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Abstract

:

Energy efficiency, generation from renewable sources and more recently energy flexibility are key elements of present sustainability policies. However, we are beginning to see a recognition of the need to couple technological solutions with lifestyle and behavioral changes, sometimes labeled under the term “sufficiency”. Appropriate policies and design principles are necessary to enable sufficiency options, which in turn reveal that there is a bidirectional influence between the building and the district/city level. In this context, the authors discuss how city and building re-design should be implemented combining energy efficiency, flexibility, production from renewables and sufficiency options for achieving a positive energy balance at the district level even within the constraints of dense cities. Based on a review of recent advances, the paper provides a matrix of interactions between building and district design for use by building designers and city planners. It also compares possible scenarios implementing different strategies at the building and urban level in a case study, in order to evaluate the effect of the proposed integrated approach on the energy balance at yearly and seasonal time scales and on land take.
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1. Introduction


The challenge of sustainable development of urban areas is of key importance for the European Union, which has defined an ambitious strategy and implementation plans to make cities inclusive, safe, resilient and sustainable, in accordance with the 2030 Agenda for Sustainable Development of the United Nations [1]. Ongoing and foreseen accelerated urbanization in many areas of the world interacts with other challenges, including overpopulation, climate change, environmental quality and access to energy [2]. Urban and regional planning is called to reassess how to sustainably supply the population with the needed services at an affordable cost. Reflecting this, urban actors and scholars have created a number of city labels, such as “sustainable city”, “smart city”, “green city” and “resilient city”, to represent cities’ responses to various challenges of urban transformation. Among them, the ‘smart city’ has prevailed as the most researched concept in the recent period [3], even if it is sometimes presented as being focused only on the application of information and communication technologies (ICTs) and leaving in the background a number of issues related to building a physics and space and social organization. Most recently a “15 min City” concept has been presented that proposes fundamental changes in urban planning aimed at redesigning neighborhoods so that individuals can reach the school, workplace, groceries, sport and recreational sites, etc., within a 15 min travel distance, either by bike or on foot [4,5]. Each neighborhood should fulfil six social functions: living, working, supplying, caring, learning and enjoying. The concept may have relevant implications on energy and material use not only in the area of mobility, but also elsewhere, as we will discuss in the paper.



The EU has been investing in sustainable urban development research for over twenty years [6] and has recently announced the mission [7] to guide the transformation of 100 European cities to climate neutrality by 2030, supporting the cities through different financial means, e.g., the new framework program Horizon Europe.



In particular, the area of “Smart City & Community” has been defined as strategic and a priority since the previous European Horizon 2020 Program, which has funded numerous projects to foster European Smart cities and communities, e.g., [8,9]. Over time, however, it has been realized that financing large smart city projects at the urban level was complex and with a huge demand for resources and investments. As an intermediate step, to be achieved in a shorter time frame, a focus has been developed towards smaller urban areas, such as districts.



In June 2018, the European Strategic Energy Technology Plan (SET Plan), based also on previous planning, has proposed an implementation plan on “Smart Cities and Communities” dedicated to develop 100 smart positive energy districts (PEDs) in Europe by 2025 (Action 3.2), characterized by improved sustainability, livability and going beyond carbon neutrality. The Program on Positive Energy Districts and Neighborhoods (PED Program), led by the intergovernmental Joint Programming Initiative (JPI) Urban Europe, has been established to support this ambitious action, and has realized a review of early attempts to PEDs in Europe [10]. The district approach is mentioned also within Article 19 of the revised Energy Performance of Buildings Directive (2018/844) [11], which, also for the first time, does not limit to energy use of buildings but underlines the link between buildings, mobility and urban planning (recital 28 and article 8). Finally, the Horizon 2020 work program [12] stresses the importance of deploying positive energy blocks and districts by 2050 in Europe to achieve the needed energy transition in cities, in addition to foster the integration between energy systems and improve the buildings’ energy performance significantly beyond the levels of current EU codes.



Within the dedicated calls of the H2020 program, a definition for positive energy blocks and districts is given: “Positive Energy Blocks/Districts consist of several buildings… that actively manage their energy consumption and the energy flow between them and the wider energy system. Positive Energy Blocks/Districts have an annual positive energy balance”.



The PED Program has elaborated a framework definition, which also uses the concept of yearly energy balance and extends from the urban to regional level the boundary of the system where a positive value of the balance should be achieved: “Positive Energy Districts are energy-efficient and energy-flexible urban areas, which produce net zero greenhouse gas emissions and actively manage an annual local or regional surplus production of renewable energy.” [13]. However, according to Lindholm et al. [14] the concept of a positive energy district is still in an early conceptual phase and research to exploit its value shall be taken into account. PEDs may offer interesting replicability and scalability potentials [15], thus it is crucial to identify clearly objectives, strengths and opportunities, via explicitly and univocally defined indicators and with an explicit and structured calculation methodology [16]. A strong critique, backed by detailed optimization calculations, of the yearly net zero energy metric is presented in [17]. The authors apply optimization for example to a district made up of well-insulated apartments, heated by a heat pump and endowed with PV panels and an electric battery. By optimizing with the objective of maximizing the net generation over a year they find that the battery would not be utilized, since “battery losses will result in net increase in electricity consumption compared with the no storage case” hence damaging the yearly energy positivity goal. A conflict arises with the objective of maximizing the use of renewable energy at the time when it is available, that is with the objective of being “flexible” about the time when the district uses energy, either for direct production of services or for storage and delayed use.



Comparing the above PED definitions, it can be observed that in the definition by the PED Program a threefold objective is highlighted: energy-flexibility (though not quantitatively characterized), the target of positive energy balance and that of net zero greenhouse gas emission, which recalls the concept of the zero emission neighborhood (ZEN) [18,19]. Regarding the target of net zero greenhouse gas emissions, it is worth noting that of the 29 districts in Europe that declared a PED ambition in the booklet under development by JPI Urban Europe [10], 19 cases indicate at least one target between carbon neutrality, zero emission or climate neutrality. According to the definitions reported in the IPCC Special Report: Global Warming of 1.5 °C [20], a carbon neutral goal refers to carbon dioxide only, whereas a ‘net-zero’ target includes all greenhouse gases, and a ‘climate-neutral’ goal extends to all causes of radiative forcing.



The framework definition distinguishes three main functions related to PEDs: energy efficiency, energy flexibility and energy production.



Currently, energy efficiency and, more recently, energy flexibility drive the policy practices to achieve high sustainability goals, e.g., a clever utilization of thermal mass may allow one to manage the building as a thermal battery over a time frame of a few days rather than hours, if the building fabric is highly insulated and high efficiency heat recovery on ventilation is applied (as analyzed in Section 3 of this paper). Therefore, in the case of existing buildings, the path of deep renovation focused first at improving the building fabric can be a prerequisite enabler. This flexibility (in new or retrofitted building fabrics) allows dealing with the challenges linked to the intermittent nature of many renewable energy sources and their exploitation at the level of a cluster of buildings. Given the need of a means of storage from the daily to the interseasonal scale, a strong reduction of energy needs for heating and cooling via efficiency techniques and physical and regulatory frameworks that enable low-energy life-styles (i.e., sufficiency, discussed in detail in Section 4) might prove decisive. This would reduce the size of the required storage and the connected embedded energy and energy losses.



At the same time, a strong reduction of energy needs and hence of the physical infrastructures required to serve those needs, appears as a fundamental step for achieving the European and international goals related to halting land consumption. The United Nations Sustainable Development Goal (SDG) indicator 11.3.1: “Ratio of land consumption rate to population growth rate” postulates that when this ratio is high, such a “growth turns out to violate every premise of sustainability that an urban area could be judged by”. In Europe, where population is projected to remain stable or even slightly declining throughout this century [21], the EU institutions have taken a commitment to be “a frontrunner in implementing […] the SDGs” and to aim at “no net land take by 2050” [22,23]. On 29 April 2021 the European Parliament approved with a majority of 605/660 a resolution asking the EU Commission to draft a new directive for the protection of soil with the objectives of “no land degradation” by 2030 and “no net land take” by 2050 at the latest.



Essential to reach the transformation of cities is the involvement of citizens and stakeholders because of their central role in interacting with the buildings and the district’s infrastructures. In this regard, we are beginning to see a recognition (e.g., in some of the H2020 calls, in the IEA outlook 2020 [24], in chapter 5 of the upcoming IPCC report) of the need to couple technological solutions with lifestyle and behavioral changes, sometimes labeled under the term “sufficiency”. However, sufficiency is not simply an issue of choices of each individual: sociological and psychological research indicates the need for enabling infrastructures and social frameworks [25,26]. Hence, appropriate policies and design principles are necessary to enable sufficiency options, which in turn reveal that there is a bidirectional influence between the building and the district/city level.



In this context, the authors discuss how city and building redesign should be implemented combining efficiency, flexibility and renewables production with the emerging new dimension of sufficiency options for achieving a positive energy balance at the district level even within the constraints of dense cities (Figure 1). The paper focuses on the buildings related aspect of the energy district while transports, public spaces and mobility are discussed in terms of their interaction with building infrastructure.




2. Energy Efficiency


One of the key elements frequently present in the current PED concepts is that the district generates more renewable energy than it consumes on a yearly basis. This is achieved by integrating renewable energy systems and energy storage and improving the energy efficiency of the district [14].



An energy efficient district will take into account the energy uses of different sectors and building typologies and it will be constituted by mixed use and relatively dense settlements in order to minimize transportation needs.



Further, it will be characterized by buildings with low energy needs for heating, cooling and hot water, low energy use for lighting and ventilation, energy efficient building service systems, smart energy management and technologies and energy efficient street lighting.



The directive 2012/27/EU [27] requires all EU countries to use energy more efficiently at all stages of the energy chain, including energy generation, transmission, distribution and end-use consumption. In the 2018 recast of the directive [11], the Commission proposed an ambitious energy efficiency target by 2030, regarding final energy use (whichever the source, renewable or non-renewable) and primary energy, and more stringent revisions are ongoing.



In addition, specifically for the building sector, the EU has established the Energy Performance of Building Directive 2010/31/EU [28], amended in 2018 [11], which sets out policies and supportive measures to improve the buildings energy performance and upgrade the existing building stock. The directive requires all new buildings (and major retrofits) from 2021 (public buildings from 2019) to be nearly-zero energy buildings (nZEBs), defined as buildings that:




	-

	
Have a very high energy performance;




	-

	
Cover, to a very significant extent, the nearly zero or very low amount of energy required by energy from renewable sources (including energy from renewable sources produced on-site or nearby).









The detailed choice of indicators, rather than only of the numerical values to be achieved, has been left to Member States. The resulting national implementations of the nZEB concept are hence considerably different in terms of the selected indicators, which makes it difficult to compare nZEBs in different countries [29,30,31,32,33,34].



EU has also promoted research dedicated to find out and clarify the best strategies and technological solutions to make the nZEBs affordable, in order to allow a rapid market uptake and thus helping to achieve the EU’s energy and environmental goals [32,35].



According to ISO 52000-1 [36], the indicators to assess and design a nZEB should be three and should be considered in the following order: (1) energy needs for heating and cooling, to reflect the performance of the building fabric, quantifying and promoting the reduction of energy losses through the envelope and ventilation; (2) total primary energy, to reflect the performance of the technical building systems; (3) non-renewable primary energy for quantifying and promoting the reduction of the non-renewable fraction within total primary energy use. Within the AZEB project, the authors have developed a series of simplified graphical illustrations (Figure 2) and a video to show in a clear and concise way the above concepts and nomenclature [35]. The indicators energy needs and total primary energy do respond to the energy efficiency first (EEF) principle, which is one of the key principles of the Energy Union, intended to ensure secure, sustainable, competitive and affordable energy supply in the EU. The parameter non-renewable primary energy responds to the objective of “increasing the share of renewables”. Reducing energy needs will not reduce the necessity of (and the market for) renewables and controls. On the contrary, it constitutes an indispensable prerequisite for these to be deployed with effective and acceptable results from the social and environmental point of view, including the EU objective of zero “land take”, and therefore for their rapid penetration.



To move beyond the concept of nZEB to that of PED, it should be followed a similar rational sequence of steps, starting by reducing the overall energy use of the district, then covering this use fully with renewables, by making it flexible in order to accommodate short term fluctuations in RES supply, creating an interseasonal storage infrastructure, and providing a set of RES coherent with the territory. On this line, the technical report by the European Commission Joint Research Centre [37] suggests to extend the application of the minimum energy performance requirements by the EPBD from the building’s to the cluster of buildings’ level, keeping the priority on the EEF principle.



Different examples of energy efficient districts are spreading in Europe, characterized by the presence of high performance buildings, which act as a starting point to reduce the overall energy use of the neighborhood, e.g., in the Carquefou district (Nantes), France-Fleuriaye West, all of the new residential buildings are certified Passivhaus [38] and due to the correct orientation of the housing units, the careful design of the envelope, the proper management of solar heat gains and the exploitation of night ventilation, they are able to minimize the energy needs for heating and cooling guaranteeing thermal comfort throughout the year. The choice of energy efficient equipment allows one to further reduce the electric energy use. In Bærum, Norway-Fornebu [39], all the buildings will be nZEB, with the minimum passive house standard and energy class A. In addition, all buildings should be certified according to BREEAM-NOR Excellent. In Bodø, Norway-NyBy Buildings are planned to be built according to the ZEB standard [40].



In a PED not only new constructions but also existing buildings need to be addressed. Presently, roughly 75% of the EU building stock is energy inefficient and the poorly insulated buildings are not suitable for effectively helping the logic of positive energy districts. “Deep renovations” are a necessary condition to allow the building to modulate demand and provide flexibility to the network, as we discuss in Section 3. A unique definition of “deep renovation” or “deep energy renovation” is still not available; however, the literature offers studies and benchmarks that allow one to identify the main targets of this strategy [41,42,43]. A report by the European Parliament (30 July 2012), states that “deep renovation means a refurbishment that reduces both the delivered and the final energy consumption of a building by at least 80% compared with the pre-renovation levels” [44].



To reach and verify these goals, the process should start with the assessment of the existing building performance, proceeding with the design (preferably the codesign in multiproperty buildings), the construction, the commissioning, the management and operation of the building. Recent deep retrofits have proven the possibility to reduce the energy need for heating to 15–20 kWh/(m2·y) even with a limited budget as often is the case in social housing [8]. However, concern has been expressed about the effectiveness of energy efficiency upgrades in bringing about the level of energy savings foreseen at the design stage [45]. The energy performance gap and prebound and rebound effects are often reported when dealing with energy efficiency upgrades and there is relatively ample literature on the subject [46]. To measure and verify the actual building performance, i.e., the energy performance and the indoor environmental quality (IEQ), measurement and verification (M&V) protocols should be implemented after the design phase of a new construction or a building retrofit. Since 1996, when EVO published the so called “International Performance Measurement and Verification Protocol” (IPMVP) [47], different guidelines and procedures have been developed to verify that a building performs according to design expectations, suggest energy saving measures to be adopted to further improve the building performance or to facilitate operation and maintenance. Specific work has been developed to define M&V plans for ZEBs [48] and more recently addressing zero energy settlements [49]. One of the increasingly discussed solutions to mitigate the performance gap is to enhance the awareness of the consumer and encourage a more efficient and sustainable energy-saving behavior at the building [50] and district level. It should be noticed that some measurement campaigns show good agreement between the predicted and actual performance in the case of Passivhaus buildings, which might be a consequence of a particularly accurate design and execution under this voluntary label. A recent report by the Universite de Geneve and SUPSI [51] finds that for the buildings labeled Minergie A and Minergie P, “the analysis yields a negative Energy Performance Gap (EPG) of −14% (i.e., the median building consumes slightly less than its standard), which provides further support for the initial hypothesis that the most efficient buildings are more robust to the EPG”.



Currently there is no formalized standard to calculate an energy balance applied at the district scale but the literature offers the first attempts to define methodologies for the development of positive energy district targets and optimization techniques [16,37]. According to Shnapp et al. [37], the EPBD’s cost-optimality calculation methodology, set up to calculate the minimum performance of individual buildings in MS regulation, might be adapted to establish minimum district performance requirements for zero or positive energy district solutions. We notice here that presently the cost-optimal methodology does not include external costs (including damage due to local pollution and climate change), which are large and increasing, and hence its adaptation to a wider context should in our view include explicitly those “negative externalities” in its calculation methodology [52,53].



Gabaldón et al. [16] have proposed a methodology to support cities at the design stage of a district evaluating its annual energy balance. It follows the approach of the ISO 52000 standard and it is made of eight steps: after the definition of the PED boundaries, the energy needs are calculated and followed by a series of iterative steps that finish calculating the equivalent primary energy, the primary energy balance and an associated Sankey diagram. The primary energy balance is defined in the paper as the difference between the non-renewable primary energy delivered to the district and the renewable primary energy that is exported outside the PED’s boundaries. The authors also warn that “Because it is possible to achieve a Positive Energy District through an unrealistic system (as huge on-site generation, to give an example), a standardized calculation is needed similar to the nZEB rating, where lowering the energy needs is a first requisite to certifying the building (and by extension a district)“.



Both at the district and building level a general critique holds with respect of an energy balance performed over a year when compensation is allowed between different time steps: it allows one to compensate for continued fossil use in some moments (e.g., winter) with overproduction of RES at other times (e.g., summer) This obviously does not lead to zero emissions and requires potentially large interseasonal storage locally or somewhere in the network, with associated land occupation, energy losses and use of materials, embedded energy and related costs. Additionally, the fact of choosing a long time interval for the energy balance creates a conflict with other objectives, e.g., the self-consumption of renewables as already mentioned [17]. As for buildings, some MS such as Italy and Spain have opted for running the balance with only partial compensations, meaning that compensation happens within months but not between different months. Additionally, in fact lower time periods for compensation might be chosen in case more detailed calculation methods [54] would be adopted for the energy certification (e.g., when hourly calculation methods would be adopted) rather than the most current monthly calculation method. A similar method to limit the negative effects of the simplistic yearly balance should be adopted also in performing the energy balance of a district. We offer an example of the issues in the case study presented in Section 5.




3. Energy Flexibility


Demand for energy flexibility is increasing due to the growing penetration of variable renewable energy sources into the energy system. Among non-dispatchable sources, solar power and wind power contribute noticeably to the electrical grid and a generation above a 30% share in annual electricity consumption strongly increases flexibility requirements [55]. This creates a challenge for the energy use in buildings to become in the future flexible, capable to adapt to the needs of the network and renewable production, maintaining standards related to comfort and low operating costs.



Different ways of obtaining energy flexibility can be listed such as the building thermal mass, which can be utilized to store energy, active storage systems such as domestic hot water (DHW) storage and buffer tanks, chemical batteries, connection to more energy networks, etc. [56].



The revised EPBD [11] highlights the importance of buildings’ energy flexibility in relation to the development of a smart readiness indicator, which will assess the technological readiness of buildings to adapt in response to the occupant’s needs, to be flexible according to the needs of the grid and to facilitate maintenance and efficient operation.



It requires that one of the key functionalities of smart readiness in buildings is “the flexibility of a building’s overall electricity demand, including its ability to enable participation in active and passive and implicit and explicit demand-response, in relation to the grid, for example through flexibility and load shifting capacities.”.



Individual buildings or clusters of buildings can provide flexibility. Annex 67 [56] defines the energy flexibility of a building as “the ability to manage its demand and generation according to local climate conditions, user needs, and energy network requirements. It will thus allow for demand side management/load control and thereby demand response based on the requirements of the surrounding energy networks”. Compared to a single building, the flexibility and use of new technologies can in principle be increased by focusing at the district level [57,58] since this might ensure a larger accommodation of RES supply systems and easily flatten the load profiles due to the presence of different occupancy patterns and a potential variety of RES sources and heat sinks (e.g., soil, water bodies, night sky and night ventilation in summer). Besides, a larger scale might offer economies of scale in the case of retrofit actions aggregating groups of buildings and options for energy production and storage, which may not be economically or practically suitable in the case of a single building.



In the literature, a consolidated definition of the energy flexible district is missing; however, different concepts are available to describe the synergy of energy efficient buildings and renewable energy utilization at an aggregated level. In particular, Vigna et al. [59] focused their review on the characterization of the concept of energy flexible building cluster, defining it as a group of buildings interconnected to the same energy infrastructure, which should be able to manage their generation, storage and consumption in response to forcing factors with the aim to exploit as much as possible RES while reducing CO2 emissions. As noted, those objectives are not coincident with the objective of net (or positive) zero energy over a year.



Among the different systems that can compete to determine energy flexibility we highlight in this paper the potential for energy storage of the buildings’ envelope and structural elements, which allows it to accumulate energy when the demand is low in order to reduce it during peak periods. The aim of this analysis is to show the energy demand management ability of different types of buildings to allow preliminary evaluations of the potential within a district, which can include a mix of highly insulated buildings with large time constants and poorly insulated buildings with smaller time constants (as it might happen in historical centers where some buildings present limitations for external insulation). Different studies have shown the potential of structural thermal mass in achieving flexibility. The majority of the studies uses dynamic modeling to identify this potential [60,61,62,63,64,65,66,67,68,69,70]. Fewer studies have been implemented through the realization of experimental campaigns [71,72,73,74]. We provide in this paper (Section 5) the findings from a case study of a multifamily residential building located in Milan, Italy, which has been assessed via modeling and verified through experimental tests. We chose to focus the attention on the potential linked to the thermal mass since it can be considered as a “passive” thermal storage, whose cost is already paid off by energy savings, requiring just one extra investment, i.e., appropriate controllers of the heating system.



The principle underpinning the exploitation of the building thermal mass, e.g., in winter is to increase the building set point indoor temperature to accumulate heat when energy/electricity locally generated by renewables is available and to decrease it when the power production is too low. However, at the same time, it is necessary to guarantee adequate comfort conditions for the users, which can be controlled by keeping the operative temperature within the limits of the occupants’ thermal comfort range as derived from comfort models and made explicit, e.g., in comfort standards (EN 16798 [75] and ASHRAE 55 [76]).



Le Dréau and Heiselberg [63] evaluated the use of thermal mass to modulate the energy use of the heating system, comparing poorly versus highly insulated buildings through energy modeling. They showed that poorly insulated buildings can modulate a large amount of heat only for short periods of time (2–5 h). Contrarily, well-insulated buildings are able to modulate a smaller amount of heat but they can maintain acceptable indoor comfort conditions after a complete switch-off of the heating systems for more than one day. Similarly in [67] they applied an energy flexibility index to show that poorly insulated houses are less energy flexible than well insulated ones. A proper level of thermal insulation allows one to reduce the energy needs for heating and to recover a greater share of the accumulated thermal energy. Their analyses show that the insulation level in a building has the key role in determining its energy flexibility compared to the building’s total thermal inertia, the type of heat emitter or the kind of additional indoor thermal mass. Additionally, Foteinaki et al. [61] have highlighted similar conclusions quantifying, e.g., in more than two days, the period of time during which a low-energy single-family house is able to maintain the temperature above 20 °C, after the heat supply is interrupted.



Currently, a significant part of the existing building stock is still characterized by buildings with low energy performance, which in winter require energy generally in the same morning time slot after the night attenuation. For this reason, it is important to couple this strategy with the deep energy retrofit of the buildings.




4. Energy Sufficiency


The concept of “sufficiency” was introduced by a number of researchers both from the energy and the sociology fields, following the energy crises of the 1970s and 1980s [77,78]; in the 1990s it was brought into the sustainability debate by W. Sachs: “A society in balance with nature can in fact only be approximated through a twin-track approach: through both intelligent rationalization of means and prudent moderation of ends” [79] and “While efficiency is about doing things right, sufficiency is about doing the right things” [80]. Since then the concept has been the subject of a rather large body of academic research [81], sometimes under different terminology frameworks. A recent review of concepts and terminology is offered in [82], which summarizes: “… Samadi et al. [83] make a distinction between efficiency, consistency and sufficiency defined as follows: “efficiency is an option in which the input-output relation is improved…consistency aims at fundamental changes in production and consumption by substituting non-renewable resources with renewable resources…[and] sufficiency is linked to the level of demand for goods and services”. This distinction can be compared with the distinctions of the avoid-shift-improve (ASI) framework [84]: improve matches with efficiency and technological substitution (i.e., consistency), while shift and avoid correspond to lifestyle change (i.e., sufficiency)” (see Table 1).



Recently, the sufficiency concept has been incorporated as a key element into the Energy Plan 2020–2030 of the State of Genève, under the French name “sobrietè” [85], it has been included into the French Law for Energy Transition (2015) on equal footing with energy efficiency and has appeared as an element of future energy scenarios in the analysis of international bodies officially appointed to deal with energy (IEA) and climate (IPCC).



The latest World Energy Outlook by the International Energy Agency introduces explicitly sufficiency actions, described there with the term “behaviour changes”, and their effect on energy use between 2020 and 2030 [24]. IEA included in its list various sufficiency actions, e.g., changing the thermostat settings for summer and winter, line-drying clothes, walking and cycling, working from home, car-sharing, etc. The next Advancement Report (AR6) by the Intergovernmental Panel on Climate Change (IPCC) is expected to cover demand-side solutions in a new chapter (Chapter 5 of the WGIII: Demand, services, and social aspects of mitigation) where “demand refers to end-use demand for services, such as nutrition, mobility, thermal comfort and lighting. It emphasizes services rather than consumption as essential dimension to guarantee constituents of wellbeing” [84,86]. Concrete examples of communities embracing the concept of physical limits, rather than simply of “doing more with less” via technical efficiency, are, e.g., the cities of Amsterdam and Brussels, which have adopted the “doughnut” concept proposed by ecological economist Kate Raworth [87] in which the outer ring of the diagram represents Earth’s environmental ceiling, a place where the collective use of resources has an adverse impact on the planet. Lower energy use, though, should not be confused with lower welfare levels, nor with a concept of restriction or deprivation, either voluntary or imposed [88]. A wealth of research shows that the growth in the use of energy and materials has in many countries reached levels where this use becomes dysfunctional and detrimental to general and individual welfare [89,90], due to its impacts on, e.g., in the case of the large reliance on private cars, “physical inactivity, obesity, death and injury from crashes, cardio- respiratory disease from air pollution, noise, community severance and climate change” [91,92]. Recent work quantifies, on the contrary, the economic benefits of reducing space devoted to cars in favor of green areas [93,94] and the negative outcomes of affluence.



It should also be noted that change in the end-use demand for services/sufficiency is not simply an issue of personal investment choices and behavioral changes at the individual level: sociological research indicates the need for enabling infrastructures and social frameworks [25,95]. This is also summarized in a UNEP report on “sustainable lifestyle” [96]: “A ‘sustainable lifestyle’ is a cluster of habits and patterns of behavior embedded in a society and facilitated by institutions, norms and infrastructures that frame individual choice, in order to minimize the use of natural resources and generation of wastes, while supporting fairness and prosperity for all”. Hence, we explored in this section, institutions, norms and infrastructures that can foster energy sufficiency actions (sometimes overlapping with energy efficiency actions/technologies) at the building and district/city level showing that those two levels are strictly connected.



4.1. Designing (Spaces and Legislation) for Sufficiency


4.1.1. Comfort Scenarios, including Air Velocity and Ceiling Fans


A tendency to develop an architecture fully detached from the external environment and to aim at maintaining internal spaces strictly controlled in terms of temperature and humidity and with essentially zero air movement has dominated the second part of the XX century and the start of the XXI. This was paralleled by a rather narrow interpretation, by the construction and systems industry, of the then predominant comfort model, developed by Fanger [97], proposed for application in mechanically controlled environments. In reality the model allows for a rather large range of temperatures, also depending on clothing and chair insulation and activity levels, and does not mandate for a narrow range of humidity. Fanger states that “the influence of humidity [on comfort] is small” and presents calculations and graphs showing that a change of 1% R.H. produces changes of 1/100 to 1/1000 of a unit of PMV [97], while the comfort range spans from −1 to +1 in terms of PMV [97]. At the same time the adaptive comfort model has been developed based on a large body of data in real buildings [98,99] and was included in standards (EN 16798 [75] and ASHRAE 55 [76]) for non-mechanically conditioned spaces and for conditioned spaces when systems are turned off. The necessity for an extension of the PMV model was acknowledged also by Fanger [100]. The adaptive comfort model, which proposes a linear positive correlation of summer indoor comfort temperature with the average outdoor temperature in the previous week, allows for lower energy needs when compared to a restrictive interpretation and application of the PMV model [101], while providing comfort, based on an a very large database of measurements and surveys [99,102]. Finally the role of air velocity in providing comfort in the warm season at temperatures higher than calculated with the PMV formula has been confirmed in a long series of experiments and included in both EN 16798 and ASHRAE 55. By adopting higher air temperatures during warm seasons, building operators may reduce HVAC energy use by approximately 7–10 percent per degree Celsius of temperature increase [103].



However, in spite of the fact that results from over 35,000 occupant surveys contained in the ASHRAE Global Thermal Comfort Database [99] show that occupants prefer more air movement than they are currently experiencing in buildings, designers still have little guidance for designing rooms with ceiling fans (spacing, sizing and cooling effect) [104] and rarely ceiling fans are considered in the energy concept at the design stage and actually installed and coordinated with the lighting design. A new design and sizing tool has been created and made available by the Berkeley group [105], which also provided results and analysis from the largest study to date of air speeds generated by ceiling fans [106].



The possibility to apply (as a user of a building as much as a designer of a building) efficiency/sufficiency measures such as night ventilation in summer nights [107] and use ceiling fans during the day instead of (or to reduce use of) air-conditioning depends on explicit recognition at the regulation level of the following issues:




	(1)

	
In summer, the same level of thermal comfort, as measured, e.g., via the index predicted mean vote (PMV), can be achieved via various combinations of the physical parameters (operative temperature, relative humidity and air velocity), each scenario leading to different values of energy need for cooling and energy need for dehumidification (if any) [101,108].




	(2)

	
The choice of the comfort category (I, II or III according to EN 16798-1, formerly known as EN 15251, or A, B and C according to ASHRAE 55), which is aimed at the building design and/or controls that strongly affect energy needs [109].




	(3)

	
A number of research works show that comfort category I (A), which is the more energy demanding, cannot be perceived subjectively [110] and it is below the accuracy of measurements [111]. In the EU standard (EN 16798-1), category I (A) is reserved to buildings occupied by people with special needs (children, elderly, persons with disabilities, etc.), but it may nevertheless be perceived by designers and presented to clients/operators as the “best” condition.




	(4)

	
An important parameter affecting comfort in the warm season is the insulation level of clothing and of furniture, as e.g., office chairs (both measured in the unit clo and with indicative values reported e.g., in ISO 7730 [112]). Regulation and cultural norms may actively and explicitly promote the adoption of dressing codes where light clothing in summer is the norm rather than the exception (see e.g., the Cool Biz program in Japan [113]) and office furniture is chosen with low thermal insulation.










4.1.2. Using Energy Needs and Total Primary Energy as Indicators and Following the “Priority Order” Foreseen in the Standard EN-ISO 52000


A situation where all the actors involved in the development of efficiency/sufficiency measures in the field, regulators and policymakers use consistently the same set of physical concepts, definitions and nomenclature would ensure better final results in terms of comfort levels and energy use and would be a prerequisite for devising clear guidelines for design and construction focused on allowing sufficient behavior and operation. The necessity of using a unified nomenclature in legislation and regulation has been stated very explicitly in a report commissioned by the European Commission on ZEB definition [32] and has been supported in the scientific literature [34] and EU projects [31]. The Standard ISO EN 52000-1 [36] explains which indicators are needed (energy needs for heating and cooling, total primary energy use and non-renewable primary energy use) and why (see Section 2. Energy Efficiency). The indicators energy needs for heating and cooling and total primary energy do respond to the “energy efficiency first” principle and to the aim of quantifying the effect of sufficiency actions, while the indicator non-renewable primary energy use responds to the objective of “increasing the share of renewables”. Lowering the value of those indicators via improvements of the building fabric, by providing a more uniform comfort in spaces and reducing the daily fluctuations of temperature facilitates the adoption of sufficiency actions by occupants of buildings (e.g., adapting clothing, prioritizing use of fans over air conditioning, etc.), which would not be possible in buildings with a poor quality of opaque and transparent envelope components.




4.1.3. Integration of Actions at the Building and District Level


Design of buildings as guided by building codes and city planning are still to a large extent dealt separately. On the contrary, sufficiency (and efficiency) actions in buildings are strongly connected with enabling/hindering conditions in cities. An overview of interactions between districts and buildings favoring efficiency and sufficiency actions and the necessary supporting urban design and regulation is presented in Table 2.



Natural Ventilation and Ventilative Cooling Need Silence and Clean Air; Interactions with Mobility Planning


In the district of Florés Malacca, a group of buildings offers a recent example [114] of holistic planning of buildings and districts. Orientation of buildings and shape and openings of each apartments take advantage of dominant Alisee wind for achieving cross ventilation and cooling the building fabric at night. Ceiling fans are an integral part of the comfort concept. The presence of cars has been limited to an underground parking in order to achieve an acoustically quiet environment allowing the opening of windows for natural ventilation for a large fraction of time without acoustic discomfort and degradation of indoor air quality (IAQ) by external pollution.



Recent actions in large cities (e.g., Paris) aimed at creating opportunities for walking and cycling (in parallel to limiting individual motorized vehicles use and speed) and increasing green areas might allow for better opportunities also in the use of buildings, as in the previous example. Solar protection of streets and small squares is relatively common in some towns in the South of Spain and Portugal and by lowering the air temperature in the street canyon might allow for better conditions for night summer ventilation. The use of spaces for introducing vegetation and low solar absorptance surfaces, if practiced at a large scale, can reduce the heat island effect [115] and maintain the potential for using night ventilation as an effective passive cooling technique.



Analyses performed by the Department of Architecture and Urban Studies of Politecnico di Milano [116,117] show how a combination of diffused coworking spaces and safe biking infrastructure might allow a practice of “near working” coherent with the idea of “15 min city”.



One important feature of some of the above described actions (e.g., shifting mode to walking and cycling for the short-mid range, relocating some type of work) is the fact that they can be implemented quite quickly; some of them have very low cost [118] and deploy effects in a very short time span [119], which are now available in order to limit emissions quickly enough to remain in the 1.5 °C carbon budget [120]. Just between 2011 and 2016 the world has wasted 200 out of 365 GtCO2 of the available 1.5 °C CO2 budget to 2100 [121].




Common Spaces and Dedicated Spaces for Line Drying and Bike Sheltering


Common spaces within buildings favor conviviality and cohesion and may reduce the need for excessively large private (conditioned) spaces. e.g., the Geneve Plan (2000 W) foresees the promotion of common spaces, the rationalization of empty private spaces via “la multifonctionnalité des espaces, le partage et le recyclage de l’espace, des équipements et des biens; la pratique du coworking, le télétravail, les coopératives d’habitation, les colocations”. Common, car-free spaces outdoors (in particular green spaces) can also offer an important alternative to indoor spaces for many activities (e.g., children playing activities, elderly people physical exercise and social interaction) and, hence, deliver multiple benefits (reduced need of indoor-conditioned spaces, reduced pollution and noise and surfaces to be dedicated to heat island effect mitigation [122]). Green spaces between the buildings, on the roof and some facades, help reduce the air and surface radiant temperatures and hence create better conditions for effective summer night ventilation.



A provision for spaces adequate to line drying outdoors (on facades, balconies and roofs) and well designed for convenience and aesthetic can enable this practice, very relevant in terms of energy saving (drying a kilogram of clothes indoors or with a drying machine can be 3–5 times more energy expensive than washing it, due to the high value of the heat of vaporization of water).



Spaces for bike sheltering for all new buildings and renovations (in place of the current practice of imposing car-parking spaces) may support the modal shift and liberate public space for the common uses. The 2018 Energy Performance of Buildings Directive recast [11] calls MS to promote bike sheltering and holistic, coherent urban planning (article 8 and recital 28).




(Hot) Water Savings


Voluntary labeling schemes are available for taps and showers (e.g., the Water Efficiency Label, the Swiss Energy Label for Sanitary Fittings and the European Water Label scheme) and could potentially apply to almost all products used in domestic and non-domestic applications. A variety of water saving devices are available on the market: low flow shower heads and taps, asymmetric commands for avoiding unwanted use of hot water and devices with timers. Particularly effective are devices with the aeration mechanism that make use of the Venturi principle: while water passes through a restriction, its pressure is lowered below atmospheric pressure. Such a depression sucks in a certain amount of air, which mixes with the water, increasing its apparent volume. As an order of magnitude, the water consumption is reduced by 40–50% with respect to a traditional shower at parity of the “volume” feeling. The tendency to install showers rather than bathtubs may also be favored in new design and retrofits with the objectives of encouraging a lower use of water, of facilitating access to the elderly people (especially in places like EU where population is aging) and of saving conditioned space.




Drain Water Heat Recovery


Various heat exchanger typologies are available on the market to recover thermal energy from the water outflow of showers, bathtubs and sinks and preheat incoming water, e.g., in the gravity falling-film method, surface tension and gravity cause falling films of water to adhere to the inner wall of a vertical drainpipe, thus enabling a high rate of heat transfer. The cold water from the aqueduct passes through a coil that is tightly wrapped around the vertical drainpipe. This system can recover 45–65% of the available heat in the wastewater. In cases that a vertical pipe proves difficult to install, horizontal heat exchangers are available, with slightly lower efficacy. The system cost effectiveness is obviously higher in the cases of a large use of water as, e.g., in sport facilities [123].







5. The Case Study of the Chiaravalle District in Milan, Italy


5.1. Description of the Case Study


We present here a case study of transformation of an existing district into a PED where part of the measures have been already successfully realized with the retrofit of multiapartment social housing buildings and a part is under analysis/planning. We performed a “what if” analysis comparing two scenarios:




	-

	
Scenario (A) under which only active systems were upgraded/installed (heat pumps and PV) and there was no change in energy needs/uses;




	-

	
Scenario (B) where a series of efficiency measures and sufficiency enablers were implemented thus strongly reducing the energy needs/uses; in addition, active systems were upgraded/installed.









A strong focus was given to measures for summer comfort in the expectation of a further increase of temperature and exacerbation of the heat island effect. We compared the effects under both a yearly and seasonal (winter/summer) balanced approach and estimated the resulting land take necessary for achieving a zero (or positive) energy balance.



The Chiaravalle district is located in the southern periphery of Milan, Italy, at the border with the Parco Agricolo Sud Milano nature reserve. The size of the project area is around 330,000 m2, comprising a monastery, public and private residential units, public offices, restaurants, hotels and public spaces (Figure 3).



Despite being annexed to Milan, Chiaravalle has maintained the character of an autonomous town. The district is separated from the urban agglomeration of the city by the park and this isolation is reinforced by the scarcity of public transportation to the centre. The district is undergoing renovation in the framework of several EU projects (e.g., EU-Gugle, SharingCities and SATO—self assessment towards optimization of building energy) aimed to rehabilitate the area starting from the deep energy retrofit and the energy optimization of four residential apartment blocks (highlighted in red in Figure 3).



They are public housing blocks, consisting of L-shaped buildings with four stories each. This kind of housing represents an important share of the national public building stock; most of these buildings were built in the 1970s and 1980s and have never been renovated, thus presenting both poor energy performance and serious IAQ problems. The needed retrofit has been carefully planned and executed without moving the occupants out of their apartments.



We focused the analysis on the complex A (Figure 3), but the results can be extended to the complex B, since the buildings are characterized by a similar shape and materials and have undergone the same type of retrofit. A number of similar buildings are present in the national building stock so this analysis may provide indications on the potential of deep retrofitted buildings for sufficiency, efficiency, flexibility and coverage of energy needs via on-site renewables.



The complex is made of two buildings, named Building 1 and 2 (Figure 4). They present a gross surface area equal to respectively 1797 m2 and 2836 m2, accounting for 66 residential units and an estimated population of 210 persons.



The building envelope is made of prefabricated concrete elements and presents a window/wall ratio of 14%. The pre-retrofit state included thin layers of thermal insulation material only in some areas, and presented low performance windows with no proper solar shading (only roller shutters that when operated blocked completely both daylight and ventilation). The centralized heating system used fuel oil as the energy carrier (η = 0.7), whereas each apartment was equipped with a local boiler for DHW generation (η = 0.7), using natural gas as the energy carrier. Natural gas was used also for cooking, while all the other energy uses relied on electrical energy, supplied by the national grid.



The retrofit aimed at improving first of all the energy performance of the building envelope: substantial exterior insulation of the opaque elements including walls, roof and exposed ground floor slab, extremely detailed reduction of thermal bridges, low-e double pane glazing and window frames with thermal break and exterior solar blinds (Figure 5). Table 3 shows the physical characteristics of the building fabric, before and after the deep energy retrofit.



After the envelope renovation design, the project focused on improvements of the building systems, as follows:




	-

	
Installation of a centralized generation system for heating and DHW based on water-to-water heat pump technology (92 kW and a seasonal coefficient of performance (SCOP) of 2.7 according to standard EN 14825 [124]);




	-

	
Installation of thermostatic valves on each radiator;




	-

	
Installation of a centralized mechanical ventilation system with heat recovery and bypass (to allow for free cooling in summer and mid seasons) and an average specific fan power of 2 kW/(m3/s);




	-

	
Installation of LED lamps for common area lighting.









Finally, according to the climatic conditions and to the available roof surface, a PV system for the exploitation of renewable energy sources was designed and installed.



The analysis of the building behavior was performed through the energy model that was developed in an EnergyPlus (Illinois–CA, USA) simulation environment with a high number of thermal zones, in order to be able to assess the behavior of the individual apartments including the effect of the orientation. The geometric modeling was realized on the basis of laser scanning topographic surveys, validated and corrected by on-site inspections and verifications. The model considers the presence of thermal bridges, characterized by the calculated linear thermal transmittance value before and after the retrofit. Building 1 was subdivided into 41 thermal zones and Building 2 in 66 thermal zones. In particular, twenty-two of the twenty-four apartments of Building 1 were modeled as individual thermal zones; the remaining two apartments, which accommodated an advanced indoor environmental monitoring equipment for assessing indoor comfort conditions, were modeled considering a thermal zone for each single room (for a total of about seven thermal zones per apartment). Finally, six thermal zones were dedicated to unheated environments: staircases, basement and attic floor. In Building 2, thirty-nine of the forty-two apartments were modeled as individual thermal zones; the remaining three were modeled considering a thermal zone for each single room (for about seven thermal zones per apartment), whereas eight thermal zones were used for unheated environments.



For the calculation of the energy needs, the heating system was characterized in EnergyPlus by an ideal system able to maintain a temperature of 20 °C during the heating season that is defined according to Italian national regulations from 15 October to 14 April, for the considered climatic zone. During the cooling season, from 15 April to 14 October, an ideal active cooling system able to maintain an indoor set-point temperature of 26 °C was simulated. The mechanical ventilation system was modeled considering 0.5 air changes per hour (ACH) with night attenuation (22:00–6:00) equal to 0.25 ACH. In the pre-retrofit model, an air infiltration value of 0.5 ACH was set for the apartments and staircase units, whereas it was set equal to 1 ACH for unheated areas. In the post-retrofit model, air infiltration was reduced to 0.05 ACH in the apartments and to 0.5 ACH for staircases. After a sensitivity analysis, it was decided to activate the shading devices in the post-retrofit whenever the solar irradiance level exceeded 200 W/m2, simulating an “average” occupant behavior. In the pre-retrofit model, no shading device was considered; only rolling shutters were applied at night-time. To simulate the presence of people and therefore to improve the estimation of internal gains, a schedule based on measured electric consumption was created (the input values were used after a careful analysis on the quality of existing electrical energy data). Further analyses based on data-driven procedures were performed to derive even more detailed occupancy and occupant-related load profiles and are presented in [125].




5.2. Assessing Energy Efficiency Improvements


The effectiveness of the renovation actions was evaluated calculating the energy needs for heating and cooling per net conditioned floor area before and after the deep energy retrofit. The simulations were performed considering as the yearly outdoor weather dataset the typical meteorological year (TMY) file of the location, obtained through the TMY tool developed and updated by the Joint Research Centre of the European Commission.



The weather dataset was characterized by 2593 heating degree days (HDD) and by 69 cooling degree days (CDD), calculated according to ISO 15927-6:2007 [126]. Figure 6, Figure 7 and Figure 8 show respectively the hourly outdoor air temperature, the monthly global horizontal solar irradiation and the frequency distribution of wind speed and direction in Chiaravalle, Milan.



The outputs of the dynamic simulations show, as a result of the deep retrofit, a reduction of the yearly energy need for heating from 147.4 to 16.6 kWh/m2net and of the yearly energy need for cooling from 19.6 to 9.1 kWh/m2net. In summer, the application of natural night ventilation and the use of ceiling fans for achieving comfort at higher air temperature was expected to further significantly reduce the energy needs for cooling. Conservatively we assumed a remaining level of energy need for cooling at 7 kWh/m2y.




5.3. Assessing the Energy Flexibility Potential after the Renovation


To evaluate the storage potential of the thermal mass during winter [127], after the renovation, in our simulations we brought the conditioned space to an operative temperature of 24.1 °C. This temperature corresponds to the upper value of the comfort range of category II using the Fanger PMV model, when assuming typical indoor winter clothing (1 clo), metabolic activity corresponding to office work (1.2 met), low air velocity (0.1 m/s) and relative humidity (40%) [75].



This temperature was maintained in the simulation for respectively 1, 2, 3, 4 and 5 days. Afterwards the heating system was turned off. In order to eliminate climate variability from the calculation and focus the analysis on the effect of the thermal capacity plus thermal insulation in delivering flexibility, we selected an “average winter day” (Figure 9 and Figure 10), which during a set of simulations was cyclically repeated.



The time interval during which the space remained in the comfort zone (24.1–19.5 °C), under a climate given by the cyclic repetition of an “average winter day”, was different for each of the five cases, but the difference was limited. By heating up (within the comfort zone) the envelope for 1 day, the conditioned space will remain in the comfort zone after turning off the heating system for approximately 4 days (96 h, as shown in Figure 11). By heating up the envelope for 2 days, the conditioned space remained in the comfort zone after turning off the heating for more than 5 days (more than 120 h, as shown in Figure 11). A further increase in the time interval during which the heating was kept on produced marginal results showing that it was possible to activate a large part of the thermal storage potential by keeping the heating system turned on for just one day.



The hypothesis underlying the study is that the increased external thermal insulation of walls, roofs and basements, and the heat recovery on ventilation, considerably extends the time interval during which a building will maintain indoor conditions in the comfort range. This fact will make it possible to: (i) coordinate the demand with the supply of local energy, by removing the current rigidity of energy demand from buildings and thus allow them to “ask for” energy precisely when it is available from local sources (renewable or recovered energy) or to exchange energy with other buildings in a flexible way; (ii) exploit moments of supply overabundance of renewable energy on the grid by making available energy storage capabilities (in the form of thermal capacity of the building fabric) when such moments occur; (iii) manage conditions of energy supply shortage by attenuating the peak power demand on the grid or district heating network (peak shaving, demand response, potential participation in the capacity market creating added value that is in addition to the value associated with energy savings and increased comfort).



In the case of a series of adverse days (night temperature dropping to −7 °C and maximum hourly irradiation reduced to 100 Wh/m2), the time of permanence in comfort after one day of “thermal charge” reduced slightly, to 70 h, e.g., about 3 days.



Figure 12 shows that the substitution of windows and doors was not, by itself, enough to significantly modify the thermal dynamics of a building with a window/wall ratio typical of existing residential buildings in Italy. Thermal insulation of the opaque parts of the building fabric to the level of quality taken under consideration in this case (conductivity in the order of 0.035–0.040 W/(m·K) and a 25 cm thickness of external insulation) was indispensable for obtaining building flexibility (in addition to saving energy by reducing the energy need for heating). Obviously, limiting the renovation to just the substitution of the thermal energy generation system, without any intervention on the building fabric, would have no effect on the flexibility.



Considering the situation before renovation of the building fabric, even delivering heat for one day with a set-point temperature of 24 °C, once the heating system was turned off the building will only remain in the comfort range for about ten hours. The effect of a potential shift of the demand was limited and very costly in terms of energy dissipation. In fact, most existing buildings behaved like short-circuited (thermal) batteries.



Thermal insulation of the building fabric, possibly with the addition of a mechanical ventilation system with heat recovery, proves to be an indispensable condition to enable the building to be flexible with respect to the moment in time when energy is required. Most of the current buildings were “rigid” in this respect and in winter they all needed energy in the same morning time slot after the reduction of the set-point temperature at night.



“Storage of Coolness” in the Thermal Mass


The achieved “physical” flexibility will be exploited with the support of the H2020 project SATO. Energy use and state of various systems (heat pumps, mechanical ventilation and PV panels on the roof) and indoor condition of some representative apartments will be continuously monitored and the optimization procedure will provide instructions to the building manager and occupants on how to take profit of the local availability of renewable energy in order to “thermally charge” the structures and avoid energy use at times of low or zero availability of RES energy, taking into account also current and forecasted weather conditions. This “Building as Battery” concept will allow one to combine in the best way “physical” flexibility and control and optimization, where the storage cost will be essentially zero since the insulation that avoids the “batteries” to quickly discharge into the environment is paid back already and in a short time via the energy savings.





5.4. Enabling Energy Sufficiency Actions


As we discussed in previous sections, sufficiency actions could be hindered or enabled by physical and regulatory infrastructures. In the case of the considered Chiaravalle buildings a number of enabling features are already installed, others are in the phase of evaluation and planning.



5.4.1. Enablers Already Approved/Installed


The relatively ample balconies will enjoy external movable shading devices and external movable insect screens (Figure 5); this creates an external area where to spend time in the evening in the summer and mid seasons and allows for night ventilation, complementing the fact that almost all apartments have openings in opposite facades of the building, hence allowing for cross ventilation and heat flushing of the thermal mass. The thick external insulation contributes to greatly smoothing and delaying the heat wave crossing the walls and ceiling, hence reducing mean radiant temperature of the rooms, in cooperation with external solar protections at each opening and cross night ventilation. Some of the occupants spontaneously reported their appreciation for the substantial reduction of the temperature of the indoor surfaces in summer compared to the pre-retrofit situation.



These improvements in comfort by passive means might enable occupants to adopt sufficiency behaviors such as moving to the fresher part of the space, adapting clothing, and avoiding the installation/use of air conditioning units.




5.4.2. Enablers under Analysis/Planning


	-

	
Offering support to families for the choice and installation of efficient ceiling fans, which would allow it to deliver at 28–29 °C, the same summer comfort level as at 25–26 °C according to a large number of experiments and surveys in many world locations and consolidated in the new version of comfort standards (EN 16798 and ASHRAE 55).




	-

	
Installation of a water tap on the balconies for easing the installation and use of simple sprinkles to add evaporative cooling in extreme days.




	-

	
Offering support (or direct installation) of low flow shower heads and heat recovery on drainage water.




	-

	
National funding is available for the above improvements (both for devices and installation cost) up to 65% via tax rebates.




	-

	
Installation of well designed, comfortable to use devices for line drying outdoor, as is traditional in many parts of Italy.




	-

	
Creation of shelters for bikes, cargo bikes and strollers in some of the rooms on the ground floor.




	-

	
Creation of a bike path, separated from the road, along the path of a disabled train line, to connect the Chiaravalle district to the public transit hub of Rogoredo (where it is possible to take long distance trains, urban trains and metro, buses; the Duomo, center of the city, can be joined from Rogoredo in 12 min by metro).




	-

	
Reduction of the velocity limit to 20 km/h in the whole district and the availability of alternatives to private cars (shared electric/cargo bikes and trolleys and an automated small bus taking profit of the abandoned rail connecting Chiaravalle to Rogoredo to allow more flexible rides in addition to the present bus line).







The whole measures for enabling a significant modal shift from private cars to biking and public transit is supposed to reduce the use of a private car from 12,000 to 5000 km per household. In both scenarios it is assumed that a small electric car per family was used, with a performance of 18.6 kWh per 100 km [128].





5.5. Yearly and Seasonal Energy Balance of the District


Based on the data from the literature and our own analyses described in the previous sections of the paper, we drew an energy balance of a representative unit footprint (1 m2) of the buildings, in terms of orders of magnitude. The analysis reported in Table 4 was performed for the entire year and for “winter” (October to March) and “summer” (April to September). We assumed an average height of the building of four stories, which is representative of the district. A number of input data were taken from national statistics, such as average electric energy use/household, flat average size, in order to be able to generalize the result to other situations. Sources of data are indicated in the table; specific calculations performed by the authors are briefly described in the notes and were based on the energy efficiency and sufficiency options analyzed in the previous sections. The objective was to identify the key areas and to draw general conclusions on the feasibility of a net (or positive) energy balance and the land take impact of this objective in the two scenarios:




	(A)

	
In which no action was taken to reduce the energy needs and only supply was improved, by installing a heat pump for heating/cooling and DHW and PV on the rooftop (consistency of supply);




	(B)

	
In which energy needs were reduced by sufficiency and efficiency measures and supply was improved by installing a heat pump and PV on the rooftop and part of the facades (sufficiency, efficiency and consistency of supply).











6. Discussion


The challenge of defining and realizing positive energy districts is made complex by various factors, in particular if the balance is performed over the entire year rather than on smaller time intervals. For example, if one assumes the aim of a net yearly zero (or positive) energy balance between exports to and imports from the grid, using any energy storage creates a penalty by increasing energy use, due to unavoidable energy losses of the storage. Hence a conflict arises with the objective of maximizing the self-use of on-site generated renewable energy at the time when it is available, that is with the objective of being “flexible” about the time when the district uses energy, either for direct services or for storage and delayed use.



Both at the district and building level, another general critique holds with respect to an energy balance performed over a year when compensation is allowed between different time steps: it allows one to compensate for continued fossil use in some moments (e.g., winter) with overproduction of RES at other times (e.g., summer). This obviously does not lead to zero emissions and/or requires large interseasonal storage locally or somewhere in the network, with associated land occupation, energy losses and use of materials, embedded energy and related costs.



In the case of buildings, some MS, such as Italy and Spain, have chosen in their Energy Performance Certificate to perform the balance with only partial compensation, meaning that compensation happens within months but not between different months. Additionally, in the future even lower time periods for compensation might be chosen in case more detailed calculation methods would be adopted for the energy certification (e.g., when hourly calculation methods would be adopted), rather than the most current calculation method, based on monthly average weather data. A similar accounting method to limit the negative effects of the simplistic yearly balance should be adopted also when performing the energy balance of a district.



An additional difficulty arises due to urban density when comparing the load with the available solar production per unit area of the buildings footprint. To show the order of magnitude of the mismatch we performed the assessment presented in Section 5.5. We performed the energy balance at a yearly level and further detailed it into the “winter semester” (October to March) and “summer semester” (April to September) in the two scenarios:




	(A)

	
In which no action was taken to reduce the energy needs and only supply was improved, by installing a heat pump for heating/cooling and DHW and PV on the rooftop (consistency of supply);




	(B)

	
In which energy needs were reduced by sufficiency and efficiency measures and supply was improved by installing a heat pump and PV on the rooftop and part of the facades (sufficiency, efficiency and consistency of supply).









Aiming at a yearly net zero energy balance in scenario A, the energy use was so high that, in order to generate energy with additional PV installed on the ground, it would be necessary to take a land approximately 3.2 times larger than the footprint of the buildings, e.g., by subtracting that land to the adjacent park. However, obviously the balance was made over one year, so this accounting was virtual rather than physical. Even adding a PV plant 3.2 times larger than the district would only bring to zero the “paper” yearly accounting. In physical terms there will be an overproduction in summer and a portion of uses in winter not covered by the PV generation. Hence the buildings would still rely on fossil fuels and continue to generate emissions.



By performing an analysis where the aim is to achieve a zero energy balance per semester (“winter” and summer”), which is making the “paper” balance just a bit closer to physical reality, the land required in scenario A to achieve zero balance in winter was 8.4 times larger than the footprint of the buildings, assuming that no interseasonal storage was available. Achieving a zero energy balance month by month would require even more land.



In scenario B, where sufficiency and efficiency allowed for a significant reduction of energy needs and uses, the addition of a reasonable amount of PV on facades would allow one to obtain on paper a yearly zero energy balance and avoid any additional land use. Obviously, when performing the balance per semester the result was different. A zero energy balance in winter still required additional surface for installation of PV, but this time the surface was 1.5 times the footprint of the buildings and one could imagine to find this surface, e.g., via structures suspended over the parking lots serving the Abbazia, a fraction of the area of the water treatment plant, portions of the adjacent provincial road and train rails in such a way to avoid the need to take land from the surrounding agricultural and park area.



Even in this case obviously there would remain additional penalties for the losses due to daily and seasonal mismatch of generation and use. However, the scale of the challenge and of the use of material and land was reduced by a factor of about 6. In fact the situation in case A would be even more unfavorable, since demand in that scenario was highly inflexible, hence in the physical reality the generated PV will only partially be used onsite due to mismatch between the time of supply and time of demand. In case B the flexibility of demand will be much higher and a better match between generation and demand will be possible. Taking into account the negative effect of inflexibility, scenario A would probably need a land take of at least an order of magnitude higher than scenario B.



In conclusion the problem of land requirement might be greatly reduced when applying efficiency and sufficiency measures, which would drastically reduce energy needs and increase flexibility.



Similarly for meeting the challenge to provide storage at various time scales, from the daily to the interseasonal, a strong reduction of energy needs for heating and cooling via efficiency techniques and physical and regulatory frameworks that enable low-energy lifestyles (sufficiency) might prove decisive since this would reduce the size of required storage and the connected embedded energy and energy losses.



Further research work is required to explore in more detail the potential offered by the combination of a) increased flexibility in demand offered by improvements of the building fabric and heat recovery on ventilation and b) controls that optimize the use of this flexibility based on forecasts of weather, use conditions and renewable generation, e.g., in the following days up to one week. The authors plan to contribute to this further analysis within the ongoing H2020 SATO project.
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Figure 1. Schematization of the functions of a PED. 
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Figure 2. Graphical representation of energy levels developed by the authors (S. Erba and L. Pagliano): case where the energy service considered is space heating, delivered by a boiler and on-site solar thermal panels. 
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Figure 3. Map of Chiaravalle district, Milan, Italy: in red the public housing blocks are highlighted. The analyses performed by the authors are referred to complex A but the results can be extended to complex B, because of their similarities. 
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Figure 4. Aerial view and geometrical model of the public housing estate. 
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Figure 5. Window-wall detail after the deep energy retrofit: the new windows, characterized by highly insulating glass and frame, are protected by movable solar blinds and mosquito nets, which create a barrier for insects with a small reduction of the air flow when natural ventilation is used. 
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Figure 6. Hourly outdoor air temperature distribution in Chiaravalle, Milan (latitude: 45.417, longitude: 9.214, height: 105 m). 
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Figure 7. Monthly global horizontal solar irradiation in Chiaravalle, Milan (latitude: 45.417, longitude: 9.214, height: 105 m). 
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Figure 8. Frequency distribution of wind speed and direction during the year in Chiaravalle, Milan (latitude: 45.417, longitude: 9.214, height: 105 m). 
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Figure 9. Outdoor air temperature during an “average winter day”. 
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Figure 10. Hourly global horizontal irradiation during an “average winter day”. 
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Figure 11. Variation over time of operative temperature in a reference indoor heated space as a function of the number of days (1–5) during which the heating system was kept on (before being turned off), with external conditions given by the cyclic repetition of an “average winter day”. 
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Figure 12. Variation over time of the operative temperature in a reference heated space as a function of the retrofit measures undertaken, after two days during which the heating system was kept on (before being turned off) and with the cyclic repetition of an “average winter day”. 
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Table 1. Schematic comparison of different types of behavior changes, adapted by authors from [82].
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Integrated Assessment Models (IAM) Distinction

	
Efficiency

	
(Technological) Substitution

	
Lifestyle Change




	
EFFICIENCY

	
CONSISTENCY

	
SUFFICIENCY






	
Transport

	
Fuel-efficient vehicles

	
Vehicles powered from RES

	
Public transport

	
Teleconferencing, walking, cycling




	
Residential

	
Energy-efficient appliances (high level in energy labeling)

	
On-site generation by RES

	
Thermostat adjustment

	
Smaller apartments, reduced number and size of appliances




	
Consumer goods and services

	
Efficient supply chain

	
Purchase sustainable goods

	
Sustainable use of goods

	
Sharing goods




	

	
Improve

	
Shift

	
Avoid
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Table 2. Interactions between districts and buildings favoring efficiency and sufficiency actions and supporting urban design choices and regulation.
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	Sufficiency Actions in Buildings→
	Summer Night Ventilation and Ceiling Fans Rather Than Air Conditioning
	Summer Night Ventilation Rather Than Air Conditioning
	Adequate m2 per Capita Floor Space
	Adopt “Sufficient” Mobility Modes: Bicycle, Walk, Public Transport
	Line Drying and Water/Hot Water Saving





	In order to perform sufficiency actions, inhabitants would need→
	Silence at night, clean air
	External air temperature < 20 °C at night
	Pleasant common indoor/outdoor spaces (shared guest rooms, music rooms, office space, playing spaces for children, etc.) to reduce the need for individual volumes
	Easy access to services, schools, work and coworking spaces, equally distributed in the city; independence of movement for children and elders
	Well-designed spaces for line-drying, installed water saving devices. Comfortable showers in place of bathtubs



	Presently cities create constraints→
	Noise, mainly from cars and motorcycles. PM10, PM2.5 pollution and other air contaminants
	Asphalt, city canyons
	Inhospitable districts, obligation for car parking spaces at buildings and free car parking on streets
	Distance between functions, unacceptable risks for cyclists, pedestrians and persons with disabilities
	Dust in air



	Cities should offer enabling conditions→
	Car-free residential districts and zones at 20 or 30 km/h
	White/cool surfaces. Geometries facilitating air movement. Water surfaces and urban vegetation
	Walkable, cyclable districts, green spaces, spaces for playing and spaces in the building for common activities
	Equitable access to street space and equal access to various transportation modes
	Information campaigns on water saving devices and on the high quality of drinking water from the tap



	Legislation and Regulation shouldaddress→
	Objective and adequate temperature and humidity set-points in regulation. Limitations to car number and to speed limits to 20–30 km/h
	Mandatory white/cool surfaces, mandatory external solar protections (as, e.g., in Switzerland)
	Minimum requirements of green spaces and of common spaces for meetings
	EPBD (and national build codes): mandatory protected spaces inside buildings for bicycles, wheelchairs and strollers
	Mandatory spaces for line drying, mandatory labeling of low-flow water devices, mandatory showers rather or in addition to bathtubs (with access at the same level of the floor for easy access by aging population)
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Table 3. Physical characteristics of the building, before and after the renovation.
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	Before Renovation
	After Renovation





	Thermal transmittance of opaque vertical structures U (W/(m2K))
	1.15
	0.13



	Thermal transmittance of the ceiling under the uninhabitable attic U (W/(m2K))
	3.00
	0.15



	Thermal transmittance of the pilotis supported slab U (W/(m2K))
	2.40
	0.17



	Thermal transmittance of glass panes U (W/(m2K))
	3.00
	1.42



	Thermal transmittance of the window frames U (W/(m2K))
	5.00
	1.60



	Total solar transmittance of glass panes (%)
	0.75
	0.52
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Table 4. Overall energy balance over a year, “winter” and “summer”.
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Scenario A (Only Consistency of Supply)

	
Scenario B (Sufficiency, Efficiency and Consistency of Supply)




	
SI Units

	
Scenario A (Whole Year)

	
Ref.

	
Scenario A (“Winter”)

	
Scenario A (“Summer”)

	
Scenario B (Whole Year)

	
Ref

	
Scenario B (“Winter”)

	
Scenario B (“Summer”)






	
Reference building

	
Apartment average floor area

	
m2

	
105.9

	
[129]

	

	

	
105.9

	
[129]

	

	




	
SEER, SCOP

	

	
2.7

	
[124]

	

	

	
2.7

	
[124]

	

	




	
Ventilated volume

	
m3/m2

	

	

	

	

	
2.7

	
(a)

	

	




	
Air changes/h

	
vol/h

	

	

	

	

	
0.5

	
(b)

	

	




	
Air volume flow rate

	
m3/s

	

	

	

	

	
0.00038

	
*

	

	




	
SFP

	
kW/(m3/s)

	

	

	

	

	
2

	
(c)

	

	




	
Mechanical power for ventilation

	
kW/m2

	

	

	

	

	
0.00083

	
*

	

	




	
Average number of hours of ventilation (15/10 to 15/04)

	
h

	
Not active

	

	

	

	
4320

	
(d)

	

	




	
Energy needs

	
Energy need for heating

	
kWhthermal/m2/y

	
147.4

	
(e) [16]

	

	

	
16.6

	
(e)

	

	




	
Energy need for hot water

	
kWhthermal/m2/y

	
20.0

	
[16,130]

	

	

	
12.0

	
(f)

	

	




	
Energy need for cooling

	
kWhthermal/m2/y

	
19.6

	
(e)

	

	

	
7.0

	
(e, f)

	

	




	
Energy uses

	
Energy use for heating

	
kWhelectric/m2/y

	
54.6

	
*

	
54.6

	

	
6.1

	
*

	
6.1

	




	
Energy use for hot water

	
kWhelectric/m2/y

	
7.4

	
*

	
4.1

	
3.3

	
4.4

	
*

	
2.4

	
2.0




	
Energy use for cooling

	
kWhelectric/m2/y

	
7.3

	
*

	

	
7.3

	
2.6

	
*

	

	
2.6




	
Average electricity use in apartments (for appliances, lighting, ICT, etc.)

	
kWhelectric/y

	
2870

	
[131]

	

	

	
1800

	
[132]

	

	




	
Electricity use in apartments (for appliances, lighting, ICT, etc.)

	
kWhelectric/m2/y

	
27.1

	
*

	
15.1

	
12.0

	
17.0

	
*

	
9.5

	
7.5




	
Energy use for cooking

	
kWhelectric/m2/y

	
3.9

	
[133,134]

	
2.3

	
1.6

	
3.3

	
[133,134]

	
2.0

	
1.3




	
Energy use by ceiling fans

	
kWhelectric/m2/y

	
Not installed

	

	

	
0

	
0.2

	
[105]

	

	
0.2




	
Energy use by elevators

	
kWhelectric/m2/y

	
3.0

	
[135]

	
1.5

	
1.5

	
1.8

	
[135]

	
0.9

	
0.9




	
Energy use for lighting in common areas

	
kWhelectric/m2/y

	
1.2

	
[136]

	
0.7

	
0.5

	
0.6

	
[136]

	
0.4

	
0.2




	
Energy use for mechanical ventilation

	
kWhelectric/m2/y

	
Not installed

	

	
0

	
0

	
3.6

	
*

	
3.6

	
0




	
Mobility

	
Space travelled with electric private vehicle/household

	
km

	
11,885

	
[137]

	

	

	
5000

	
(f)

	

	




	
Energy use per distance traveled of a small sized electric car

	
kWhelectric/km

	
0.186

	
[128]

	

	

	
0.186

	
[128]

	

	




	
Total use with private vehicle

	
kWhelectric/m2/y

	
20.9

	
*

	
12.2

	
8.7

	
8.8

	
*

	
5.1

	
3.7




	
Public transport use

	
kWhelectric/m2/y

	
2.0

	
[138]

	
1.0

	
1.0

	
5.0

	
[138]

	
2.5

	
2.5




	
Total energy use (delivered energy) per unit conditioned floor area

	
kWhelectric/m2/y

	
127.3

	
*

	
91.6

	
35.8

	
53.5

	
*

	
32.6

	
20.9




	

	
Average number of stories

	

	
4

	
(c)

	

	

	
4

	
(c)

	

	




	
Total energy use (delivered energy) per unit footprint area of the building

	
kWhelectric/m2/y

	
509.4

	
*

	
366.2

	
143.2

	
214.0

	
*

	
130.3

	
83.7




	
RES

	
Generation by PV on roof per unit footprint area of the building

	
kWhelectric/m2/y

	
120.0

	
(g)

	
39.0

	
81.0

	
120.0

	
(g)

	
39.0

	
81.0




	
Generation by PV on facades per unit footprint area of the building

	
kWhelectric/m2/y

	
Not installed

	

	
0

	
0

	
95.0

	
[139]

	
30.9

	
64.1




	
Overall energy balance

	
kWhelectric/m2/y

	
−389.4

	
*

	
−327.2

	
−62.2

	
1.0

	
*

	
−60.4

	
61.5




	
Land take necessary to achieve a zero energy balance

	
m2 land/ m2 footprint

	
−3.2

	
*

	
−8.4

	
−0.8

	
0

	
*

	
−1.5

	
0








(a)—An average height equal to 2.7 m is considered. (b)—Air change per hour defined according to the Italian standard. (c)—Values according to the technical documentation of the project, see Section 5.1. (d)—The number of hours during which the mechanical ventilation is active is calculated considering full utilization (24/7) during the heating season (from 15/10 to 14/04 in the climatic zone E). (e)—The values of energy needs have been estimated through the dynamic energy simulations realized for the case study (see Section 5.2). (f)—The values reported take into account energy sufficiency actions described in Section 4.1 and 5.4. (g)—These values were calculated via PVGIS simulations assuming: solar radiation database PVGIS-SARAH; PV technology crystalline silicon; installed peak PV power of 0.205 kWp/m2; system loss of 14%; slope of 35°; azimuth of +45° and −45°. For each m2 of footprint 0.5 m2 of PV panels can be installed, taking into account the geometry of the roof and the orientation of the building. * All these values were calculated using the values shown in the text, defined on the base of literature or simulations (see letters a–g).
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