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Abstract

:

Net-Zero Energy Districts (NZEDs) are city districts in which the annual amount of CO2 emissions released is balanced by emissions removed from the atmosphere. NZEDs constitute a major component in a new generation of “smart-green cities”, which deploy both smart city technologies and renewable energy technologies. NZEDs promote environmental sustainability, contribute to cleaner environments and reduce global warming and the threats from climate change. This paper describes a model to assess the feasibility of the transition of city districts to self-sufficient NZEDs, based on locally produced renewable energy suitable for cities. It also aims to identify threshold conditions that allow for a city district to become a self-sufficient NZED using smart city systems, renewable energy, and nature-based solutions. The significance of transition to self-sufficient NZEDs is extremely important as it considerably decentralises and multiplies the efforts for carbon-neutral cities. The methodology we follow combines the literature review, model design, model feed with data, and many simulations to assess the outcome of the model in various climate, social, technology, and district settings. In the conclusion, we assess whether the transition to NZEDs with solar panel energy locally produced is feasible, we identify thresholds in terms of climate, population density, and solar conversion efficiency, and assess the compatibility of NZEDs with compact city planning principles.
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1. Introduction


Net-Zero Energy Districts (NZEDs) constitute a major component of a new generation of smart-green cities leading to carbon-neutral cities. They deploy smart city systems for energy optimisation, renewable energy (RE), and nature-based solutions, to zero carbon dioxide emissions. NZEDs are city districts where the annual amount of CO2 removed from the atmosphere is equal to that released.



Every city district or city ecosystem can evolve into an NZED. This paper describes a model to assess the feasibility of the transition of city districts into self-sufficient NZEDs, based on locally produced renewable energy suitable for cities. Such districts do not need renewable energy imports and produce energy via a distributed local system that works as a virtual energy plant. The model also identifies social, climate, and technological thresholds that allow for a city district to become self-sufficient NZEDs using smart city systems and covering all energy needs from locally produced renewable energy.



The significance of city districts transitioning to self-sufficient NZEDs is extremely important, as it considerably decentralises and reinforces the efforts for carbon-neutral cities. NZEDs reduce global warming, promote environmental sustainability, contribute to cleaner environments, and open a way out from the environmental threats of climate change and disasters associated with extreme heat, droughts, and floods.



1.1. Problem Definition


The NZED is an evolution of the eco-district concept and designates city districts designed according to principles of environmental sustainability but focusing on renewable energy and CO2 emissions [1]. The NZED is also an evolution of the “Net Zero Energy Building”, a building with optimised and reduced energy needs that can be balanced by energy generated from renewable sources. The definition provided by Cortese and Higgins [2] that “ZNE Districts are groups of buildings such as a city district, community or campus with a stated goal of ZNE” shows the interrelation between net zero energy buildings and districts. However, focusing on buildings does not allow for the consideration of all activities of a city district beyond buildings, such as mobility, industry, recreation, and public infrastructure. On the contrary, the NZED is based on a combination of renewable energy and smart systems in various infrastructures and activities of the city, such as smart street lighting, smart urban mobility, smart grid and smart metering, real-time waste monitoring and collection, enabling a complete transition to clean energy and zero CO2 [3].



The transition of city districts to NZEDs is a prospect for any city district or urban ecosystem: area-based ecosystems (housing districts, central business districts, port areas, technology or university campuses), vertical ecosystems based on economic activities (manufacturing, food production, education, health, hospitality), and network-based ecosystems (transport, energy, and other utilities).



Our ambition is to develop a model to assess the feasibility of transitioning to NZED by smart city systems for energy optimisation, locally produced renewable energy, and nature-based solutions. Though the model we propose focuses on the activities and land uses of housing districts and energy needs for residential activities and mobility, it can be further enriched to cover other energy needs and CO2 emissions of any city district.



Core components of the NZED model are (a) the “district”, a subsystem of the city with clear spatial boundaries and land uses, (b) the “energy usage and consumption”, depending on the activities of the district, the socio-economics of the district’s population, and climate conditions, (c) the “transition to NZED” with different types of measures and actions towards carbon neutrality, and (d) the balance of energy consumption and renewable energy production and the balance of CO2 released by activities in the district and CO2 removed by other elements of the district, leading to zero total emissions.



We want to identify thresholds, in terms of population density, spatial structure, energy usage, energy optimisation and renewable energy deployment, which allow for a housing district to become a self-sufficient NZED. We also examine the implications of the transition to NZED for the spatial organisation of housing districts and district planning models.




1.2. Research Hypotheses


The three hypotheses we propose concern the feasibility of NZEDs depending on locally produced renewable energy without energy import from external sources; the thresholds in terms of population, climate conditions, energy consumption, and technology that define the feasibility of an NZED; and the spatial form and structure of such self-sufficient NZEDs.



Hypothese (H1).

It is feasible to design an NZED relying on locally produced renewable energy.





There is evidence that renewable energy (geothermal, wind, solar, biomass, waste) can cover important parts of the energy needs of a city, and—if combined—the entire city’s demand for energy. For instance, the capacity at a citywide rollout of solar photovoltaic panels (PVs) can cover 62% of electricity demand in Oeiras, Portugal, and 60% of the demand in Cagliari, Italy [4,5]. Rooftop solar PVs currently available on the market can cover between 19.7% and 31.1% of the daily electricity demand in Mumbai, India [6]. An important part of the total solar irradiation can be captured by the vertical exterior envelope of buildings, estimated at 41% in Karlsruhe, Germany and 45% in Greater London with better urban and building design [7].



In wind RE, Vertical Axis Wind Turbines can supply up to 33% of electricity in residential buildings, excluding electric thermal heating, in major urban centres of New Zealand [8], and 40% in the city of San Cataldo, Sicily [9]. Geothermal energy is also a very effective resource for the heating of buildings. Usual geothermal energy is drawn from the relatively stable temperature in shallow ground. The potential of deep geothermal energy (>10 km below the surface) is higher and can provide as much as 10% of urban energy supply [10,11]. Biomass and the use of biofuel are not included for consideration in this paper, given the concerns about their impact on land use, competition with land suitable for food production, and related threats of deforestation [12].



According to a review study by Hoang and Nguyen, combinations of different renewable energy sources have the potential to meet an important part of the energy needs of a city. There is also a significant margin for improvement in the energy efficiency of renewable energy systems [13].



Based on this evidence, our first hypothesis is that a combination of three types of measures can lead to NZEDs: (a) smart city systems for energy saving and optimisation in housing, public lighting, and mobility, (b) locally produced RE mainly from photovoltaic panels, and (c) nature-based solutions for CO2 removal.



Hypothese (H2).

There are thresholds related to energy consumption and locally produced renewable energy that limit the feasibility of NZEDs.





H1 relies on a three-step verification process. The total energy consumption in the district is minimised by smart city energy systems, electric energy consumption after optimisation is covered by RE locally produced, and the CO2 from any fossil energy use is balanced by nature-based solutions.



H2 is a follow-up of H1 and identifies thresholds in the above processes, in terms of population density, energy consumption, climate conditions, and the spatial structure city districts, which limit the transition to NZEDs.



On the energy side, the size of the district, the population density, energy consumption per capita, and mobility patterns define the overall energy needs of the district. In a self-sufficient NZED, these needs should be covered by renewable energy locally produced. On the CO2 side, emissions from using fossil energy should be removed by CO2 absorption measures. The spatial structure, the building code, and the features of the district define the capacity both for local deployment of RE and nature-based solutions for CO2 removal from the atmosphere.



Since a NZED is documented by the balance between energy consumption and renewable energy production, and the balance between CO2 emissions and CO2 absorption, H2 wants to define the conditions and thresholds of these balances. Under certain thresholds of population density, per capita energy consumption, local RE deployment, and nature-based solutions, a housing district can evolve into an NZED. H2 also aims to identify interdependencies among the various components of the transition process such as energy saving, RE deployment, and CO2 capture capacity.



Hypothese (H3).

The compact city form is not compatible with self-sufficient NZEDs.





Concerns about the negative environmental impact of urban expansion and sprawl appeared in the early 1970s [14]. However, in the 1990s, the principles of “Smart Urban Growth”, “Compact City”, “New Urbanism”, “Transit-Oriented-Development” and “LEED for Neighbourhood Development” converged into a coherent model for the sustainable design of city districts. Under these planning principles, city districts should protect open areas, natural resources, and agricultural land; promote compact growth with a focus on mixing uses and facilitating public transport and pedestrian traffic; a large variety of homes both in terms of typology and affordability; and re-design city infrastructures to reduce energy and water use. Core components of this planning model are a compact city design with relatively high population density, smart location close to existing city boundaries, redevelopment of brownfield areas, and a total rejection of urban sprawl [15,16].



H3 questions the validity of the compact city form for net-zero energy districts. Three conditions of an NZED are potentially in conflict with the compact city form. First, the higher population density of a compact city district increases the total energy consumption in the district. Second, the compact district form limits the space available for the deployment of renewable energy, solar panels, or geothermal systems. Third, traditional compact city districts have less open and green space, offering fewer opportunities for nature-based solutions to compensate for CO2 emissions.



H3 seeks to assess whether NZEDs relying on locally produced RE are feasible under the usual density of compact city districts and whether city planning for net-zero should reconsider the critique of urban sprawl and low-density urban development.




1.3. Theoretical Framework


The theoretical framework to assess Hypotheses H1, H2 and H3 is based on previous work on the making and operation of NZEDs. Carlisle et al. [17] outline key milestones towards an NZED. The energy load and CO2 production are gradually reduced and tend to zero in successive rounds through energy efficiency and renewable energy deployment. In a typical community—a city district is also a community—energy usage in industry, mobility and buildings is minimised by energy efficiency measures, and then renewable energy comes to cover the needs of industry, transportation, and buildings. As they state “When the community has implemented all energy efficiency and conservation opportunities and quantified these energy savings, the community can claim it fully met the achievement of a net zero community for milestone one. In this way, over time the community can show progress and claim success as it moves toward the aspiration of net zero” [17], p. 12.



We follow this generic model for developing the transition to NZEDs. At successive stages, we optimise the energy load from residential, mobility, and public space activities with smart systems for energy efficiency, and then local production of renewable energy suitable to housing districts comes to cover the optimised energy needs. In the end, nature-based solutions come to offset any remaining CO2.



All measures for energy optimisation and RE are distributed. They are based on many small-size installations and energy prosumers in the district. The build-up of the system requires a series of technologies, skills, and forms of engagement. In combination, they offer an alternative model of energy production, which is distributed, collective, and collaborative. Human skills, organisational capacities, and technologies used form a complex system of collaboration and empowerment.



Thus, the transition to NZEDs relies on the combination and integration of all available capabilities, resources, and behaviours in a city district. Capabilities to be found in technologies and systems, such as smart energy systems and renewable energy production; capabilities to be found in community practices, rules, and institutions, such as energy sharing rules, green building code, and city planning regulations; and human behaviour in favour of a prosumer culture, saving energy, and adopting environmentally friendly technologies.



We have called this integration connected intelligence. “Connected intelligence is the intelligence of a community of actants, people, organisations, machines and software, integrated through information flows, information transformations, linkages between physical and digital elements, between humans and machines” [18], p. 29. Connected intelligence appears in collaborative spaces and environments where human capabilities, collective thinking, and machine capabilities are combined to address challenges. It is the wider type of intelligence produced by the integration of human, collective, and machine intelligence. City ecosystems and smart ecosystems, which comprise groups of interacting organisations and their interdependent activities are places where this type of intelligence emerges [19].



Table 1 shows different manifestations of human, collective and machine intelligence that are integrated into connected intelligence. Included are generic behaviours and behaviours specific to the transition of city districts to NZEDs.




1.4. Methodology and Data


The methodology we follow combines the literature review, model design, model feed with data, and a large number of simulations to assess the outcome of the model in various climate, social, and district settings, and understand the process towards net-zero. This methodology is reflected in the structure of the paper.



We start with a literature review on the typology and processes in NZEDs. There is a wide literature in the field, and we focus on publications with an operational perspective that allow for setting the transition model to NZEDs.



Using this literature, we define the building blocks and variables of a model for transition to NZEDs, the social and physical characteristics of the district, the energy consumption and CO2 emissions, the measures for transition to NZED, including nature-based solutions to offset carbon, and finally the balance of energy and CO2 emissions.



The next stage is working with indicators and statistics that provide data for assessing the transition of the district to carbon neutrality under various conditions of geography and climate, per capita energy consumption, and spatial organisation of the district. Then, follows the stage of simulations. We define the baseline scenario and feed the model with performance data relevant to transition measures. We run the model under different conditions to understand the processes towards zeroing CO2 emissions.



The final stage is the assessment of hypotheses considering the model outcomes. We assess whether the transition of self-sufficient NZEDs with solar panel energy locally produced is feasible, the transition thresholds in terms of climate, population density, and solar conversion efficiency, and finally the compatibility of NZEDs with compact city planning principles.





2. Net-Zero Energy Districts: Literature Highlights for NZED Model Design


2.1. The Origin of the Concept


The origin of the Net-Zero Energy District concept can be found in the literature on “Net-Zero Energy Buildings”. These are energy neutral buildings and deliver to the energy grid as much energy they draw back [20]; or buildings that produce at their location as much energy as they use around the year [21]. Other similar terms for the same concept are “Nearly Zero Energy Buildings”, “Zero Emission Buildings”, “Net Zero Source Energy Buildings”, “Net Zero Site Energy Buildings”, “Nearly Net Energy Buildings”, and “Autonomous Zero Energy Buildings” [22]. The discussion about Net Zero Energy Buildings goes back to 1976 in the study of Esbensen and Korsgaard [23] on solar heating for an experimental residential building named “Zero Energy House”. In the early 2000s, the concept gained more attention in research and policymaking due to concerns about fossil fuels energy consumption and CO2 emissions in the building sector [24]. Moving from the level of building to city district or community, the concept changes substantially as the district is more complex than the building and consumes energy not only for residential and office activities but also public spaces, mobility, and a large array of city infrastructures [17].



The smart city paradigm added another dimension to the NZED concept related to smart systems and digital platforms that contribute to energy optimisation and enable the creation of energy communities exchanging and sharing energy over smart grids and platforms [12]. Thus, in the framework of NZEDs, smart city systems converge with renewable energy systems for the pursuit of objectives for decarbonisation [25], nearly or net-zero energy [26], carbon neutrality [27], and full energy from renewable sources [28].



Measures for “nature-based solutions” are also added in the portfolio towards NZED transition, considering that full zero emissions are not feasible and nature-based solutions are needed to balance any remaining residue of CO2 released in the atmosphere.




2.2. Types of Net-Zero Energy Districts


Other city districts work in a similar or quasi-similar way to NZEDs towards carbon neutrality, such as “Zero Energy Districts”, “Positive Energy Districts”, “Net Zero Energy Communities”, and “Clean Energy Communities”.



Zero Energy Districts focus on new construction and have similar objectives to NZEDs. The Better Buildings Initiative of the U.S. Department of Energy considers that they offer an important pathway toward optimising energy efficiency in new constructions. The NREL guide for energy master planning defines such districts as High-Performance Districts. “An HPD is a multibuilding project in which the buildings as well as the district as a whole integrate and optimize, on a life cycle basis, all major high-performance attributes, including energy conservation, environment, safety, security, durability, accessibility, cost–benefit, productivity, sustainability, functionality, and operational considerations” [29], p. 15.



Positive Energy Districts (PEDs) focus on energy import-export between city districts. The Joint Programming Initiative (JPI) Urban Europe, an international network of research councils throughout Europe on vitality, liveability, and accessibility of European cities, defines PEDs as follows: “A Positive Energy District is seen as an urban neighbourhood with annual net-zero energy import and net-zero CO2 emissions working towards a surplus production of renewable energy, integrated into an urban and regional energy system”. Additionally, PEDs “are energy-efficient and energy-flexible urban areas or groups of connected buildings which produce net zero greenhouse gas emissions and actively manage an annual local or regional surplus production of renewable energy. They require integration of different systems and infrastructures and interaction between buildings, the users and the regional energy, mobility and ICT systems, while securing the energy supply and a good life for all in line with social, economic and environmental sustainability” [30].



Net Zero Energy Communities focus on community building and user engagement. Such communities can be formed in areas larger than city districts or located in rural areas. Net zero energy communities reduce energy needs through efficiency measures enabling the balance of energy for vehicles, thermal, and electrical energy in the community to be met by renewable energy. In energy communities, the engagement of citizens and users in energy production and energy projects is the driving force to environmental sustainability. These communities are formed by a prosumer culture in the energy sector. They are particularly important in renewable energy produced by distributed systems, in which many RE producers cooperate to provide full energy production, distribution, consumption, and selling of excess energy capacity. Analysing the challenges and risks of energy communities, Abada et al. [31] use a cooperative game theory framework. They argue that despite the value created, there is no guarantee that the community will be viable, and some participants may find it profitable to exit the community and create another one of their own. De Vries et al. [32] point out the social and technological innovations that are at the heart of civic energy communities and the need to combine off-the-shelf technologies with novel technical and non-technical ideas and business models for effective energy community building.



Clean Energy Communities (CECs) is a concept proposed by Gui and MacGill as “social and organizational structures formed to achieve specific goals of its members primarily in the cleaner energy production, consumption, supply, and distribution, although this may also extend to water, waste, transportation, and other local resources” [33], p. 95. A CEC can comprise a small number of households in a city district or thousands of households and businesses, distributed over a wide geographic region [34]. The authors categorise the different CECs into five types according to collaboration and motivation: (1) community-scale energy projects, (2) virtual power plants, (3) peer-to-peer trading, (4) community microgrids, and (5) integrated community energy systems. They also define three distinct types of CECs, centralised, distributed, and decentralised. A centralised CEC has a high level of cohesion and can be easily integrated into the existing large-scale electricity infrastructure under the existing institution and regime. A distributed CEC comprises several nodes/members in geographical proximity, but most members are not directly connected with each other. Members make individual investments based on their preference and their financial situation in the context of a virtual community. A decentralised CEC is “a community of households, businesses or a municipality that generates and consumes energy locally for self-sufficiency that may or may not connect to the main grid” [33], p. 102.



All the above types of districts and communities have objectives and work towards carbon neutrality. NZEDs differ in the way carbon neutrality is calculated on an annual basis, taking into consideration the yearly variability of energy consumption, renewable energy production, and CO2 emissions. Moreover, understanding that full zero carbon emissions are not feasible, NZEDs include nature-based solutions to compensate for any remaining CO2 emissions.




2.3. NZED Processes towards Carbon Neutrality


The operation of an NZED relies on various measures and solutions for energy optimisation, renewable energy production, and carbon removal.



Emissions inventories: The goal of reducing greenhouse gas emissions depends on the ability to monitor, record, and analyse urban emissions. Cities need an emission inventory that measures air pollutants released from various fixed and mobile sources, such as transport, electricity generation, manufacturing, and residential fuel for heating and cooking. An emission inventory can help a city district identify emission sources and develop mitigation strategies. The recording of emissions is effective when it follows established standards. Data repositories, use of indicators, dashboards, and software for analytics and visualisation can help cities to create inventories of emissions and record their geographical dispersion.



Renewable energy community building is a fundamental process towards carbon neutrality. Caramizaru and Uihlein [35] in a JRC report analyse 24 schemes that take place in different types of energy communities. These communities combine energy transition to renewable energy and social innovation in decentralised systems. Their activities include energy generation, supply, energy efficiency, distribution, electro-mobility, consumption and sharing, storage, and financial services. Renewable energy cooperatives (Ecopower in Belgium, Enercoop in France, Som Energia in Spain, EWS Schonau in Germany) is a very usual type of energy community in Europe with more than 3500 cooperatives operating in North-Western Europe alone. Other types of communities include eco-villages, small-scale heating organisations, and energy communities in mobility and car-sharing. These communities work under different legal forms, such as cooperatives, limited partnerships, trusts and foundations, housing associations, non-profit organisations, public-private partnerships, and public utility companies. The most common driver for creating energy communities is the prosumer culture and motivation to invest in renewable energy and energy efficiency. The protection of the environment and sustainability prevail in housing communities and bio-villages. In the cases analysed in the JRC report, solar panel is the most common technology for renewable energy production (38%), followed by wind (19%), biomass (17%) and biogas (15%). Important too is the connectivity to the public energy grids and the payments tariffs. In cases with a public grid (on-grid), no network charges are applied for the energy that is generated and consumed within the property behind the access point. Communities without a public grid (off-grid) are disconnected from the public grid and manage their energy supply at their own responsibility in terms of security and quality. In virtual electricity sharing, customers rely on the public grid and the payment of network charges and tariffs follow the general principles [36].



Energy optimisation in the NZED can be achieved at the building level through building improvement technologies, such as refurbishment, thermal insulation, use of electrical appliances instead of gas and oil for heating and cooking, passive building design for better solar orientation and natural heating and cooling. At the district level, optimisation with smart systems, IoT and sensors, digital platforms, and applications that enable energy coordination between producers and users, energy forecasting, and energy-saving behaviour are most important.



Smart grids and smart meters enable user-producer coordination. The smart grid is an integrated electricity network that connects locally the key players in the generation, distribution, and consumption of energy for creating more efficient and sustainable electricity networks. A smart grid serves three key roles: (a) it modernises the power system through automation, remote monitoring and control, (b) it provides access to information and educates users on energy consumption, (c) it enables an integrated approach in incorporating and exploiting distributed renewable energy sources [12]. Combining smart meters, wireless technology, sensors and platforms, consumers become aware of energy usage patterns and adopt energy-saving behaviours. In parallel, utility companies can monitor energy usage, predict consumption, and adapt their production volume to real demand and consumption. Artificial Neural Networks in combination with statistical analysis can be used to create Decision Support Systems that predict energy consumption [37]. Additionally, utility companies can integrate distributed generation and renewable energy into their overall system of energy supply.



Smart home systems for energy saving either introduce automation for energy saving or increase user awareness for better energy-saving behaviour. They can be applied in-house with smart displays that inform about energy consumption in various rooms, and with devices and remote control of home appliances and equipment. Equally well, smart systems can be applied to public urban spaces, public buildings, and streetlights, to monitor consumption and adapt lighting to the usage of the space. Public infrastructures such as smart street lighting systems can prompt energy-saving resulting in lower utilisation and power demand. There are many solutions for such systems from high to low levels of sophistication, from simple sensor-based solutions to complex, that combine artificial neural networks and fuzzy logic controllers [38].



Nature-based solutions can be used to capture and remove CO2 emissions from the atmosphere. These are city planning projects that transform land uses, green areas, infrastructure, materials, and the design of city districts. The protection and restoration of natural ecosystems and habitats, the increase in biodiversity and forestation are also encouraged. Urban tree planting and the creation of parks are among the best examples of nature-based solutions to absorb CO2. Nature-based solutions also include green roofs, rain gardens, and constructed wetlands that minimise damage from runoff by absorbing stormwater. The reduction of heat islands by utilising materials that reflect solar radiation can also minimise the external temperature of a city district and reduce the energy needed for cooling.





3. A Model for Transitioning to NZED


The use of models to assess energy efficiency, CO2 emissions, and decarbonisation solutions and policies are mainstream in energy systems and smart energy systems as well. Hoang and Nguyen [13] conducted a literature review of models used in smart energy systems including, among others, distributed systems and how energy producers integrate many smaller distributed generation sources, power systems, smart grids, local microgrids, renewable energy systems, and the carbon footprint of various activities. The review includes urban planning models for decision-making and mitigation strategies for climate change threats. It also covers energy software models, such as EnergyPLAN, HOMER, Energy Hub, and TRNSYS that have been used in optimisation. The authors point out that actions taken by operators of buildings might not yield the most optimal result as the interactions among buildings and their environment are not included in the model. A system model should be developed to consider all energy cycles that span across the city and deliver holistic and all-inclusive urban energy optimisation.



Foley et al. [39] have shown that stochastic programming is the preferred method of choice in most power system modelling. It is based on minimising an objective function under several constraints. A two-stage process is most common in stochastic programming. The basic idea of two-stage stochastic programming is that decisions should be based on data available at the time the decisions are made and should not depend on future observations.



De Santoli et al. [40] developed a model to assess the renewable energy potential and the optimal location and type of renewables given geographical and environmental constraints. It documents that optimisation at the level of independent buildings is not enough on its own to improve the potential of a city or city district. Recent explorations make use of other techniques such as artificial intelligence, genetic algorithms, and game theory.



3.1. Model Building Blocks


Taking stock of previous modelling and solutions towards carbon neutrality, the NZED model we propose is based on scenario building and decarbonisation measures. Once the model documents that a scenario of NZED is feasible for a city district, then optimisation can be further applied for a better configuration of the measures proposed. Additionally, once an NZED is proven feasible, a financial plan should be elaborated to streamline private and public investments and assess the depreciation period and the economic benefits from a prosumer energy perspective.



The model we propose is composed of four building blocks (A, B, C, D) which are depicted in Figure 1. Block A describes the district, Block B calculates the energy consumption and CO2 emissions, Block C includes the transition measures to NZED and Block D calculates the energy balance and the CO2 balance that document the transition to NZED.



In the first version, the model is applied to a housing district with residential energy consumption, public street lighting, and mobility-related energy and CO2. To document the transition to self-sufficient NZED, both the import of renewable energy and CO2 emissions should be zero. In more complex configurations of the model, other activities and land uses can be added, such as commercial, professional, and industrial land uses, and the corresponding energy consumption and CO2 emissions.




3.2. Block A: District


Block A of the transition-to-NZED model describes the spatial characteristics of a typical residential city district in terms of population, density, land use, buildings, open space, transportation, planning regulation and building code. Energy consumption and CO2 emissions depend on these features and are calculated in Block B of the model. The spatial characteristics of the district also define restrictions upon Block C and the measures for transition to NZED.



Key variables and metrics in Block A are listed in Table 2. From a very large number of variables relevant for a housing district, we have selected a small set that allows energy needs to be defined and the capacity for renewable energy deployment to be identified. It is usual for a residential district to include five major categories of land use: (1) housing, (2) social care, education, culture, sports, (3) local retail and services, (4) road and open parking, and (5) green areas, parks and plazas. The values of these variables are exclusive for each district. Even within the same city, values change considerably from one district to another. All listed variables refer to realised space and may differ from planning regulation values.




3.3. Block B: Energy Usage and CO2


Block B of the model describes the energy consumption and corresponding CO2 emissions that derive from the population and spatial features of the district, climate conditions, socioeconomics, and per capita energy consumption. Three types of energy usage are included that are common in residential areas, related to housing, mobility, and public street lighting. Key variables and metrics of Block B are listed in Table 3.



Residential energy consumption depends on the country, GDP per capita, geographic location and climate, and the mix of energy sources. In the EU (2019), households, or the residential sector, represented 26.3% of the final energy consumption. The breakdown of residential energy in the EU is presented in Table 4.



In EU countries, the total energy consumption per capita varies very much (2020 data in kWh): Netherlands (57,047), Finland (55,118), Germany (43,703), France (41,281), and Greece (30,384); also per capita electricity consumption varies considerably, in Finland (12,175), France (8097), Netherlands (7264) Germany (6771), and Greece (4637). CO2 emissions in countries with similar per capita energy consumption but very different energy mix also vary, such as Germany (9.44 tons CO2 per person) with 5% of energy production from nuclear and 17.5% from coal, and France (5.13 CO2 tons per person) with 36.7% energy from nuclear and 2.7% from coal (Country profiles, Our World in Data). However, these differences in the energy supply mix and emissions do not affect our model which relies on locally produced renewable energy.



Energy consumption on street lighting depends on the geographical location of the district and the total operating hours during the year. We assume that the system operates throughout the night. Calculators of day and night duration, such as Solartopo.com (accessed 13 December 2021), provide information about the length of days each month of the year and allow the yearly operating hours of a street lighting system to be estimated.



Energy consumption in mobility depends on the transport means used (public transport, private cars, green mobility, micro-mobility) the number of journeys per capita during the year, and the average travel distance in daily commuting. These variables change from one city to another, following the infrastructure available, the spatial distribution of housing and work, as well as the local culture for mobility. Estimating the feasibility of transition to NZED we use national statistics for travel data [42,43]. We also compare commuting data in the EU with statistics from the US that have a very high rate of travel by private car, which is the most energy-consuming and high CO2 emission behaviour. The data used for calculating mobility energy consumption, initially and in the NZED state, are given in Table 5. To calculate CO2 emissions, we used the Greenhouse Calculator of the US Environmental Protection Agency.




3.4. Block C: Transition Measures to NZED


This Block comprises measures for decarbonisation that can be applied in a housing district. It includes 8 types of measures based on smart city technologies, building refurbishment, local renewable energy, and nature-based solutions. These are applied in various spatial entities and activities of a district, housing areas, mobility means, street network, public space open and green spaces. These are the following:




	C1. 

	
Housing: Energy saving by building refurbishment




	C2. 

	
Housing: Energy saving by smart city solutions




	C3. 

	
Public lighting: Energy saving by smart city lighting




	C4. 

	
Transport: Green mobility and energy saving




	C5. 

	
Smart grid and storage




	C6. 

	
Local RE: Photovoltaic panels




	C7. 

	
Local RE: Heat pumps and geothermal heat pumps




	C8. 

	
Nature-based solutions: Tree canopy and CO2 offset









The combined effect of the above measures and technologies should offset all CO2 emissions produced by using fossil energy, as described in Block B of the model, leading the city district into a net-zero state. All measures of block C (C1–C8) have an impact on the variables in Block B, either related to energy usage or CO2 emissions.



A very important metric in Block C is the coefficient (z) that measures the percentage of the population or households that adopt an NZED transition measure. The coefficient (z) applies to measures C1–C7 and its value is between 0 and 1. Per analogy, the percentage of the population that remains in the old behaviour is (1 − z). A value of (z) equal to zero means that no behaviour change has occurred, while a value of (z) equal to 1 is obtained when a measure becomes mandatory after being imposed by legislation.



	
C1. Housing: energy saving by building refurbishment






Building refurbishment (improving buildings by re-equipping) or retrofitting (adding elements that the building did not have when first constructed) is about upgrading the energy system and performance of existing buildings. Building energy efficiency is the starting step towards an NZED. It ensures that buildings maximise energy efficiency, which in turn reduces the renewable energy generation to achieve an NZED.



Building energy retrofitting includes objectives of energy optimisation, lower environmental impact, and better living conditions in the building. Performance metrics may include energy reduction, Indoor Environmental Quality, CO2 emissions, and financial such as energy bills and investment returns [44]. Both refurbishment and retrofitting are implemented by improving or replacing lighting fixtures, ventilation systems, replacing single-glazed windows with double glazing, windows and doors, adding insulation on roof and external walls, especially for buildings that face direct sunshine which heat up quickly and need more energy to keep cool.



According to the EU news and information service Science for Environmental Policy (https://rb.gy/reecha) (accessed 13 December 2021), data from nine countries shows that building refurbishments and energy efficiency measures in existing housing districts could save 10% of energy for heating by 2020 and 20% by 2030. However, the country and local differences are high and depend on the quality of housing and climate.



A survey by Tuominen et al. [45] shows high differences between countries and types of buildings in potential energy saving under the Energy Performance of Buildings Directive (EPBD) (Table 6). The authors underline that their calculations “ rely heavily on average values for a large amount of buildings that are, in reality, very different. Some of the uncertainty is offset by the law of large numbers, i.e., even if some buildings are more difficult to renovate than average, others are easier, and in such a large sample both amounts are probably of more or less similar magnitude. Nevertheless, the results should be regarded as indicative estimates of a potential development, rather than exact forecasts” [45], p. 50. The average reduction of heat energy is between 47.51% and 49.65% in houses and 45.38% in apartments. We should note that this high energy saving reflects the implementation of all EPBD measures, not building refurbishment only, according to targets of every country under the umbrella of the EU Directive on the energy performance of buildings.



Given this evidence, we estimate that potential improvements in energy performance by refurbishment is in the field of energy for heating. How much energy building refurbishment can actually save depends on local climate conditions and the quality of the building stock that define an energy reduction coefficient (x). For a coefficient x = 20%, which is the value proposed by the EU Science for Environmental Policy for 2030, the saving of energy will be equal to:


Energy heating saving = Energy reduction coefficient (x) × Energy consumption residential-Total (kWh) × Energy consumption residential-Heating (%)










EH-S = 0.20 × ERT × EH



(1)







	
C2. Housing: energy saving by smart city solutions






In smart cities, residential projects for energy saving have used smart meters and readable displays that allow users to become aware of energy consumption per electric appliance. A series of experiments and pilots in Amsterdam Smart City for assessing the contribution of smart city solutions to energy saving has led to rather mediocre results.



In the Geuzenveld neighbourhood, 500 homes have been provided with smart meters and displays that show energy consumption, while energy savings practices were discussed at citizen meetings and brainstorming sessions. Still, the energy savings per household were only 3.9%. In the West Orange project, 400 households have been provided with smart meters and displays that make it possible to see the energy consumption per appliance, and a personal energy-saving plan was set for every household. Energy savings per household were still only 7.8%. The ITO Tower, a pilot for testing energy savings in a large multi-tenant office building using smart building technology, smart plugs, and data analytics, saw a higher energy consumption fall of 18% [46]. We should note that these data do not make it clear whether they refer to total energy or to energy consumption for lighting and appliances in the household. The overall ambition in Smart Amsterdam was to achieve energy savings at the level of 14%.



Simulations with an experimental smart home prototype that uses a microcontroller and various sensors for temperature and infrared for movement detection, as well as actuators to control the lights and air conditioning by Panna et al. [47] show a much higher level of energy saving at the level of 20–30% depending on the number of persons per room.



Given this data, a conservative estimation is that smart home solutions can provide a 10% saving in residential energy consumption for lighting and appliances.


Energy lighting and appliances saving = Energy reduction coefficient (x) × Energy consumption residential total (kWh) × Energy consumption residential-Lighting and appliances (%)










ELA-S = 0.10 × ERT × ELA



(2)







	
C3. Public lighting: energy saving by smart city lighting






A city street lighting system consists of lighting poles, each consisting of a lamppost, a streetlamp, and other equipment depending on the type of lamps (e.g., ballasts when fluorescent lamps are used). Street lighting accounts for an important part of energy consumption, which is estimated between 15–40% of the energy spent in cities [48,49]. Smart city systems can considerably contribute to reduced energy consumption for street lighting and to net-zero objectives, especially when fossil energy is used to produce electricity.



At the level of a city district, the yearly energy consumption of a street lighting system depends on the number of poles in the district, the lamps wattage, and the system operating hours per year. The number of poles can be computed by the road length in the district. Calculations by Subramani et al. [48] for a streetlight system with a spacing of 50 m and width 7 m, equipped with 250-watt lamps on each pole, shows illumination of 8.20 lumen per square meter, which exceeds the required illumination standard of 6.46 lumen. Thus 200–250 Watt lamps are adequate for streetlighting.



Optimising ordinary streetlighting with smart city solutions includes (a) replacing lamps with LED lights that have lower energy consumption, (b) installing sensors for motion detection, and (c) brightness adaptation for lights to switch on when pedestrians are near, or vehicles pass and switch off in the absence of movement. Thus, a lamppost works in four stages: off, low, medium, and high. Replacement of bulbs can be carried out with Light Emitting Diodes (LED) or Compact Fluorescent Lamps (CFL) which use 75% less energy than ordinary bulbs.



Using smart city lighting, it is estimated that the energy savings that can be made are around 50%. Following Subramani et al. [48], p. 020082 “Replacing the existing lamps with LEDs, the required power is 5.33 kW so there is an energy saving of 12.61 kW for installed capacity and 5.43 kW for actual working in terms of kWh per year, the saving for installed capacity is 55,232 kWh and for actual working is 33,139 so the savings percentage is 57.7%”.



Escolar et al. [50] conducted simulations in the city of Leganés, 11 km southwest of the centre of Madrid, a city equipped with 50,000 lampposts that “during winter nights turned on in state LOW at 6:00 p.m. and progressively increase the intensity to reach the HIGH state at 7:00 p.m. They remain in this state until 5:00 a.m., when they progressively decrease their intensity to reach the state OFF at 7:00 a.m. The energy savings reach 55% relative to the nonadaptive application”.



Nefedov et al. [51], p. 1718 estimated that “LED technology enables intelligent street lighting that is based on sensing individual vehicles and dimming streetlights accordingly. The potential energy savings are considerable, exceeding 50% on roads with low traffic.”



Given this evidence, it is reasonable to accept that a traditional street lighting system can be upgraded to improve efficiency and reduce energy consumption by 50%, using LED and sensors so the light system glows and adapts upon detecting pedestrian or vehicle movement.


Energy saving by smart city lighting = Energy reduction coefficient (x) × Number of lighting poles on the grid × Street light lamp wattage × Hours operation/year (kWh)










ESL-S = 0.50 × PL × LW × Hy



(3)







	
C4. Transport: Green mobility, energy, and CO2 emissions






In mobility, energy consumption and CO2 emissions come from daily travel for work, shopping, recreation, and other activities. With the functional urbanism of 20th century cities, daily commuting is the rule for most of the population and substantial CO2 emissions are generated by daily travels. Urban sprawl and the integration of small settlements into metropolitan areas has increased commuting average travel distance and emissions.



New city planning concepts such as the 15-min city [52,53] can reduce daily commuting but will not make it disappear. In cities, many activities and land uses are unique (e.g., university campuses, museums, hospitals, polluting industrial estates, luxury commerce) and cannot be replicated in every cell of a 15-min city. Moreover, it is not feasible for every citizen to find a job close to their place of residence. On the other hand, work from home certainly opens a window of opportunity for such spatial concepts and telework will definitely contribute to lower commuting.



In daily commuting all available means are used: public transport, private cars, and green mobility (bicycles, electric scooters, electric vehicles). The distribution of transport modes is specific to each city, depending on culture, topography, transport means and infrastructure. In the transition to NZED, the objective for mobility is conversion to green mobility powered by renewable energy. In calculating the changes that can be introduced by green mobility measures, we use the following principles.



	
All energy and CO2 emissions for mobility are counted in the residential district of travel origin. As the commuting distance increases, energy consumption and emissions are released to neighbouring city districts. This calculation is the worst-case scenario for the district of travel origin but is neutral at the entire city level, as total emissions are aggregated from one district to another.



	
Within the next few years, public transport will progressively adopt electromobility, and all energy consumption (EMPT) will be covered by electricity. If only renewable energy is used, CO2 emissions (CMPT) will go down to zero.



	
Green mobility is on the rise and will continue to increase. The share of the population (z) that will adopt green mobility is specific to each city and should be introduced in the respective scenario.



	
However, a part of the population will continue to use conventional fossil fuel cars that release CO2. These emissions should be absorbed by nature-based solutions.






Thus, in the transition to NZED, we first estimate the energy needed for all kinds of electromobility, public transport, private cars, micro-mobility, which should be covered by renewable energy. The average energy consumption for electric vehicles is estimated at 0.2 kWh, 0.1 kWh/km for public transport, and 0.05 kWh/km for micro-mobility (Table 5). The total electric energy depends on the distribution of commuting between public transport, electric vehicles, and e-micro mobility. Then, we compute CO2 emissions from the use of fossil fuels cars, which depends on the yearly mileage, fuel consumption, and CO2 emissions per unit of fuel. The amount of CO2 released is estimated at 0.19 kg/km.


Energy for electric mobility = [Population × % workers × ev transport mode] × [average travel distance × number of travels per year] × energy consumption/km










EEV = P × AP × z (ev) × Dtpc × Tpc × 0.2 (0.05) kWh/km (kWh)



(4)






CO2 emissions for mobility by private car = [Population × % workers × conventional car transport mode] × [average travel distance × number of travels per year] × CO2/km










CMPC = P × AP × z (cc) × Dtpc × Tpc × 0.19 kg/km (kg)



(5)







	
C5. Smart grid and energy storage






The smart grid is the backbone of the Net Zero Energy District. According to the U.S. Department of Energy, “these systems are made possible by two-way communication technology and computer processing that has been used for decades in other industries. They are beginning to be used on electricity networks, from the power plants and wind farms all the way to the consumers of electricity in homes and businesses” [54]. Smart grids support many functions in the local energy system, such as integration of distributed energy resources located on buildings and other RE installations in the district, energy storage to secure uninterrupted supply of energy to users, and real-time monitoring of energy flows, enabling optimisation and service provision to producers and consumers.



Optimisation of energy supply and demand is important to avoid additional investments to cover peak loads in energy consumption. The smart grid of a city district can monitor and coordinate energy generation and consumption and reduce peak power demand. For instance, the so-called Virtual Power Plant (VPP) can compensate the volatility of renewable energy production through sharing among members of an energy community and energy storage in electric vehicles [55].



Equally important is energy storage. In the context of smart cities, it can be conducted at different levels of the energy system: (a) at the energy generation level to balance and reserve power, (b) at the smart grid level to support capacity and investment deferral, (c) at the customer level to address peak load [56]. Many engineering solutions and technologies can be used in RE storage such as compressed air, battery, pumped hydro storage plants, super capacitors, and flywheels. If RE is not supported by sufficient storage, it will not be effective. Balancing the volatility of RE generation to local consumption is the main task of smart grids and can be carried out by the grid storing quantities of energy. Energy storage levels at the smart grid level in Japan and Germany are 15% and 10%, respectively, and much lower in the US, at 2% only [57].



Regarding the transition measures to NZED, the smart grid is a condition for the integration of the measures proposed (C1–C8), balancing RE supply and demand. The added value is estimated in the next two measures (C6 and C7) for local renewable energy.



	
C6. Local RE: Photovoltaic panels






In the model we propose, distributed photovoltaic panels are selected as the sole source of locally produced renewable energy. In non-self-sufficient NZEDs, additional renewable energy can be imported from external sources such as large-scale hydro, wind parks, and tidal installations. PV panels can be installed on all available buildings, private yards, and public spaces. They should be combined with storage for energy use when the sun sets, or with electric vehicles to store energy for mobility. An energy community will be needed to manage the distribution of energy among the households, as well as the management of the smart grid, the digital platform for energy transactions and analytics, and the storage of energy at district level.



A key metric in the local production of renewable energy is the annual energy output per PV panel square meter (kWh/m2). As PV panels are the sole energy production facility, this metric allows the total energy available in the district to be calculated. The energy potential of PV panels depends on solar irradiance and the PV power conversion efficiency. The solar irradiance above the earth’s atmosphere (Solar Constant) on a clear day at solar noon in the summer months is around 1380 Watts per square meter (W/m2). The earth at sea level receives about 1000 W/m2. In current PV panels, the efficiency is at the level of 20% and an equal percentage of solar radiation is converted into electricity. On an average day, a PV panel receives about 5 to 6 h of direct full sun. Thus, one square meter of PV panel will give approximately 1–1.2 kWh per day, a max of 365–438 kWh annually.



PV panels’ energy output depends on geographic location, solar irradiance and their power conversion efficiency. The NREL’s PV Watts Calculator (https://pvwatts.nrel.gov/) (accessed 13 December 2021) allows the energy output of grid-connected photovoltaic energy systems throughout the world to be estimated. Using this calculator, we find that a PV panel system of 1 kW gives annually 1416 kWh in Athens Greece, 944 kWh in Paris France, and 894 kWh in Helsinki Finland.



The installation of photovoltaic panels on the roof of buildings can follow different patterns depending on the roof. Figure 2 shows different types of roofs and the coverage rates for PV panels. A flat roof has a photovoltaic panel capacity of 50–70% of its surface, which drops to 40% on gable and hipped roofs.



Given the above data, we compute the energy generated by PV panels in three steps. First, we estimate the total surface of PV panels in the district, including panels on building roofs, on the ground in private yards, and in public parking spaces. We assume the maximum capacity of photovoltaic panels on roofs of buildings (70%), plus photovoltaic panels on the ground equal to 10% of residential plots, plus panels on streets and parking areas equal to 10% of this area. Second, considering the district as a Virtual Power Plant, we compute the DC system size. PV Watts Calculator proposes the following formula to estimate the system size based on the area of the array: Size (kW) = Array Area (m2) × 1 kW/m2 × Module Efficiency (%). For module efficiency, we consider that 1 square meter of PV panel gives 0.217 kW. This is a rather conservative estimation given that new PV panels available on the market have a power conversion capacity at the level of 30%. Third, for a given city we use the PVWatts® Calculator to compute the energy generated annually.


PV panels surface: 0.70 × [Housing area × BRC + 0.10 × Housing area + 0.10 Road and parking area]

PVs = 0.70 × [Ah × BRC + 0.1 × Ah + 0.1 × Ar] (sm)



(6)






DC system size = 0.217 × PV panels surface (kW)



(7)






Energy from PV panels = DC system size × solar irradiance

ERE = f (DC system size) (kWh/year)



(8)







	
C7. Local RE: Heat pumps and geothermal heat pumps






This type of renewable energy can be used to reduce energy consumption for space heating (EH) and domestic water heating (EDWH). As shown in Table 4, these categories account for 63.6% and 14.8% of household energy consumption in the EU. Currently, gas and petroleum products have high shares in the energy sources of these two energy usage categories. Air-source heat pumps (ASHP) and geothermal heat pumps (GHP) allow the transition from gas and diesel for space and water heating to electricity with a considerable energy reduction margin. There is a double gain to this; transitioning to electricity enables saving energy, using renewable energy and reducing CO2 emissions [59,60].



The most common commercial solutions for heating are air-source heat pumps that take heat from the atmosphere and heat water which then circulates to heat radiators. Geothermal heat pumps are more efficient and use the heat of the earth to provide heating for houses and offices and water heating too. Compared to air source heat pumps, geothermal pumps are more energy efficient as they take advantage of ground temperatures which are more uniform than air temperatures. They can reduce energy consumption by approximately 25% to 50% compared to air-source heat pump systems [61].



The energy efficiency of a heat pump, whether ASHP or GHP, for heating is defined by the Coefficient of Performance (COP) and for cooling by the Energy Efficiency Ratio (EER). The Total Efficiency Ratio (TER) defines both heating and cooling efficiency. A heat pump with a COP 4.0 gives 4 kW of energy by consuming 1 kW of electricity only, which corresponds to a significant energy reduction [62].



Many publications have attempted simulations and experimental studies to assess the energy saving of heat pump-based heating systems. Zanetti et al. [63] reviewing papers that compared different solutions of photovoltaic-assisted by air-source heat pumps show a potential energy saving of between 20–35%. The energy efficiency of geothermal heat pumps is higher; they remain an under-used technology, due mainly to the limited awareness of their potential. Their CO2 emissions are less than half those of conventional oil boiler systems [64]. According to Energy Saver, U.S. Department of Energy, “[a] heat pump can reduce electricity use for heating by approximately 50% compared to electric resistance heating such as furnaces and baseboard heaters” [65].



Given this data, we can estimate the energy-saving potential of heat pumps for space heating and water heating as follows:


Energy saving heating = Energy reduction coefficient (x) × Energy consumption residential total (kWh) × Energy consumption residential-heating (%)










EH-S = 0.35 × ERT × EH



(9)






Energy saving domestic water heating = Energy reduction coefficient (x) × Energy consumption residential total (kWh) × Energy consumption residential- domestic water heating (%)










EDWH-S = 0.35 × ERT × EDWH



(10)







	
C8. Nature-based solutions: Tree canopy and CO2 offset






The concept of ‘Nature-based solutions’ (NbS) was introduced by the World Bank to underline the positive role of biodiversity on the climate. The International Union for Conservation of Nature (IUCN) defines NbS as “actions to protect, sustainably manage and restore natural or modified ecosystems, which address societal challenges (e.g., climate change, food and water security or natural disasters) effectively and adaptively, while simultaneously providing human well-being and biodiversity benefits” (Cohen-Shacham et al.) cited by [66]. Nature-based solutions is an umbrella concept for ecosystem-based adaptation (EbA), green infrastructure (GI), and ecosystem services (ESS). These concepts are interrelated and form a dominant discourse on human-nature relationships. They are based on the same set of principles, such as multifunctionality and participation. Their differences are related to implementation in planning and practice [67].



Nature-based solutions protect, manage, restore, or enhance natural ecosystems in cities. In the fight against climate change, NbS comprise measures that stop deforestation and increase tree canopy and green areas that capture CO2 emissions. Prominent land-based nature-based solutions for negative emissions are afforestation, biomass for energy with carbon capture and storage, and soil carbon sequestration [68]. Examples of NbS include trees in urban parks and forests, street trees that contribute to lowering the temperature in cities, elimination of urban heat islands, conservation of natural habitat space in floodplains, as well as architectural solutions for buildings, green roofs, wall installations for temperature reduction and energy saving through reduced cooling loads [66].



Planting trees and expanding tree canopy in cities is the most established NbS. It is based on the capacity of trees to take CO2 from the air and convert it into oxygen and plant material through photosynthesis. Encon, an independent agency that supports organisations to become more sustainable, having reviewed many studies on CO2 capture by trees, estimates that “the annual CO2 offsetting rate varies from 21.77 kg CO2/tree to 31.5 kg CO2/tree. To compensate 1 tonne of CO2, 31 to 46 trees are needed. In Europe, there are 300 to 500 trees per hectare. For calculating the figures on the Encon website, we assume a rate of 24 kg CO2/tree and an average of 500 trees per hectare. This means that 1 hectare of forest: 500 trees × 24 kg CO2/tree = 12,000 kg of CO2 offsets, i.e., 12 tonnes CO2/hectare.” [69]. However, estimations based on the US Environmental Protection Agency give a max capture capacity per 10-year urban tree at 38 lbs (17.2 kg) per year. This capacity increases substantially with tree age [70].



In a city district, trees can be planted in three areas, (a) public gardens and green spaces, (b) on both sides of roads, and (c) in private gardens, yards, and the non-built space of plots. The maximum number of trees in the tree canopy of a city district can be estimated as follows:



	(a)

	
Public gardens, large and small, and city forests can contain 500 trees per hectare. We assume 60% coverage of green spaces by trees.




	(b)

	
Roads with trees on both sides at an average distance of 5 m from each other can contain 400 trees per km.




	(c)

	
Private gardens and yards may have 25% of their surface covered by trees.







Thus, the maximum capacity of CO2 absorption by the tree canopy in a district is


CO2 absorption = Number of trees × CO2 absorption/tree

CO2-a = [f (Ag)+f(Rlg)+f(Ah)] × 24 kg CO2/tree (kg)



(11)






Ag = green area, Rlg = road length, Ah = housing area












3.5. Block D: Balancing Energy and CO2 in the NZED


Block D of the model combines the solutions of block C and assesses the transformation of energy consumption and CO2 generated by the variables in Blocks A and B. Thus, in Block D we can assess different scenarios for balancing energy and CO2 emissions, the feasibility of an NZED, and the thresholds of feasibility. The hypotheses we described (H1, H2, H3) can be validated or rejected by the balancing of energy and CO2.



Since in all transition scenarios, part of the energy used in mobility will be from fossil fuels (diesel and gas), due to the value of the z coefficient in transportation, we must also calculate the CO2 balance between the CO2 released and the CO2 removed by nature-based solutions. Thus, in block D, starting from an NZED scenario, we calculate first the energy balance and then the carbon balance. A transition to NZED is documented when both balances are positive in favour of renewable energy and CO2 absorption.



D1. Energy balance: Energy balance is equal to total energy demand after optimisation by smart systems minus renewable energy produced locally (EDi-EREi). To calculate this balance, we take one by one the measures for transition to NZED (C1–C7) and compute the saving of energy due to smart city systems and the renewable energy generated from PV panels. Estimations are not cumulative one over the other, and we follow the equations given in C1 to C7. Thus, for positive Energy Balance, the total energy consumption in housing, street lighting, mobility by public transport and electromobility minus energy saving from measures for transitioning to NZED should be lower than energy generated by PV panels.



D2. Carbon balance: In the short- and medium-term, even if the mobility of public transport is completely converted to electricity, there will be some private mobility by cars that will use fossil fuels and generate CO2 emissions. For a carbon balance, these CO2 emissions should be less than the amount of CO2 removed from the atmosphere by nature-based solutions. Thus, for a positive Carbon Balance, CO2 emissions in mobility by private cars should be lower than the CO2 removed by nature-based solutions.



The overall NZED transition model can be described by the following equations:


   ∑  E −  ∑   E S  <  E  R E    



(12)




where   ∑ E   refers to the total energy consumption in housing (ER), street lighting (ESL), mobility (EM) including private cars (EMPC), public transport (EMPT) and electromobility (EMEV);   ∑  E S    refers to energy savings from heating (EH-S), lighting and appliances (ELA-S), smart city lighting (ESL-S), with the addition of the energy consumption by electric mobility (EEV);    E  R E     refers to the energy generated by PV panels.



And


   C  M P C   <   C O   2 a    



(13)




where    C  M P C     refers to the CO2 emissions from mobility by private car; and    C O   2 a    to the capacity of CO2 absorption by tree canopy in the district.



By taking a closer look at these two model equations, we can see that Equation (12) suggests that the difference between energy consumption (  ∑ E  ) and energy savings (  ∑  E S   ) should be lower than the amount of energy generated by PV panels (   E  R E    ) for a district to experience an effective transition to NZED. At the same time, Equation (13) indicates the need for the CO2 emissions to be less than the capacity of CO2 absorption by tree canopy in a district (   C O   2 a   ). Having these two conditions in mind, we can document the transition to NZED in specific scenarios which we analyse in the following section.





4. Simulation and Results


4.1. Baseline Scenario and Simulations


The model for assessing the transition to NZED we described can be applied to any housing district, anywhere in the world. The outcome depends on the specific features of the district, energy consumption, and climate conditions. Even in neighbouring districts within the same city, the outcome can be different.



This is due to the variables included in Blocks A, B, and C of the model. The variables in Block A depend on the spatial features of a city district, land uses, population density, the morphology of the city grid, the building code (BRC, FAR), mobility patterns, pedestrian and bicycle lanes, and others. The variables in Block B depend on geography, variations in climate, energy consumption per capita, available modes of transportation. The variables in Block C depend on human behaviour towards sustainability, energy saving, investment in renewable energy, community planning for smart city systems, and public policy towards nature-based solutions.



The transition scenarios to NZED are countless. There are millions of combinations between the variables of Blocks A, B and C. To assess many scenarios and the Hypotheses H1, H2, and H3 we have described, we start from a baseline scenario upon which we calculate the energy and carbon balance for different cities. Then, we change key variables of this scenario and recalculate energy and the CO2 balance. This method allows for verifying or rejecting the H1 hypothesis on the feasibility of NZED, defining thresholds for H2, and assessing the hypothesis H3 on the compatibility between the compact city and the NZED.



The baseline scenario we choose describes a usual district of pure housing with the following features. In Block A, the population is 5000 inhabitants, gross density is 100 inhabitants/ha (net density 200 inhabitants/ha), the number of persons per household is equal to the EU average, the housing area is 50% of the total, the road area is 20% of the total, and green spaces, gardens and urban forests account for 30% of the total, the road width is 8 m, BRC is 40%, and FAR is 0.8. The number of building blocks on the grid is 169, there are 676 lighting poles, and the total road length in the grid is 12 km. The number of commuting travels per worker annually is 500, and the average distance per commuting travel is 10 km.



In Block B, to compute the energy consumption and CO2 emissions for a city district, we take as residential energy consumption per capita (ERPC) in the district the value of the corresponding country provided by Our World in Data (https://ourworldindata.org/energy) (accessed 13 December 2021). Additionally, we use the breakdown of residential energy consumption as in the EU (2019) presented in Table 4. We calculate energy consumption for public lighting and mobility according to the values of Block A variables.



In Block C, all transition measures (C1–C8) are included, the (z) coefficient we use is 1.0, and coverage of PV panels is at the maximum of 70% of building roof surface. These strong transition measures need an institutional framework for carbon neutrality making the deployment of solar panels on every building obligatory, electric mobility in public transport, and progressive replacement of vehicles by electric vehicles.



We assess through simulations the baseline scenario at three geographic locations and climate conditions, in cities of northern Europe (Helsinki, Stockholm), central Europe (Frankfurt, Munich, Vienna), and southern Europe (Athens, Rome, Madrid) and examine the feasibility of transition to NZED (hypothesis H1). Then, we change the variables included in Blocks A, B, and C related to density, mobility, and PV power conversion efficiency to identify critical thresholds in the transition to NZED (hypothesis H2). Additionally, we change the spatial features of districts with positive energy and carbon emission balance to evaluate their compatibility with the compact city form (hypothesis H3).




4.2. Feasibility of NZED—H1


The outcome of the baseline scenario in Athens, Frankfurt and Helsinki is presented in Table 7. Transition to NZED combining smart city systems, local production of renewable energy, and nature-based solutions is feasible in Athens only. In Frankfurt and Helsinki, there is an annual gap of 15.03 and 24.56 GWh of renewable energy. In Athens, the model shows a surplus of 6.18 GWh of renewable energy, which indicates that other land uses in the district can be accommodated, such as social amenities, local retail, and personal services.



This data shows that as we move from southern to northern Europe, energy consumption increases, and the energy yield of solar panels diminishes. In central and northern Europe, geographic and climate conditions do not allow a transition to NZEDs without renewable energy imported from external sources. Both positive and negative outcomes have a magnitude that leaves no doubt about the conclusion. In Athens, the renewable energy surplus is 24.80% of the energy needs, in Frankfurt, the renewable energy gap is 42.77%, and in Helsinki, the gap is 55.94% of the energy needs.



These outcomes are similar in other cities of southern, central, and northern Europe, such as Rome, Madrid, Munich, Vienna, and Stockholm, in which we have tested the model. In all cases, there is a positive renewable energy balance in southern Europe and a negative one in central and northern Europe.



The transition to NZED is made possible by two groups of technologies, on the one hand, energy-saving technologies including smart city systems, and on the other, renewable energy production. Simulations show that both are equally important. In all scenarios, the saving of energy by smart city systems is at the level of 40%. Renewable energy covers 1.25 times the energy usage in Athens, and 0.57 to 0.44 of energy consumption in Frankfurt and Helsinki.




4.3. Critical Thresholds for Carbon-Neutral Disricts—H2


Some factors have a strong impact on the feasibility of a self-efficient NZED relying on locally produced renewable energy from solar panels. The simulations we have tried reveal three critical thresholds.



Higher density due to a larger population in the district increases the total energy consumption that has to be covered by renewable energy, and vice versa. Table 8 illustrates the relationships between density and the feasibility of the NZED. By decreasing the gross density in the Frankfurt scenario from 100 to 56 in/ha and in Helsinki from 100 to 43 in/ha, both scenarios show a positive balance of energy, and the NZED becomes feasible.



However, increasing density in the Athens scenario, besides the margin in energy balance, the NZED turns out to not be feasible due to a negative balance of CO2 emissions. It seems that gross population density at the level of 100 in/ha or net density of 200 in/ha is an upper limit for the feasibility of NZEDs, given the current efficiency of solar panels to convert solar irradiance to electricity.



Electric mobility: The capacity to capture CO2 emissions in an NZED comes from the tree canopy, the available space for planting trees and the age of trees as their absorptive capacity increases with age. Within a city district, the available space for trees is limited. In positive NZED transitions, the tree canopy is close to 25% of the district area. This percentage is high, since in few cities tree canopy exceeds 30% of their surface. Therefore, the absorption capacity of CO2 emissions released in the district is also limited. A ceiling for CO2 absorption by trees is 300 tons per year.



This is a threshold for the total CO2 emissions to be released in the district, either in residences or mobility. If only electricity is used in residential energy, then this threshold is for emissions from mobility and vehicles using fossil fuels. It corresponds to a low percentage of commuting with a non-electric private car by 15% of the active population. All other commuting has to be carried out by electric vehicles, electric public transport, and e-micro mobility.



Even if there is a surplus of renewable energy, the CO2 balance sets an upper limit on the share of the population using traditional fossil-fuel vehicles. In the Athens-120 scenario with a gross density of 120 in/ha and population of 6000, the increase in CO2 emissions in mobility from 285 tons to 342 means transition to NZED is not feasible.



Solar panel technology and RE generation: The power conversion efficiency (PCE) of solar panels (the percentage of solar energy converted to electricity) has been steadily increasing over the last 20 years [71,72]. The National Renewable Energy Laboratory (NREL) has mapped the evolution of proven conversion efficiency for a range of photovoltaic technologies since 1976 (https://www.nrel.gov/pv/cell-efficiency.html) (accessed 13 December 2021). Progress is staggering from a very low PCE in the early 1980s to 48% in 2020. In commercial application of PV research, we should expect the current performance of solar panels, which is at 25%, to double within a decade. In such technological progress, the thresholds of NZED feasibility we have identified in terms of population density will change radically. Self-sufficient NZEDs will become feasible in central and northern Europe at 200 in/ha net residential density, enabling the deployment of PV panel based NZEDs throughout Europe.




4.4. Rejection of the Compact City Form—H3


In the 1990s, New Urbanism and smart urban growth planning [73,74] introduced the concept of the compact city to reduce energy consumption and the dependence of daily commuting on the automobile. Energy efficiency and search for low environmental pollution have been the drivers of these planning concepts. The Leadership in Energy and Environmental Design approach, introduced by the U.S. Green Building Council as a rating system combining principles of smart growth, new urbanism, and green building, also promotes compact city districts. In, LEED v4 for Neighborhood Development (updated 2 July 2018) the intent of a compact city is “To conserve land. To promote livability, walkability, and transportation efficiency and reduce vehicle distance travelled. To leverage and support transit investments. To improve public health by encouraging daily physical activity” (p. 31). In planning compact city districts, the residential density in districts located within walking distances to transit services, should be 12 or more dwelling units per acre (or 30 DU per hectare) of buildable land available for residential uses.



There is an increasing body of knowledge over the last years that has questioned the validity of the compact city form [75,76,77]. Additionally, planning standards in some countries recommend higher density development at a minimum of 30 DU per hectare.



The outcome of the NZED model we described shows that a net density of 200 inhabitants per hectare (100 gross density) is the upper limit for a self-sufficient NZED in southern Europe, a density which is limited further in central and northern Europe. These densities correspond to floor space of between 8000 and 4000 square meters per hectare. With an average of 250 square meters per dwelling unit, they correspond to 16–32 dwelling units per hectare, a density quite below those of the compact city form. Moreover, the unbuilt space of private plots (max BRC 40%) is needed for deployment of PV panels and planting trees on yards at 10% and 25% of the land, respectively.



The model we developed shows that the compact city form is not compatible with a design suitable for self-sufficient net-zero city districts. Smart city technologies and renewable energy production suitable for cities, which exclude urban wind turbines and biomass, demand more open space than the compact city can afford. The energy-saving principle, which has been a pillar of the compact city concept, is a barrier to the sufficient deployment of renewable energy, while a rising density increases the population and energy needs of the district.





5. Conclusions: Connected Intelligence for Carbon-Neutral Cities


The model for transition to NZED we developed shows that under certain population density, at the level of 100 in/ha gross or 200 in/ha net, a housing district using fossil fuels in residential energy, public lighting, and mobility can evolve into a self-sufficient NZED with zero annual CO2 emissions, relying on locally produced renewable energy from solar panels. The urban form of such districts is not compatible with a compact city form.



The NZED model and the simulations we performed also reveal a series of limitations and major challenges for implementing the transition to carbon-neutral neighbourhoods. Currently, NZEDs are feasible in southern Europe where climatic conditions limit energy consumption, while PV panels energy yield is high. However, self-sufficient NZEDs are not feasible in central and northern Europe. However, in the near future, commercial applications of technologies that improve PV panel power conversion efficiency could make the transition to NZEDs feasible throughout Europe.



The transition to NZEDs must also address challenges that we have not discussed in this work, such as the asymmetry of energy consumption and energy production from renewable sources during the year, the transfer energy from peak energy production in summer to high energy consumption in winter, and the financial aspects of the investments needed. Additional RE supply and storage would be needed, as well as connectivity of the local smart grid with the public energy grid.



For a long period, when more than 15% of the district’s residents continue to use fossil fuel vehicles in commuting, the district will function as a “near-zero” rather than “net-zero” energy district without balancing the CO2 emissions. It will take a decade or more to reach a level of 85% carbon-free mobility. Additionally, developing a tree canopy at 25–30% of the district surface will take a decade to properly develop its CO2 absorption capacity. These limitations make it clear that the transition to NZEDs is a project that will take more than a decade to be completed. However, in cities where climate conditions are favourable, the transition can start now, even as near-zero energy districts at first.



In addition to these limitations, the novelty of the proposed approach relates to the combination of three types of measures for transition to NZEDs, namely (a) smart city systems and solutions for energy optimisation and saving, (b) renewable energy systems suitable to housing districts, and (3) nature-based solutions. This is a major difference from previous works towards net-zero solutions which focus exclusively on renewable energy and the energy balance to zero CO2 [1,22,78].



Using the transition model to NZED, we studied the impact of eight measures that can drive this transformation. The transition measures relate to behaviours, capabilities, and forms of intelligence of three types of agents: (1) humans, in decisions for energy investment and saving, generation of renewable energy, mainly adopting a prosumer culture, (2) communities, in setting rules for district planning and operation, and (3) machines in data analytics, automation, and real-time optimisation. Simulations with the model of transition to NZED and the study of feasibility thresholds reveal how behaviours and capabilities at those three levels are interrelated and how connected intelligence is needed for the transition to NZED [79,80,81,82,83].



In human behaviour, the most important is adhering to a prosumer culture, with households investing in renewable energy, PV panels and heat pumps, using electric vehicles and e-micro-mobility for commuting, connecting homes, exchanging, and sharing energy over the local smart grid.



In the community of the district, important behaviours relate to setting up energy communities, control of population density, development of a smart grid in the district, sharing energy under a barter exchange that will increase equity in the community, upgrading public transport to electromobility, installing smart lighting systems, and planning for nature-based solutions.



In machine capabilities, it is necessary to set up smart city systems, a smart grid, and smart meters, platforms for local energy transaction, to make available performance data and analytics, dashboards to raise user awareness, and to use automation and algorithms for energy optimisation.



Combining human, community, and machine capabilities, the city district develops a system of intelligence having the functions that Legg and Hutter [84] consider as core properties of intelligence, namely (a) communication and interaction with the environment, (b) problem-solving based on memory and learning, and (c) behaviour adaptation based on prediction. In NZEDs, these functions are supported by smart city systems, digital platforms for energy optimisation, and algorithms embedded in smart city solutions.



All the above behaviours and capabilities are necessary for creating an effective ecosystem of self-sufficient NZEDs. The numerical data shows that the highest impact comes from changes in human behaviour in favour of producing renewable energy and turning to electromobility. Additionally, high is the impact of community behaviours which work as enablers for more effective human behaviour. Overall, the strength of the system depends on the integration of human actions, community settings, and machine capabilities.
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Figure 1. Building blocks of the NZED model. 
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Figure 2. Placing photovoltaic panels on building roofs. Source: Adapted from Polly et al. [58]. 
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Table 1. Connected intelligence as an integration of three types of intelligence.
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	Human Intelligence
	Collective Intelligence
	Machine Intelligence





	Generic
	
	
Intelligent behaviour



	
Creativity



	
Learning



	
Innovation



	
User-driven design



	
Awareness



	
Science and technological discovery





	
	
Community, institutions



	
Crowdsourcing



	
Collaboration



	
Co-design



	
Rule-based thinking



	
Agglomeration of resources



	
Externalities due to the presence of others





	
	
Smart devices and systems



	
e-Services



	
Digital platforms



	
Data and analytics



	
AI algorithms



	
Smart automation



	
Real-time optimisation



	
IoT forecasting and alert








	NZED specific
	
	
Eco-friendly behaviour



	
Energy awareness



	
Energy-saving behaviour



	
Sharing behaviour



	
Green mobility



	
Investment in smart systems and RE



	
Science advances in RE and smart systems





	
	
Prosumer culture



	
Energy communities



	
Energy sharing



	
Green building code



	
Green land-use rules



	
Nature-based solutions



	
Incentives for RE, energy conversion to electricity



	
Green mobility city planning





	
	
Smart grid



	
Digital sharing platforms



	
Smart meters



	
Building Management Systems



	
Digital twins



	
Smart city lights



	
Energy-saving automation



	
Mobility-as-a-Service
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Table 2. Key variables and metrics of housing district spatial features.
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	Code
	Name
	Measurement Unit





	
	Demographics
	



	P
	Population
	Physical person



	AP
	Active population as % of the district population
	Working person



	H
	Number of households
	Household



	D
	Density
	Persons/Hectare



	
	Land use
	



	At
	Total area of the district
	Hectare



	Ah
	Housing area
	Hectare



	As
	Social care, education, culture, sports area
	Hectare



	Ar
	Local retail and services area
	Hectare



	Ar
	Road and parking area
	Hectare



	Ag
	Green space, gardens, urban forests area
	Hectare



	
	City grid and public lighting
	



	Bb
	Number of building blocks on the grid
	Building block



	Pl
	Number of lighting poles on the grid
	Pole



	Rlg
	Road length of the district grid
	Kilometre



	
	Building code
	



	BRC
	Building Coverage Ratio
	Percentage



	FAR
	Floor-Area Ratio
	Number



	Hfpc
	Housing floor per capita
	Square meter



	Bnf
	Number of building floors
	Floor



	
	Mobility
	



	Tpc
	Number of commuting travels per worker per year
	Travel



	Dtpc
	Average distance per commuting travel
	Kilometre



	Pmpc
	People using a private car in commuting, % of total commuting
	Percentage



	Pmpt
	People using public transport in commuting, % of total commuting
	Percentage



	Pmgr
	People using a bicycle, walk or work from home, % of total commuting
	Percentage







BRC: ratio of the building floor area divided by the land (site) area. FAR: ratio of a building’s total floor area (in all floors) to the size of the land upon which it is built.
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Table 3. Key variables and metrics energy usage and CO2 in residential districts.
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	Code
	Name
	Measurement Unit





	ERPC
	Energy consumption residential per capita
	kWh/year



	ERT
	Energy consumption residential-Total
	kWh/year



	EH
	Energy consumption residential-Heating
	Per cent of total



	ELA
	Energy consumption residential-Lighting and appliances
	Per cent of total



	EDWH
	Energy consumption residential-Domestic water heating
	Per cent of total



	EC
	Energy consumption residential-Cooking
	Per cent of total



	ECL
	Energy consumption residential-Cooling
	Per cent of total



	ERE
	Energy production renewable
	kWh/year



	CRT
	CO2 emissions residential-Total
	Tons/year



	CH
	CO2 emissions residential-Heating
	Tons/year



	CLA
	CO2 emissions residential-Lighting and appliances
	Tons/year



	CDWH
	CO2 emissions residential-Domestic water heating
	Tons/year



	CC
	CO2 emissions residential-Cooking
	Tons/year



	CCL
	CO2 emissions residential -Cooling
	Tons/year



	ESL
	Energy consumption streetlighting-Total
	kWh/year



	LP
	Lamp power per pole
	kWh



	HSL
	Street lighting system operating hours per year
	Hours



	EMT
	Energy consumption in mobility-Total
	kWh/year



	EMPT
	Energy consumption in mobility by public transport
	kWh/year



	EMPC
	Energy consumption in mobility by private car
	kWh/year



	EMEV
	Energy consumption in mobility by electric car and micro-mobility
	kWh/year



	CMPT
	CO2 emissions in mobility by public transport
	Tons/year



	CMPC
	CO2 emissions in mobility by private car
	Tons/year
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Table 4. Distribution of energy consumption in EU households.
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	Energy Usage
	Percentage of Total Energy Consumption





	Space heating
	63.6%



	Lighting and appliances
	14.1%



	Domestic water heating
	14.8%



	Cooking
	6.1%



	Space cooling
	0.4%



	Other
	1.0%







Source: Eurostat [41].
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Table 5. Means of transportation to work.
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	Daily Commuting by
	Initial
	Impact on
	NZED State
	Impact on
	Measurement Unit





	Public transport
	15%
	kWh
	15%
	kWh
	0.1 kWh/km



	Private car
	70%
	CO2
	15%
	CO2
	190 gr/km



	Private car—electric vehicle
	0%
	kWh
	50%
	kWh
	0.2 kWh/km



	Micro-mobility—electric
	5%
	kWh
	10%
	kWh
	0.02 kWh/km



	Walking, cycling, non-commuting
	10%
	-
	10%
	-
	-







Source: Estimations based on EU and US mobility data [41,42,43] NZED state refers to the baseline scenario of Section 4.1.
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Table 6. Expected saving potential under the EPBD for existing dwellings.
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Country

	
Type of

Housing

	
Heat before (kWh/m2)

	
Heat after (kWh/m2)

	
Saving %






	
Bulgaria

	
Houses

	
143

	
25

	
82.52




	
Apartments

	
96

	
56

	
41.67




	
Czech Republic

	
Houses

	
190

	
68

	
64.21




	
Apartments

	
194

	
134

	
30.93




	
Denmark

	
Houses

	
139

	
80

	
42.45




	
Apartments

	
135

	
61

	
54.81




	
Germany

	
Houses

	
254

	
137

	
46.06




	
Apartments

	
185

	
74

	
60.00




	
Finland

	
Houses

	
154

	
118

	
23.38




	
Apartments

	
154

	
141

	
8.44




	
Latvia

	
Houses

	
273

	
202

	
26.01




	
Apartments

	
217

	
145

	
33.18




	
The Netherlands

	
Houses

	
125

	
54

	
56.80




	
Apartments

	
103

	
52

	
49.51




	
Portugal

	
Houses

	
114

	
45

	
60.53




	
Apartments

	
117

	
46

	
60.68




	
U.K.

	
Houses

	
216

	
119

	
44.91




	
Apartments

	
172

	
53

	
69.19








Source: Tuominen et al. [45].
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Table 7. Outcome of baseline NZED scenario in Athens, Frankfurt, and Helsinki.
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Energy

	
Athens-100

	
Frankfurt-100

	
Helsinki-100






	
Energy consumption

	

	

	

	

	

	




	
Residential

	
39,954,960

	

	
57,469,445

	

	
72,480,170

	




	
Public lighting

	
776,841

	
732,529

	
710,052




	
Mobility

	
1,200,000

	
41,931,801

	
1,200,000

	
59,401,974

	
1,200,000

	
74,390,222




	
Energy saving

	

	

	

	

	

	




	
C1: Building refurbishment

	
5,082,271

	

	
7,310,113

	

	
9,219,478

	




	
C2: Smart home solutions

	
563,365

	
810,319

	
1,021,970




	
C3: Smart city lighting

	
388,420

	
366,264

	
355,026




	
C7: Heat pumps

	
10,963,641

	
16,997,697

	
15,769,616

	
24,256,313

	
19,888,559

	
30,485,033




	
Renewable energy

	

	

	

	

	

	




	
C6: PV panels

	

	
31,118,964

	

	
20,115,406

	

	
19,342,450




	
Energy balance NZED (kWh)

	

	
+6,184,861

	

	
−15,030,255

	

	
−24,562,739




	
CO2

	

	

	

	

	

	




	
C4: CO2 emissions

	
285,000

	

	
285,000

	

	
285,000

	




	
C8: CO2 capture

	
298,200

	
298,200

	
298,200




	
CO2 balance NZED (kg)

	

	
+13,200

	

	
+13,200

	

	
+13,200




	
Energy usage after saving

	

	
24,934,103

	

	
35,145,661

	

	
43,905,189




	
RE surplus or gap

	

	
24.80%

	

	
−42.77%

	

	
−55.94%




	
Energy saving/usage

	

	
40.54%

	

	
40.83%

	

	
40.98%




	
RE/energy usage

	

	
124.80%

	

	
57.23%

	

	
44.06%
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Table 8. Impact of density on NZED feasibility.
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Energy

	
Athens-120

	
Frankfurt-56

	
Helsinki-43






	
Energy consumption

	

	

	

	

	

	




	
Residential

	
47,945,952

	

	
32,182,889

	

	
31,166,473

	




	
Public lighting

	
776,841

	
732,529

	
710,052




	
Mobility

	
1,440,000

	
50,162,793

	
672,000

	
33,587,418

	
516,000

	
32,392,525




	
Energy saving

	

	

	

	

	

	




	
C1: Building refurbishment

	
6,098,725

	

	
4,093,664

	

	
3,964,375

	




	
C2: Smart home solutions

	
676,038

	
453,779

	
439,447




	
C3: Smart city lighting

	
388,420

	
366,264

	
355,026




	
C7: Heat pumps

	
13,156,369

	
20,319,553

	
8,830,985

	
13,744,691

	
8,552,080

	
13,310,929




	
Renewable energy

	

	

	

	

	

	




	
C6: PV panels

	

	
31,118,964

	

	
20,115,406

	

	
19,342,450




	
Energy balance NZED (kWh)

	

	
+1,275,724

	

	
+272,679

	

	
+260,854




	
CO2

	

	

	

	

	

	




	
C4: CO2 emissions

	
342,000

	

	
159,600

	

	
122,550

	




	
C8: CO2 capture

	
298,200

	
298,200

	
298,200




	
CO2 balance NZED (kg)

	

	
−43,800

	

	
+138,600

	

	
+175,650
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