11 cm)

+ XPS 1 30 mm

	
U = 0.92 W/m2·°C

	
ETIC EPS 2

60 mm

	
U = 0.47 W/m2·°C

	
original

	
U = 0.92 W/m2·°C




	
roof

	
lightened slab

+ XPS 30 mm

	
U = 0.94 W/m2·°C

	
XPS 80 mm

	
U = 0.38 W/m2·°C

	
original

	
U = 0.94 W/m2·°C




	
windows

	
metal frame with exterior

plastic shutters

	
U = 3.10 W/m2·°C

	
double glass

	
U = 1.60 W/m2·°C

	
original

	
U = 3.10 W/m2·°C




	
DHW

	
gas water heater

	
η = 0.80

	
original

	
η = 0.80

	
heat pump

	
COP = 3.10




	
heating

	
electric heater

(by default)

	
η = 1.00

	
original

	
η = 1.00

	
AC

	
COP = 3.80




	
cooling

	
air conditioning

(by default)

	
COP = 3.00

	
original

	
COP = 3.00

	
AC

	
COP = 3.50




	
RES

	
-

	
-

	
-

	
-

	
-

	
-




	
(b)




	

	
Regulation (P03)

	
Better solutions + PV (P04)

	
Better solutions + 2× PV (P05)




	

	
solution

	
performance

	
solution

	
performance

	
solution

	
performance




	
external walls

	
ETICS EPS 60mm

	
U = 0.47 W/m2·°C

	
ETICS EPS

120 mm

	
U = 0.27 W/m2·°C

	
ETICS EPS

120 mm

	
U = 0.27 W/m2·°C




	
roof

	
XPS 80mm

	
U = 0.38 W/m2·°C

	
XPS 80 mm

	
U = 0.38 W/m2·°C

	
XPS 80 mm

	
U = 0.38 W/m2·°C




	
windows

	
double glass

	
U = 1.60 W/m2·°C

	
gas double glass

	
U = 1.10 W/m2·°C

	
gas double glass

	
U = 1.10 W/m2·°C




	
DHW

	
heat pump

	
COP = 3.10

	
heat pump

	
COP = 3.60

	
heat pump

	
COP = 3.60




	
heating

	
heat pump + AC

	
COP = 3.80

	
AC

	
COP = 5.48

	
AC

	
COP = 5.48




	
cooling

	
AC

	
COP = 3.50

	
AC

	
COP = 4.40

	
AC

	
COP = 4.40




	
RES

	
PV (8 m2)

	
2800 kWh

	
PV (8 m2)

	
2800 kWh

	
PV (12 m2)

	
5600 kWh








Note: 1 XPS stands for extruded polystyrene, and 2 EPS stands for expanded polystyrene.













 





Table 3. (a) Initial costs and maintenance costs of the reference building and the proposed renovation packages P01 and P02. (b) Initial costs and maintenance costs of the reference building and the proposed renovation packages P03, P04, and P05.






Table 3. (a) Initial costs and maintenance costs of the reference building and the proposed renovation packages P01 and P02. (b) Initial costs and maintenance costs of the reference building and the proposed renovation packages P03, P04, and P05.





	
(a)




	

	

	
Reference building

(anyway measures)

	
Passive-only (P01)

	
Active-only (P02)




	

	

	
description

	
initial costs (EUR/m2)

	
maintenance costs

(EUR/year·m2)

	
description

	
initial costs (EUR/m2)

	
maintenance costs

(EUR/year·m2)

	
description

	
initial costs (EUR/m2)

	
maintenance costs

(EUR/year·m2)




	
passive solutions

	
external walls

	
painting and maintenance

	
10.55

	
1.85

	
ETICS (EPS 60 mm)

	
62.45

	
0.69

	
painting and maintenance

	
10.55

	
1.85




	
flat roof

	
maintenance

	
31.97

	
0.13

	
external insulation XPS 80 mm

	
59.53

	
0.18

	
maintenance

	
31.97

	
0.13




	
windows

	
maintenance

	
62.82

	
-

	
double glazing

aluminium frame 1.6

	
912.54

	
12.78

	
maintenance

	
62.82

	
-




	
active

solutions

	
heating

	
electric heater

	
7.00

	
0.12

	
electric heater

	
7.00

	
0.12

	
air-to-air reversible heat pump + AC unit

	
61.16

	
3.91




	
cooling

	
AC unit

	
45.77

	
1.25

	
AC unit

	
45.77

	
1.25




	
DHW

	
gas boiler

	
10.23

	
0.97

	
gas boiler

	
10.23

	
0.97

	
electric boiler

	
2.30

	
0.17




	
RES

	

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
(b)




	

	

	
Regulation (P03)

	
Better solutions + PV (P04)

	
Better solutions + 2× PV (P05)




	

	

	
description

	
initial costs (EUR/m2)

	
maintenance costs

(EUR/year·m2)

	
description

	
initial costs (EUR/m2)

	
maintenance costs

(EUR/year·m2)

	
description

	
initial costs (EUR/m2)

	
maintenance costs

(EUR/year ·m2)




	
passive solutions

	
external walls

	
ETICS (EPS 60 mm)

	
62.45

	
0.69

	
ETICS (EPS 120 mm)

	
74.67

	
0.77

	
ETICS (EPS 120 mm)

	
74.67

	
0.77




	
flat roof

	
external insulation XPS 80 mm

	
59.53

	
0.18

	
external insulation XPS 80 mm

	
59.53

	
0.18

	
external insulation XPS 80 mm

	
59.53

	
0.18




	
windows

	
double glazing

aluminium frame U = 1.6 W/m2°C

	
912.54

	
12.78

	
double glazing

aluminium frame U = 1.1 W/m2°C

	
1025.42

	
14.35

	
double glazing

aluminium frame U = 1.1 W/m2°C

	
1025.42

	
14.35




	
active

solutions

	
heating

	
air-to-air reversible heat pump + AC

	
61.16

	
3.91

	
air-to-air reversible heat pump + AC + radiant floor

	
265.24

	
7.79

	
air-to-air reversible heat pump + AC + radiant floor

	
265.24

	
7.79




	
cooling




	
DHW

	
electric boiler

	
2.30

	
0.17




	
RES

	

	
PV panels

2800 kWh

	
440.02

	
-

	
PV panels

2800 kWh

	
440.02

	
-

	
PV panels

5600 kWh

	
880.04

	
-
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