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The paper describes a case study on the design of district energy infrastructure for the green-field project of the Vale de Santo António (Lisbon, Portugal). The methodology is based on a novel framework built on the sequential integration of three software tools: QGIS, City Energy Analyst (CEA) and Urbio. QGIS is used to define the building database (construction solutions, uses and schedules); CEA is used to model the neighborhood energy services (heating, cooling, domestic hot water and electricity, including for EVs); and Urbio is used to design the energy infrastructure to supply the neighborhood in an optimal manner. The study illustrates the high impact of building renovation on heat demand and the existing potential for a two-layout network to minimize pumping demand and heat distribution loss. Moreover, a sensitivity analysis with regard to future carbon tax changes and electricity greening concludes that an electricity-based heating mix is optimal.
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INTRODUCTION

More than half the global population lives in cities; the UN forecasts this number will grow by an extra 2 million city dwellers per week (UN Department of Economic Social Affairs, 2018). Even so, cities already account for two-thirds of world energy consumption and more than 70% of global CO2 emissions, from which over half comes from buildings' energy use (C40 cities, 2020). As a result, many cities have centered their emission reduction policies on energy efficiency programs aimed at the building sector (Caputo and Pasetti, 2015). As part of these, improved urban energy supply stands out as an essential component (Cajot et al., 2017).

In this context, new tools for urban building energy modeling (UBEM) have been developed and used to optimize the neighbourhoods' energy potential (Moghadam et al., 2017; Ferrando et al., 2020; Sola et al., 2020). They combine detailed and reliable individual building energy models (BEM) with regional and country-level building stock models (Mata et al., 2014; Reinhart and Davila, 2016). In contrast with simple agglomeration of individual BEMs, the cross-influence of micro-climate, long-wave radiation, shade, etc., needs to be included (Li et al., 2017). Additionally, the potential for shared energy infrastructure can be modeled using geographic information systems (GIS) integrating the location of buildings (Allegrini et al., 2015; Fonseca et al., 2016). The impact on energy consumption from targeted building retrofits, upgrades to heating, ventilation or air-conditioning (HVAC) systems, or changes in the behavior of occupants can then be assessed efficiently through this service-based model structure (Shimoda et al., 2004; Frayssinet et al., 2017). As a result, these tools enable the design and simulation of multiple scenarios, thus providing useful material for decision-makers to decide on optimal intervention programs considering financial, environmental, and energy criteria (Gomes et al., 2018; Mourão et al., 2019).

Previous case-studies have helped highlight common elements required for successful UBEM projects (Hong et al., 2020), including a seamless workflow and a strong collaboration between stakeholders. This paper provides a new methodology for combining existing tools into an encompassing framework able to leverage each software's specific strengths, as well as it showcases a concrete example of cross-sector collaboration between urbanists (Lisbon Municipality), researchers (IN+ Center and EPFL) and developers / consultants (CEA and Urbio designers). The spreading of frameworks and methodologies, and their application through use-cases contribute to the shift toward increased interoperability between tools, and the alignment on formats and models required for accelerating the adoption of UBEM and ensuring a high societal impact.



METHODOLOGY

In the context of the urban development plan for the neighborhood of the Vale de Santo António (VSA) set in Lisbon, a new framework built on UBEM tools was developed to test multiple district energy infrastructure scenarios (de Santo António et al., 2016).


Case Study Description

The VSA urban development plan foresees the construction of mostly residential buildings (80% of floor space) with an overall capacity of around 2,500 dwellings ranging from single-household units to multi-story buildings. The remaining floor space will be shared between businesses and public services. The proposed building distribution within the VSA is shown in Figure 1. The neighborhood energy infrastructure may be extended to include existing buildings immediately surrounding the project area.


[image: Figure 1]
FIGURE 1. VSA buildings layer.




Framework

For the project, three software tools—QGIS, CEA and Urbio—were used sequentially (Figure 2). This framework responds to the lack of building stock and consumption data by generating, as faithfully as possible, all missing inputs for the modeling of energy infrastructure, and the evaluation of the impact of different intervention scenarios at urban-scale.


[image: Figure 2]
FIGURE 2. The entire framework (incl. QGIS, CEA for demand simulation & Urbio for supply optimisation). Source: (1) Municipality; (2) National Institute; (3) Research Work.




Outcomes

The VSA project is defined in terms of the building stock and behavior of the occupants. The VSA is composed of existing and future buildings. The existing buildings already exist and are mainly residential with low thermal insulated solutions. The new buildings represent building stock projected by the municipality for the central area for the next decades, including both residential and services buildings with better thermal and comfort standards. Unlike future buildings, the energy consumption of the existing buildings is expected to evolve as a result of increasing financial resources and living standards, which will close the current energy gap (the difference between estimated and real energy consumption).

Portugal has one of the lowest energy consumption for building acclimatization in Europe, especially in the residential sector. This is related to both high energy prices, cultural habits, low income (Simões et al., 2016). The Portuguese government, through the Long-Term Strategy for Building Renovation (República Portuguesa, 2020), aims to meet the European and national objectives to achieve carbon neutrality, promote the energy efficiency of existing buildings and improving thermal comfort. Having this in mind, three scenarios were defined to reflect the Portuguese reality, the Restricted scenario (reflecting the reality today), Comfort (acceptable thermal comfort) and CEA default (implies higher comfort standard values). They are summarized in Figure 3.


[image: Figure 3]
FIGURE 3. Building stock and thermal comfort scenarios' overview.


Three output sets were defined based on current knowledge about the VSA and by using the capabilities of the proposed framework. These provided well-founded and diverse information to stakeholders for final decision making on the energy supply system to be installed. The output sets were:

• Comparison of energy demand with CEA between restricted, comfort and CEA default scenarios for existing and future buildings.

• Comparison of thermal network designs with CEA for future buildings.

• Energy infrastructure scenarios with Urbio for future buildings.




DATA COLLECTION AND GENERATION


Context Data

The generation of future energy infrastructure scenarios is driven by an optimisation process. The optimisation process can rely on financial, environmental or energy cost functions. To align the cost functions with the local reality, data on fuels were collected including prices, the renewable energy source (RES) share, carbon intensity (CI) and the primary energy factor (PEF). The fuels considered were electricity, natural gas, hot water via district heating, and wood chips (pellets). A distinction is made between the price at which the inhabitants can buy their electricity from energy providers and at which they are remunerated for injecting electricity in the grid (notably produced from solar panels) (Tables 1, 2).


Table 1. Energy carrier prices.

[image: Table 1]


Table 2. Fuel characteristics.

[image: Table 2]

The RES share, the CI and the PEF for fuels permit different objectives to be achieved, such as the maximization of renewable energies, the minimization of emissions or the optimisation of energy efficiency. Where available, values were sourced from the national department for energy (Direção Geral da Energie e Geologia, 2013).



Building Data

Given the lack of building-specific data, archetypes with reference parameter values were assigned. This was found to provide a useful approach for descriptive data generation. Each archetype either defined a construction standard or an occupancy type. The construction standard focuses on the envelope characteristics of the building, HVAC systems and their corresponding supply, while the occupancy type details the level of indoor comfort, the internal loads, the occupancy schedule and the HVAC operational modes. Together, a construction standard and an occupancy type defines a unique building typology.

In the case of the VSA, the construction standards of the existing buildings were defined by the year of construction, using the Portuguese building stock research projects (Pinto, 2005; Vasconcelos et al., 2015; Gouveia et al., 2018; Sousa, 2018). For occupancy types, the VSA buildings were grouped between residential, utility and service buildings.




ENERGY DEMAND SIMULATION


Thermal Comfort Scenarios

Given the uncertainty on the current status and future development of space heating and cooling systems, two different thermal comfort scenarios were designed and tested for the existing residential buildings: the restricted and the comfort scenario. Both scenarios were based on analyses comparing real consumption data with theoretical simulations (Ferreira, 2017; Palma et al., 2019). These scenarios represent thermal comfort under culturally distinct heating and cooling traditions (Gouveia et al., 2012; Magalhães, 2016). Only the comfort scenario was used to model the energy consumption for future buildings in the VSA development. All remaining occupancy types were assigned the default thermal comfort scenarios from CEA. The distribution of thermal comfort scenarios within the building stock for the VSA is illustrated in Figure 4.


[image: Figure 4]
FIGURE 4. Thermal comfort scenarios.


The thermal comfort scenarios were defined using the parameters in CEA. A distinction was made between active and inactive people to model the presence of inhabitants at home. The parameters are shown in Table 3.


Table 3. VSA thermal scenarios parametrisation.

[image: Table 3]



Electric Vehicles

Several assumptions were required to predict the power demand from the EV passenger fleet for future buildings in the VSA. Given the rapid growth expected for this passenger fleet, more parking spaces will need to be equipped for charging. The corresponding electricity demand was based on the forecast conditions for the year 2030.

By 2030, the world EV passenger fleet is forecast to grow from 16 million vehicles in 2020 to 210 million vehicles in 2030, divided one-third hybrid (PHEV) and two-thirds battery (BEV) powered vehicles (IEA, 2019). Based on 2020 levels (European Commission, 2020), such an increase would correspond to a total penetration of 13.5% for a fixed-size fleet in Portugal. A similar ratio of BEV and PHEV was assumed.

An average daily distance 40 km/day per car was assumed for residents of Lisbon (Santiago, 2016). While the entire distance is supplied by electricity for BEVs, this share was assumed to be only 50% for the PHEVs.

Even though the efficiency per km differs between PHEV and BEV vehicles, due to the respective size of batteries and motors, a unique efficiency of 0.2 kWh/km was assumed for all EV cars. This efficiency corresponds to the stated average efficiency for electric vehicles currently being sold (E-Cube, 2019).

In the urban development plan, one parking place is provided per household and it was assumed that this corresponds to the car of a resident. The main outcomes from this assessment are summarized in Table 4.


Table 4. VSA estimated EV charging requirements for 2030.

[image: Table 4]



Energy Demand Comparison

Two main spatial scales, those of buildings and district, were considered when comparing scenarios for the VSA. Firstly, the scenarios can be compared at the building level. At such level, it is easier to gain a rapid understanding of the interaction between the building characteristics and the scenarios. The methods benefits from comparing the effects of the scenarios on buildings with varied characteristics. Once these insights have been gathered, the user can better perceive the underlying phenomena at the scale of the district.


Building Scale

The energy demand for two existing building types (single and multi-family) and one future building type were compared for each scenario as shown in Table 5.


Table 5. Sample buildings characteristics.

[image: Table 5]

Building type E1 is a single-dwelling unit for which the total energy demand is strongly influenced by space heating and thermal comfort scenario. The CEA default scenario depicts an unrealistic situation where 75% of the end-use energy demand is related to space heating. Depending on whether the comfort or restricted scenario is considered, this percentage is reduced from 40% to <20%. The restricted and comfort scenarios represent realistic lower and upper bounds for the buildings in the VSA as shown in Figure 5 which includes the energy demand from a comparable reference Portuguese dwelling (Fonseca, 2015; Eurostat, 2020).


[image: Figure 5]
FIGURE 5. E1 energy demand per end-use.


The energy demand intensity acts as a normalizing measure to compare the energy demand of buildings with different floor area and heights. The impact of insulation on energy demand for space heating—where highly insulated buildings have lower final heat demand—accounts for most of the difference in energy demand intensity between building types E1, E2, and F1, as shown in Figure 6.


[image: Figure 6]
FIGURE 6. Energy demand intensity per end-uses for selected buildings.


Renovation of the exterior envelope of an old building to current standards reduces the total energy demand of the building by about 15%, while simultaneously improving the thermal comfort for its inhabitants, as has been documented and observed in different EU countries (Haas and Biermayr, 2000; Sunikka-Blank and Galvin, 2012). Studies show that occupants adapt their thermal comfort choice with the level of building insulation, resulting in under consumption before building renovation and a subsequent increase in comfort level after renovation.



District Level

For future buildings, the demand from EVs in 2030 represents more than 20% of the total electricity demand. However, EV demand in the future may be flexible if power consumption can be adapted depending on the availability of power from renewable sources.

Two synergies for VSA should be highlighted. First, pool heating occurs during opening hours while residential DHW demand takes place mostly in the early morning or at night. Second, since space cooling demand occurs during the summer while DHW demand happens all year round, the cold and heat supply can be balanced daily during the summer for the future VSA district. Both synergies should be taken into account when designing the thermal supply systems, particularly for district-scale use.





THERMAL NETWORK LAYOUT OPTIMIZATION


Layout Design

Until recently, thermal networks were only applied for district heating purposes. However, district networks are also now installed for district cooling as well, although these remain marginal compared to district heating systems.

In the scope of the VSA, three sets of buildings were defined to analyse the district heating and cooling (DHC) network performance. This three-layout methodology has the aim to provide decision makers with information about the alternatives for layout and building connections (Figure 7).


[image: Figure 7]
FIGURE 7. Northern, southern and future layouts.


CEA is used to design the thermal network layouts connecting each set of buildings. As shown in Figure 8, the northern layout reaches the highest linear heat density, i.e., total heat demand divided by total length of pipes. The southern layout requires many pipes for only a small energy supply.


[image: Figure 8]
FIGURE 8. Layout demand and pipe length per building set.




Performance Comparison

The network performance was compared over a period of 1 year. The yearly consumption per layout, including the combined consumption of the northern and southern layout, is compared in Figure 9. These results show that the future layout with only a single plant site requires more pumping than a two-layout structure made of the northern and southern network.


[image: Figure 9]
FIGURE 9. Network-layout performances' comparison.




Perimeter Optimization

There is a strategic benefit from a two-layout structure rather than a single layout. Both plant sites are located close to unconnected existing buildings. As part of future renovation, the networks could be extended to supply these neighboring buildings. However, if a single network was installed, extending the network in this way would aggravate the pumping demand.

The southern layout has a low linear heat density as shown in Figure 8. This is due to connections with distant and isolated buildings. In addition to requiring higher investment, the extended network results in high thermal loss. Therefore, a new network including the northern layout and a more concentrated southern layout was tested, as shown in Figure 10.


[image: Figure 10]
FIGURE 10. Comparison of the optimized layout.


The optimized layout reduces the pipe length by over a third with little impact on the heat supplied. The thermal losses also decrease. The southern layout possesses a lower heat demand from the future buildings. Yet, it also provides a higher potential for expansion to existing buildings within and outside the VSA perimeter. An optimized two-layout structure is illustrated in Figure 11.


[image: Figure 11]
FIGURE 11. Optimized two-layout structure.





EVALUATION OF INFRASTRUCTURE SCENARIOS


Methodology

Urbio was used to generate infrastructure scenarios, each being Pareto-optimal and considering multiple objectives. The scenarios were compared based on key performance indicators to quantify the general trade-offs and help select optimal pathways.

In a second stage, the selected pathways were tested under hypotheses regarding the changing context. Two major trends were taken from the strategic plan of the Portuguese government in the (Roadmap for Carbon Neutrality 2050, 2019) (RNC) (Ministério do Ambiente e Transição Energética, 2019). The RNC foresees an increasing share of renewable energy in the electrical mix with a target of 100% by 2050. Moreover, it underlines the need for green taxation that penalizes fossil fuels while promoting clean technologies. The expected changes from 2020 to 2050 are illustrated in Figure 12.


[image: Figure 12]
FIGURE 12. Future trends for the energy context.




Photovoltaic Panels

The local conditions in Lisbon—solar radiation, electricity selling price—provide an economic incentive to maximize electricity production from photovoltaic (PV) panels. For the VSA, even though around 50% of the PV production is sold to the local provider at discount, maximizing PV production helps reduce by 25% the total annualized cost of the energy infrastructure. Therefore, a fixed amount of PV production 6 GWh/y was selected for the pathways.



Heating Pathways

Heat can be supplied to buildings using two possible pathways: a decentralized electrical pathway or a centralized gas pathway. The former considers the installation of decentralized air-source heat pumps (ASHP), while the latter uses a heating network supplied by a central combined heat and power (CHP) plant to provide part of the heat demand.

The cost structure is shown in Figure 13. The first chart accounts for all costs, whereas the second chart accounts uniquely for the costs related to the heating services. The revenues comprise the monetary savings from not importing electricity—PV auto consumption and CHP generation—and from exporting electricity. In the second chart, the revenues from CHP electricity generation were subtracted from its operational expenditures for greater clarity.


[image: Figure 13]
FIGURE 13. Cost structure of the pathways (left: total costs; right: heating costs).


Heating represents by far the biggest share of the total annualized cost. The savings and revenues from PV electricity generation (auto consumption and export) balance out entirely the investment cost. Air conditioning (cooling) requires high initial investment but is cheaper to run than the heating systems. For heating, both pathways have high operational costs relative to investment cost. In this respect, electricity represents the total operational cost for the decentralized electrical pathway, whereas it represents less than half of the operational cost for the centralized gas pathway. The heating network corresponds to more than half of the total investment cost for the centralized gas pathway. Finally, the electrical decentralized pathway appears to offer the cheapest infrastructure.

A more realistic distinction between energy prices, where the local provider purchases the fuel at a cheaper price compared to the building owner, would have reduced the average cost of the energy imports for the centralized gas pathway, thus making both scenarios more competitive.

Based on the assumptions shown in Figure 12, the expected evolution of cost and GHG emissions for both scenarios are shown in Figure 14, together with the RES in 2050. The clustered columns show the evolution of the decentralized electrical pathway (left) and the centralized gas pathway (right) with respect to each criterion. Only the operational cost of the heating systems is considered for the cost evolution. The entire emissions of the neighborhood are included for the GHG emission estimates.


[image: Figure 14]
FIGURE 14. Impact of future trends on the scenarios.


In both charts, the bars are divided into fixed and variable portions depending on whether they represent conversion systems affected or not by the trend. With respect to the future trend, the decentralized electrical pathway performs better as it is insensitive to an increased natural gas prices from a carbon tax, while being capable of taking advantage of the greening of the electrical grid. The centralized gas pathway fares worse due to its significant natural gas emissions.

It can be concluded that when both options are available, it is better to opt for an electrical pathway as the financial and environmental performance, already competitive, improve with time compared with the gas pathway.




CONCLUSIONS

The methodology proposed in this paper was used to study urban energy infrastructure through the sequential combination of three software tools: QGIS, CEA, and Urbio. Building typologies were used in CEA to simplify the energy simulation of a large building stock and compensate for the lack of specific building data. Various DHC layouts were tested and compared, while their outputs were illustrated in QGIS. Urbio generated pathways for which the economic and environmental performance could be compared.

The demand simulation highlights the importance of human behavior in understanding current and future energy demand. Moreover, changes in energy demand and the potential for expansion were shown to be essential considerations when dimensioning district heating layouts. Finally, the pathway comparison highlighted the importance of selecting the right energy mix to ensure optimal performance over time.
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