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In Canada, the majority of urban energy demand services the transportation or building sectors, primarily with non-renewable energy sources including gasoline and natural gas. As a result, these two sectors account for 70% of urban greenhouse gas (GHG) emissions. The objective of this paper is to explore the potential for co-benefits when simultaneously electrifying transportation and building demand sectors while expanding variable renewable energy (VRE) production. The investigation uses a novel integrated framework of the transportation, building, and electricity sectors to represent the operational implications of demand side flexibility on both the demand and supply side of the energy system. This original approach allows for very fine temporal and spatial resolution within models, while still performing a multi-sector analysis. First, the activity-based transportation model produces passenger travel demand profiles, allowing for investigation of potential electricity demand and demand response from electric vehicles with high spatial and temporal resolution. Second, the archetype-based building model predicts electricity demand of the residential building sector, allowing for investigation into demand-side management strategies such as load-shifting, building retrofits, and changes in appliance technology. Third, the electricity system production cost dispatch model is used to model the operations of Regina's electricity grid and has a spatial resolution capable of assessing individual and connected positive energy districts as well as VRE integration. Through linking of these three models, the effects of consumer flexibility in transportation and building energy demand are explored, especially in the context of introducing much needed flexibility for large-scale VRE integration. A utility-controlled demand response (DR) strategy is explored as means for Regina to reach their renewable target, along with battery storage. Various pathways to Regina's target are considered, based on the various proposed scopes of the target. The results show that Regina can meet their renewable target with large-scale rooftop solar and wind capacity. DR strategies are marginally effective in aiding toward the renewable target, but, when implemented in conjunction with battery storage, is able to get Regina to within 1% of their renewable target.
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INTRODUCTION

In Canada, end-use energy demand in the transportation and building sectors relies heavily on carbon-intensive sources. These sectors, which are collectively responsible for ~40% of Canada's greenhouse gas (GHG) emissions, mainly use motor gasoline and natural gas for fuel and heating (Natural Resources Canada, 2019). Some cities in North America have recognized this and committed to becoming renewable cities (Zuehlke, 2017; Eaton and Enoch, 2020). In 2018, the City Council of Regina, Saskatchewan made this decision as well, committing to using 100% renewable energy by 2050 (Tink and Folk, 2019). Though the decision was unanimous, City Council lacked clarity on the scope of the commitment, as well as an official plan for how to achieve it. More recently, three novel definitions of scope have been suggested by Bardutz and Dolter (2020):

• Scope 1 would encompass electricity used only by City owned buildings and operations;

• Scope 2 would encompass all electricity used by the City of Regina, including private residents; and

• Scope 3 would encompass all energy used by the City of Regina.

City Council has not yet finalized the scope of the commitment (Peterson, 2020). However, in October 2020, Regina City Council decided to move forwards with the development of an Energy and Sustainability Framework and Action Plan. This would include “details on how City and municipal wide action plans, with specific and aggressive timelines, could forward the commitment of a transition toward a 100% community-wide renewable Regina by 2050.” This suggests the city is interested in investigating pathways to reaching the Scope 3 target (Regina City Council, 2020). Meeting Regina's target would require increased use of renewable energy, likely including variable renewable energy (VRE) such as wind and solar. When introducing uncertainty and variability inherent to VRE generation on the supply side, flexibility on the demand side becomes a necessary ingredient to maintaining cost-effective grid reliability. Without demand side flexibility, integration of large-scale VRE generation can be challenging and result in undesirable outcomes, such as inability to meet demand and high curtailment rates (McPherson et al., 2018). Electrification, or a shift away from traditional fuel sources toward electricity powered technologies, can provide demand side flexibility when combined with management strategies (Mathiesen et al., 2015). With proper load management, technologies such as electric vehicles (EVs), electric space heating, and other electric appliances are able to time-shift their demand to match spikes in VRE generation (Dennis, 2015). If carefully designed and managed, there could be a positive feedback loop when electrification and VRE integration are implemented together: low-carbon on the supply side could power the decarbonization of demand sectors, while responsive loads could provide much needed flexibility to facilitate VRE integration.

Demand response (DR) programs can operationalize this positive feedback loop by changing consumers' electricity consumption patterns (McPherson and Stoll, 2020). This can be done through user-controlled electricity reduction, typically for industrial-scale electricity consumers (Alberta Electric System Operator, 2019; SaskPower, 2019; Hydro-Québec, 2020); time-of-use electricity pricing (Ontario Energy Board, 2021); or grid control of appliances, typically with financial incentives (Holy Cross Energy, 2016).

Regina is an ideal candidate for coupling electrification with VRE integration for several reasons: it currently relies on carbon-intensive electricity generation but has immense potential for electrification and exceptional renewable resources. Saskatchewan has the second-highest emitting electricity grid in Canada, due to its reliance on coal generation (Canada Energy Regulator, 2020a,b). Meanwhile, the EV penetration in Saskatchewan is near zero, while electric space and water heating are used in <10% of households (Natural Resources Canada, 2020). Electrification of the transportation and building sectors powered by renewable generation is possible due to Regina's location in one of the highest solar (Figure 1A) and wind (Figure 1B) potential areas in Canada (Canada Energy Regulator, 2020a).
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FIGURE 1. (A) Solar potential map (Government of Canada et al., 2020) (left) and (B) wind potential map (Global Wind Atlas, 2019) (right).


To investigate how a city such as Regina might meet an energy target such as their goal to be 100% renewable by 2050, it was necessary to have control over the types and scopes of policies that are able to be modeled; this is done by employing a novel integrated modeling paradigm. Energy transition models in Canada typically take a macroeconomic approach (Vaillancourt et al., 2014), which have simplistic specifications for energy demand, as well as being spatially and temporally aggregate. A general tendency within the formulation of macroeconomic models is the focus on the decision-making process of individual actors, thus the trade-off in the detail of energy, spatial, and temporal data. However, these simplifications and aggregations mean that highly variable, spatially, or temporally, constraints are not able to be assessed at the level of detail needed. Within city-scale energy modeling, there are models that are able to represent a city at a high spatial resolution, but do not provide the temporal resolution necessary to accurately model an electricity system with high VRE integration (Zuehlke, 2017; Crockett et al., 2019). There are also load models, which can model at the adequate temporal resolution for electricity systems but lack the ability to model the electricity system at the same spatial resolution (Salama et al., 2019). On the other end of the spectrum are micro-grid models (HOMER Energy, 2021), which are typically restricted in the size of the system they can model, thus making them unable to model the electricity grid for an entire city.

To capitalize on the strengths of multiple models, model linkage is a common practice, especially between load models and operational models. Within this space, there have been studies showing the value in model linkage between two sectors. Szinai et al. (2020) found that the linkage of a transportation model and an electricity system model was able to provide insights on the operational implications of the increased EV penetration and VRE utilization. It was found that on a solar dominant electricity grid, “smart” charging (DR program used to control charging time to provide the grid the most benefit) can reduce VRE curtailment and reduce grid operating costs (compared to unmanaged EV charging). Additionally, Deane et al. (2015) found that the linkage of a building model and an electricity system model can more accurately measure the capabilities of an electricity system to manage a more highly electrified load. The linking of the models was proven to leverage the strength of each model and provide complimentary insights that would not have been seen otherwise. However, even with the proven benefit of mode linkage between two sectors, there has yet to be a model that links the transportation, building, and electricity sectors at a high enough resolution to fully assess the co-benefits of electrification and VRE integration. As all three sectors are key in meeting Regina's energy target and, more generally, Canada's deep decarbonization goals, a linkage of models between these sectors is a current gap in the research field.

This paper combines the strengths of multiple approaches via a novel integrated model of the transportation, building, and electricity sectors, with a bidirectional linkage allowing DR strategies to be modeled at high degree of temporal and spatial resolution. SILVER, an electricity system model, currently operates at a high temporal resolution and has the ability to model highly granular spatial boundaries; however, linkages with individual transportation and building models can allow for further spatial granularity while keeping SILVER's computation time reasonable.



METHODS

With Regina's potential for additional VRE generation and demand side electrification, there is a broad exploration space for future configurations of its energy system. Uncertainty can be explored by changing variables such as the electrification level, VRE capacity, storage, and DR. With the novel linkage between transportation, building, and electricity system models, these variables can be explored at a high temporal and spatial resolution.


Integrated Model Formulation

Reducing emissions related to energy use is a main objective behind Regina's renewable energy goal. Evaluating the effect of demand side electrification on emissions requires the demand side models to pass information to the electricity system model. Investigating DR based on VRE generation requires information to be passed from the electricity system model to the demand side models. VRE curtailment is an indicator of system efficiency and design because lower curtailment indicates more demand is being met by VRE. Since VRE is non-polluting, bidirectional linkage is implemented by using curtailment reduction as a proxy for emissions reduction.

Figure 2 illustrates the novel linkage process; the solid arrows represent the linkage from the building and transportation sector models to the electricity system model, while the dashed arrows represent the linkage from the electricity system model to the demand side models. Once a scenario is selected, the building and transportation models—outlined in detail in the following sections—are run concurrently and output demand load curves. These are combined with a baseline demand to represent the total electrical load for Regina, which is then input directly into the electricity model. Although these models interact with each other while running a scenario, they are decoupled and individual insights are able to be drawn from each model individually, as well as from the linked outputs.
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FIGURE 2. Bidirectional model framework with key inputs and outputs.


After the electricity model is run, the amount of VRE curtailment is assessed. DR is modeled to occur through utility control over EV charging and building temperature setpoints, allowing the utility to time-shift loads during periods of curtailment to take full advantage of VRE generation. Constraints are placed upon utility control to minimize the disruption to the customers. For example, EVs must charge if needed to get to their next destination, even if curtailment is not occurring. Similarly, the utility can only allow the temperature within a building to drop to a certain degree before allowing the heater to turn on. It is assumed that all electrified vehicles and buildings participate in DR.

The utility would decide how to allocate DR load to the building and transportation sectors; for simplicity, as it makes no difference to the overall system which sector uses electricity, every EV is charged until there is either no curtailment, or no remaining vehicles available to charge. The setpoints of all electrified buildings are then changed until there is either no curtailment, or all buildings have reached their maximum setpoint. This results in curtailment being minimized for that scenario. If the curtailment is still at unacceptable levels after the setpoints of all possible buildings have been changed, and the renewable target is not met, SILVER is rerun with storage technologies added.


Transportation Model

To predict EV charging, the travel and charging behavior of individual vehicles are simulated. By understanding when and where individual vehicles are traveling, the spatiotemporal distribution and flexibility of EV charging can be estimated by aggregating the charging of individual vehicles.

TASHA, an activity scheduling model developed and maintained at the University of Toronto (Miller and Roorda, 2003), is used to model vehicle schedules. It is currently being used to forecast travel patterns and test policy decisions in the Greater Toronto Area (Miller et al., 2015). Selected for its ability to consider spatiotemporal and resource constraints, such as vehicle availability, TASHA is able to use this information to predict EV demand within the integrated model platform. A complete daily travel schedule is generated for each household resident in a synthetic population, but commercial and freight transportation is not considered. This and other limitations regarding the transportation model are elaborated in the Limitations section. Detailed steps for creating and calibrating a TASHA implementation are documented by the University of Toronto Travel Modelling Group (Travel Modelling Group, 2020). Specific details on the development of TASHA for the Regina case study, including input preparation and model calibration, are described in the Supplementary Information.

The data sources and processing flows for the Regina transportation and EV charging model are shown in Figure 3, where the output of TASHA is used as an input into the charging model. Without DR, EVs are assumed to charge as soon as they arrive to their destination, and this strategy is modeled for scenarios without DR. Charging is modeled by processing each vehicle's trip schedule in temporal order: when a vehicle departs from an activity, its battery level is updated based on the trip distance and depletion rate following the assumptions described in the transportation model assumptions section. The equations which describe EV charging without DR are included in the Supplementary Information.


[image: Figure 3]
FIGURE 3. Transportation model processes, with solid boxes representing raw data inputs and dashes boxes representing a processed output. Note that bold text represents a direct tie-in to Figure 2.


DR implementation is modeled for EVs as utility-controlled charging (UCC), where the utility can control the charging status of individual vehicles. When DR is modeled, it is assumed that all EVs participate in DR and are required to communicate the following with the utility: time of next trip departure, desired battery state of charge at time of departure, and charging status (i.e., vehicle plugged in, vehicle charging). With UCC, participating vehicles follow the same travel schedules as with uncontrolled charging, but modify their charging behavior. Instead of charging immediately, EVs delay charging until the last possible moment such that the total energy charged during the activity is the same that would be charged without UCC. Because of this delay, the utility can charge EVs with excess renewable energy if it occurs. As previously mentioned, the VRE curtailment output from SILVER is used to guide UCC within the charging model; specifically, the utility tries to charge as many vehicles as possible (when curtailment occurs) to minimize curtailment and maximize use of VRE. Additional details on the implementation and modeling of UCC are included in the Supplementary Information.



Building Model

A detailed representation of the relationship between building characteristics and the resulting energy usage is needed to investigate the effects of retrofit policies on building energy use. However, it is also necessary to keep data and computational requirements to a manageable level. Therefore, electrification of the residential building sector is modeled using an archetype-based engineering model, similar to that employed by Ballarini et al. (2014).

Under this modeling framework, heat exchange between individual buildings and their environment is calculated using EnergyPlus, a detailed thermodynamics simulator. For this, building properties relevant to heat transfer are specified, which include building shape, building size, construction materials, size and location of windows, and the living patterns of occupants (Swan and Ugursal, 2009). A large population of varied buildings are modeled by specifying these characteristics for a small number of archetypes, whose properties are representative of the population as a whole (Reinhart and Davila, 2019). Building policies are then simulated by changing specific details in each of the archetypes. For example, insulation retrofits in houses built before a specified date are modeled by changing the construction materials of the relevant archetype within the EnergyPlus simulation.

The process flows and data sources used within Regina specifically can be seen in Figure 4. Archetypes were defined based on census data for the city, and archetype annual load curves were aggregated up to a city scale by multiplying by the number of houses represented by each archetype. The simulation was then verified by visual comparison to historical load curve data. Further details on the development of the building model specifically for the Regina case study, including data sources used, specifications of each selected archetype, and technical details of the simulation, is described in the Supplementary Information.


[image: Figure 4]
FIGURE 4. Building model processes, with solid boxes representing raw data inputs and dashes boxes representing a processed output. Note that bold text represents a direct tie-in to Figure 2.


DR was implemented in the model by manipulating the building setpoints for each hour based on whether VRE curtailment was occurring in that period. When the model is run without DR, all buildings are kept at a constant setpoint of 19°C for heating and 27°C for cooling, as per (SOURCE). In contrast, when DR is applied, building setpoints vary depending on if there is curtailment occurring, so that the buildings can be used as heat storage for the otherwise curtailed electricity. When curtailment is not occurring, setpoints relax to 18°C for heating and 28°C for cooling (i.e., lessening the electricity demand). During periods of curtailment, the heating and cooling setpoints change to the more restrictive values of 21°C and 26°C, respectively (i.e. increasing the electricity demand).



Electricity System Model

To effectively model a renewable city, it is crucial to develop a city-scale electricity system model. SILVER, a production-cost model (McPherson and Karney, 2017), was chosen as the electricity system model for the following reasons. First, though originally developed for analyses at the provincial level, it can also be applied at a city-scale (McPherson et al., 2018). Second, SILVER models an electricity system as defined by the user, including generation and transmission assets; generation operational constraints, costs, and carbon-intensity; VRE characteristics; and electricity demand. These inputs are then validated through transmission congestion checks, generation capacity checks, and flexibility checks before proceeding to the optimization module, which determines the least-cost dispatch of the electricity system (generation and transmission assets) needed to satisfy demand at every node and each timestep of the simulation (McPherson and Karney, 2017). Third, SILVER is conducive to DR implementation within the model linkage by synthesizing multiple load curves into one overall demand load and quantifying curtailment.

An overview of the data sources and model processes can be seen in Figure 5. In summary, the available electricity demand data came from SaskPower, the electricity distributor for most of the province of Saskatchewan; census population data came from the Canadian Census (Statistics Canada, 2017), and neighborhood boundary data came from the City of Regina (City of Regina, 2017). Boundary resolution and VRE resource analysis are discussed in detail in the Supplementary Information, while the processes within SILVER are outlined in more detail by McPherson and Karney (2017).


[image: Figure 5]
FIGURE 5. Electricity model processes, with solid boxes representing raw data inputs and dashes boxes representing a processed output. Note that bold text represents a direct tie-in to Figure 2.


For city-scale analysis, resolving spatial boundaries across data sources is a key priority; the high spatial resolution inherent to SILVER makes this especially important. As city-scale data is typically adopted from larger-scale data collection, there are discrepancies in spatial boundaries between data sets, as well as between the transportation and building model spatial boundaries. A detailed description of the assumption made within boundary resolution for Regina can be found in the Supplementary Information.

Due to Regina's high solar and wind potential, this analysis considers rooftop solar and wind. The hourly generation profiles are derived on a nodal level through capacity factor values. The wind capacity factor values were taken from the Global Renewable Energy Timeseries and Analysis (GRETA) online tool (McPherson et al., 2017). Due to the intricacies of solar capacity factor calculations in relation to rooftop solar and shading variabilities, the calculations were done based on local weather station data and the capacity factor procedure outlined by Masters (2004) and the GIS-work procedure outlined by Latif et al. (2012). Additionally, seasonal changes in sun position and rooftop slopes are accounted for by average annual rooftop shading factors. The related weather data came from the Canadian Weather Energy and Engineering Datasets (CWEEDS) (Environment and Climate Change Canada, 2015), while applicable GIS surface cover data came from various sources (City of Regina, 2017; Natural Resources Canada, 2020).




Scenario Development

Regina currently draws its power entirely from the SaskPower grid, which is heavily dependent on coal (30% of generation capacity) and natural gas (43% of generation capacity) (SaskPower, 2021). The electricity demand on the grid is primarily commercial, industrial, and residential plug-load, with very little residential heating being electrified, nor significant EV load. With the current grid composition, electrifying residential building and transportation loads would lead to an increase in overall emissions. However, with an increasing share of VRE generation, the effects of electrification would allow for an overall reduction in city-wide emissions.

Utilizing the novel methodology to explore the simultaneous implementation of VRE integration and electrification is explored. In order to assess the feasibility of Regina's energy target, 10 different scenarios were developed (Table 1). Each scenario is run in three stages, where curtailment and system cost are evaluated at each stage: Stage A models the naive load curve as a result of the transportation and building electrification scenarios with renewable generation infrastructure added; Stage B adjusts the transportation and building demand by enacting DR strategies when renewable energy would otherwise be curtailed; and Stage C adds storage technologies, reducing curtailment while still maintaining high VRE implementation on the grid. Note that Stage B has the same parameters as Stage A, but a different model architecture.


Table 1. Scenario parameters.

[image: Table 1]

As future electrification rates are highly uncertain, electrification levels were chosen to explore as broad a space as possible to align with Regina's ambitious decarbonization goal. Levels of 50 and 100% electrification balance the computational burden of running multiple scenarios with representing pathways to Regina's target.

Electrification of the transportation sector focuses on the switch from combustion engines to battery EVs, which run exclusively on electricity. It should be noted that electrification of the building sector refers to both replacing natural gas-powered furnaces with electric ground source heat pumps (GSHPs), and upgrading window, wall, and roof insulation levels to match the highest tier of the BC Step Code (Robinson, 2018). The insulation upgrades support electrification by reducing the energy demand of affected buildings, making it more feasible for electrification to be powered by renewable sources.

Within the scenarios, transportation and building electrification levels are assumed to change concurrently1; an electrification level of 50%, as in Scenario 1, means that 50% of households use exclusively EVs, 50% of households switch to GSHP, and 50% of households increase their level of insulation. For simplicity, it is assumed that policies for these variables would be implemented at similar times, resulting in similar electrification levels across sectors. This allows for a greater focus on how electrification as a whole will affect the electricity grid, rather than the effect of specific sectors.

Regardless of the adoption level, there are several assumptions in the EV charging model which remain constant across scenarios:

• EVs charge at every destination (home, work, shopping, and other activities) and have a battery capacity of 40 kWh;

• EV adoption occurs uniformly distributed across Regina households;

• Charging occurs with a power of 2 kW and the battery depletion rate is a function of external temperature;

• Temperature is sampled monthly using average temperatures from (Environment Canada, 2020); and

• Battery depletion rate was estimated using the online tool provided by Geotab (2021), where a 2019 Nissan Leaf with a 40 kWh battery is assumed.

Building model parameters varied slightly based on the adoption level. For the fully electrified scenario, all homes were assumed to receive both GSHP and insulation upgrades. For the 50% electrification scenario, all buildings received one of the two upgrades, and each upgrade was performed on exactly half of the building stock. Upgrades were strategically distributed to reduce energy consumption as much as possible, resulting in the following distribution among the types of buildings modeled:

• Buildings constructed before 1975, and a portion of those constructed in 1975, received insulation upgrades, as they are assumed to have poorer insulation.

• Buildings constructed after 1975, and the remaining portion of those constructed in 1975, received GSHP, as they are assumed to consume more energy due to their larger floor area.

Rooftop solar integration is reflective of both residential and commercial implementation and is based on the percentage of usable2 rooftop space covered with photovoltaic (PV) panels. Rooftop solar integration levels were taken based on recent residential opinion survey conducted in Regina (Bardutz and Dolter, 2020):

• Twenty five percent of residents are willing and able to install rooftop solar without any financial incentives;

• Fifty percent of residents are willing and able to install rooftop solar with financial incentives;

• And 100% rooftop solar integration, though not directly taken from the survey data, relates to a best-case scenario of residents willing and able to install rooftop solar.

Though this data reflects only residential interest in rooftop solar, it is assumed to be consistent across commercial and industrial building owners as well.

Wind farms are assumed to be installed outside city limits, for which there is significant support (Bardutz and Dolter, 2020). A wind farm is assumed to be introduced into the generation mix in conjunction with 100% rooftop solar implementation scenarios. This was done so that scenarios with a wind farm could be directly compared. Currently, the largest wind farm in Saskatchewan3 is 200 MW, which was taken as the upper bound for the modeled wind farm. To explore the space further, scenarios were also modeled with a 100 MW wind farm.

Storage was introduced to six scenarios (Scenarios 5 through 10) that were identified as having the potential to meet the renewable target if curtailment was decreased further than found in the previous stage. This was based on the amount of curtailment and progress toward the target renewable usage after the DR strategy was implemented (further discussion can be found in discussion). The storage technology was assumed to be lithium-ion batteries with a 4-h discharge duration. The maximum capacity of the storage technology (equivalent to the storage size multiplied by the duration of the battery) was assumed to equal the maximum curtailment within each scenario.




RESULTS

Electrification of private vehicles and building heating, DR, and storage each have different effects on system cost, VRE curtailment, and the ability of Regina to meet its renewable energy target. In this section, detailed results from all three stages are discussed. Figures that are referred to across subsections are various generation mixes (Figure 6) and a comparison of annual average curtailment levels for each scenario in each stage (Figure 7).


[image: Figure 6]
FIGURE 6. Generation mixes of various scenarios. Winter generation is seen from January 1–7 (left column) while summer generation is seen from July 1–7 (right column). As previously outlined, Scenario 6 has added rooftop solar capacity, and Scenario 10 has added rooftop solar and wind capacity.



[image: Figure 7]
FIGURE 7. Annual average curtailment value across all scenarios and stages. Curtailment in Stage C of Scenarios 1 through 4 is identical to Stage B, as there is no storage capacity added to the system. Note that if scenarios appear to not have values for a particular stage it is due to that value being zero or near zero.


Scenarios are evaluated on two key criteria: levelized cost of electricity (LCOE) (International Renewable Energy Agency, 2020; Lazard, 2020) and ability to meet Regina's renewable target (Figure 8). Additionally, as these scenarios are looking ahead to 2050, when Regina's target is set to be achieved, the cost is also evaluated based on a carbon tax of 170 CAD, as per the federal carbon tax guidelines (Canada Energy Regulator, 2020b; Tasker, 2020). It should be noted that LCOE is only reflective of the cost of electricity and future analysis should include comparison to the cost of other energy sources. The costs reported here may not be representative of overall energy costs in any given scenario, as discussed further in current limitations.


[image: Figure 8]
FIGURE 8. Modeled cost of electricity system per unit energy compared to ability to meet Regina's renewable target with a carbon tax of 170 CAD. As previously outlined, odd numbered scenarios have 50% electrification levels; even numbered scenarios have 100% electrification levels; and Scenarios 7 through 10 have additional wind capacity along with rooftop solar.



Stage A: Electrification Impact

Electrification increases the annual peak demand by almost 50%, though the effects on overall electricity consumption varies by electrification level. An electrification level of 50%, along with building retrofits to make consumption more efficient, was found to decrease consumption by almost 18%, while an electrification level of 100% was found to increase consumption by 15% (Table 2). Buildings were shown to be the more significant source of the changes in consumption, with transportation contributing under 5% of the total for both 50 and 100% EV penetrations.


Table 2. Modeled annual electricity consumption by sector based on electrified share of personal vehicles and residential building heating.

[image: Table 2]

The addition of rooftop solar allows Regina to be powered entirely by solar generation for periods in the summer (comparing Figure 6: Current system to Figure 6: Scenario 6A). Further, the deployment of wind allows for renewables to contribute to the generation mix at night (Figure 6: Scenario 10A), which is especially important in the winter electrification contributes significantly to overnight demand.

However, without DR or storage, Regina is unable to meet their target of 100% renewable energy across for the entire energy system. Only 65% of the energy demand is sourced from renewable energy, even when 100% of roofs are covered with solar PV (1,410 MW) and 200 MW of wind is installed, when DR and storage do not contribute to the grid balancing. In this scenario, 60% of the renewable energy is curtailed, which not only impedes reaching the target, but also indicates that the system is being operated inefficiently. Compared with the current system (composed of primarily not electrified loads), electrification of private vehicles and building heating and cooling results in a 7–33% higher LCOE (Figure 8). Assuming an LCOE of $40/MWh for wind and $126.5/MWh for rooftop solar, the addition of a wind farm tends to decrease the overall LCOE, as seen in the clustering of Scenarios 7A, 8A, 9A, and 10A in Figure 8.

As expected, curtailment in Stage A scenarios, when DR and storage are excluded from the system mix, is the highest. Curtailment peaks at almost 70% in Scenario 5A (refer to Figure 7) when there is 50% electrification and 100% rooftop solar penetration. In general, since electricity demand is higher in 100% electrification than 50% electrification scenarios, curtailment decreases between 9 and 15%, across all VRE penetrations. Without DR, EV charging demand follows a similar pattern day to day, when holding temperature constant. Lower efficiency in the winter results in longer charging events—because EVs arrive at their destinations with more depleted batteries than in the summer—and therefore a larger peak demand, as shown in Figure 9A. Temperature dependent efficiency was the only seasonal variation accounted for, but different seasonal travel patterns may also affect charging patterns and were not investigated. By disaggregating the EV charging curve by load type, it is seen that charging at work and home charging are responsible for the two peaks observed in EV charging (Figure 9B). However, it was assumed in this work that EV charging could take place at any location (i.e., work, home, shopping areas, etc.)—which would require widespread charging availability throughout the network. Such a scenario would result in infrastructure costs that were not quantified in this work.


[image: Figure 9]
FIGURE 9. (A) EV charging demand load at 50% EV penetration compared seasonally (left) and (B) winter EV charging demand load for 50% EV penetration disaggregated by trip activity (right).


The building model also uses markedly more energy in the winter than the summer. As seen by comparing Figures 10A,B, winter peak loads are almost three times higher than summer peaks, while winter troughs are approximately equal to summer peaks. The magnitude of this seasonal variation underscores that Regina's climate is heavily heating-dominated, and that it is important to choose envelope retrofits that help retain heat and HVAC systems that are optimized for efficient heating.


[image: Figure 10]
FIGURE 10. Building demand load in 50% and 100% penetration scenarios in (A) winter (top) and (B) summer (bottom).


Comparison between winter load curves in the 50% penetration scenario and the 100% penetration scenario (Figure 10A) shows that the two display a different temporal shape. In the 50% scenario, some of the electrified homes are powered by less-efficient electric heating systems, which are left over from the current system. This results in the 100% penetration scenario only using 20% more electricity over the course of the year, despite having twice as many homes contributing to the thermal load curve. From that, it can be seen that replacing gas-powered HVAC systems with more efficient systems can have a significant impact in terms of energy savings.



Stage B: DR Impact

Implementing DR had a noticeable but small effect on VRE curtailment, which allowed for an increase in the percent of load serviced by renewable energy, as shown in Figure 8. Seen in Figure 7, the DR results in only a 1–3% reduction in curtailment. This is largely due to the dual effect of decreased energy requirements and increased solar generation in the summer overwhelming the ability for DR to meaningfully decrease VRE curtailment. Additionally, the implementation of DR continued to see scenarios with 50% electrification having consistently more curtailment than those with 100% electrification, as seen in Stage B scenarios in Figure 7.

As the LCOE of rooftop solar is higher than non-renewable generation, DR results in a marginal increase of overall LCOE. However, even in the best-case scenario (Scenario 9B with 50% electrification, 100% rooftop solar, and 200 MW wind farm), curtailment rate was 60%, impeding the contribution that renewables could make. Though 70% of the load was serviced with renewable energy; this is only marginally better than that achieved without DR (Scenario 9A).

Though it was seen that 50% electrification scenarios are better able to service their electricity demand from renewables (Figure 8), this is mainly due to the overall lower electricity demand when compared to 100% electrification scenarios. It should be noted that 50% electrification scenarios may be representing a different pathway to meeting the renewable target than 100% electrification scenarios, as other renewable energy needed to meet Scope 3 are not accounted for in this modeling work. To meet Regina's Scope 3 target, the 50% electrification scenarios must be implemented in conjunction with additional decarbonization strategies for the remaining energy sources.

Implementing DR on the demand-side transportation model causes EV charging demand to shift toward the beginning of the curtailment period. A visual comparison of EV demand and VRE curtailment shown in Figure 10 shows that no matter how DR is implemented, the amount of curtailment may be so large that fulfilling 100% of EV charging with excess VRE would still result in curtailment. This is shown in Figure 11 for Scenario 3B (50% rooftop solar penetration) in the winter and summer.


[image: Figure 11]
FIGURE 11. Time-shifting of EV demand load due to curtailment within Scenario 3B in the (A) winter (top) and (B) summer (bottom).


As an EV is simulated to charge to its maximum capacity before every departure, there is charging occurring at times when there is no curtailment. As a result, not all EV charging is fulfilled by VRE generation (Figure 12). Alternative charging strategies, such as those where a vehicle is not charged until it reaches a certain battery level, could potentially be used to further shift EV charging and utilize more excess VRE. As the focus of this work was on electrification, space of EV charging behavior was not explored. Implementing DR successfully for EVs also requires that the infrastructure for DR exists where vehicles are during curtailment times. This can be seen in Figure 12, which shows EV charging load in Scenario 3B for select days in the winter, disaggregated by activity. Work related charging experiences the greatest increase during curtailment times, suggesting that most vehicles are parked at work when curtailment occurs.


[image: Figure 12]
FIGURE 12. Time-shifting of EV demand load due to curtailment within Scenario 3B disaggregated by trip activity for select dates with low curtailment in the winter.


Similarly, the underwhelming effect of DR on building load shifting, as seen by the proximity of the curves in Figure 13, can be explained by the nature of the DR strategies investigated. Even in the winter (Figure 13A) when the thermal load is much higher, additional activities such as lighting, appliance usage, and water heaters contribute to the total electric load of buildings. Effective load-shifting on the building side therefore requires comprehensive DR programs that include as many electricity-consuming activities as possible. It is also worthwhile to investigate the inclusion of industrial and commercial buildings in these programs.


[image: Figure 13]
FIGURE 13. Time-shifting of building demand load due to curtailment within Scenario 3B in the (A) winter (top) and (B) summer (bottom).




Stage C: Storage Impact

As seen in Figure 6: Scenario 10C, the introduction of VRE storage changes the generation mix significantly. The ability to store renewable generation leads to a decrease in curtailment in all scenarios (Figure 7). Notably, adding storage to scenarios with 100% rooftop solar penetration but no added wind capacity (i.e., Scenarios 5C and 6C) reduce their curtailment to near zero. Though there is still curtailment within some of these scenarios (ex. Scenario 9C), the level falls within an acceptable range considering the amount of demand being met by renewables.

As seen in Figure 7, adding storage technology to the grid is the most successful strategy in reducing curtailment. Overall, reducing curtailment directly correlates to Regina's ability to meet their target, but there are scenarios that have significant curtailment even when the target has been met (i.e., Scenario 9C). This indicates that there is excess renewable generation within this scenario, meaning increasing storage capacity would not necessarily increase Regina's ability to meet their target. In this situation, excess VRE generation unable to be stored can be exported to the provincial grid and potentially used as a renewable credit toward the renewable target, which is discussed further in the discussion.

As can be seen comparing Figure 8, the current system will continue to be the least expensive option in terms of LCOE due to the relative low cost of carbon intensive generations, though it is comparable to scenarios that have 100% rooftop solar penetration and a 200 MW wind farm (i.e., Scenarios 9C and 10C) are able to meet over 99% of their demand load with renewables. However, there is potential for cost reduction in the method of renewable penetration chosen; rooftop solar had a significantly higher LCOE than utility scale solar or wind, the latter of which can be seen in the cost difference between Scenarios 6C and 10C. Both these options would be viable and realistic ways to decrease the cost of integrating large-scale renewables.




DISCUSSION

The integrated model platform developed was used to investigate the feasibility of electrifying private vehicles and homes to run on renewable energy from a system operation perspective. With the high spatial and temporal resolution of the operational perspective, the feasibility of future planning decisions can be evaluated, and insights from the operational model can be used to inform planning in the building, transportation, and electricity sectors.

Though it was shown that DR within the transportation and residential buildings sectors only slightly reduces curtailment levels (1–3%), they are comparable to results within other literature. On the transportation side, though it was not quantified, Wolinetz et al. (2018) found that utility-controlled charging of EVs alone may not be effective for integrating additional VRE into the generation mix. However, the authors only simulated capacity additions to the electricity system that would not result in excess VRE generation, while this analysis assumed fixed VRE capacity. In the building sector, Pedersen et al. (2017) noted that thermal DR strategies could shift roughly 30–47% of peak residential building load in a cold climate. This is consistent with the Stage B results showing 11–60% of peak load was reduced in winter curtailment events.

This analysis found that electrification and renewable energy integration could not meet Regina's target without adding a significant amount of energy storage. Two hundred and fifty MW could fully power Regina with renewable energy in the fully electrified scenario. While this level of storage is technically feasible, the scale is more consistent with utility-scale energy storage projects such as Sir Adam Beck Pump Generating Station (174 MW) (OPG, 2021) and Hornsdale Power Reserve (150 MW) (Hornsdale Power Reserve, 2021). These projects serve entire provinces, which may raise the question of whether such a large-scale storage system is reasonable for a single city. Nonetheless, Solomon et al. (2017) found that to integrate large-scale VRE into an electricity system, the optimal storage size is roughly equivalent to the daily average demand. Comparing storage size found within the scenarios to winter daily average demand shows that storage sizing is in line with these results, though it is over-sized in relation to summer demand.

Though no possible with battery storage alone, the fact that there are higher curtailment levels in the summer, paired with higher electrified demand loads in the winter, indicate that long-duration electricity storage may be beneficial in creating more reasonably sized storage systems (Albertus et al., 2020; Dowling et al., 2020). However, the logistics of this would prove complicated in regards to Regina specifically; the traditional long-duration electricity storage system is pumped hydro storage (PHS) (Albertus et al., 2020), though Regina is not located close enough to a major waterway to feasibly utilize PHS. This means that other long-duration electricity storage options would need to be considered [such as power-to-gas-to-power (Dowling et al., 2020)], or construct it where SaskPower grid resources would be needed to reach it. As SaskPower currently does not have any utility-scale storage technology on its grid (SaskPower, 2021), this option may not be feasible for Regina in the near future, though should be kept in mind for a time when long-duration storage plants are more accessible.

A possible alternative or complement to energy storage is exporting excess VRE to the provincial grid; this would allow for the City of Regina to act as a net generator at specific times of the day and create a revenue stream through the sale of excess electricity. This could contribute to Regina's target as a “renewable credit” to offset any non-renewable generation utilized. This option may be necessary if Regina's renewable target is at odds with the provincial utility grid's capacity expansion plan, resulting in Regina's generation mix being less carbon-intensive than the provincial mix. Adding capacity at a provincial-scale would be less expensive due to economies of scale but adding them at a city-scale may be required if the province and city have opposing views on renewable generation. Other options such as the use of renewable natural gas in the building sector and clean fuel standards in the transport sector may play a role in the energy future of Regina (Government of Canada, 2017). The latter is explored in more detail in the suggested further research.


Current Limitations

This study has limitations within the results presented, the linkage architecture, as well as in the individual models. Firstly, LCOE results are only indicative of electricity and do not consider the cost benefits of offsetting gasoline and natural gas use in transportation and building sectors. Excluding these cost benefits would have over-reported the relative costs of meeting Regina's renewable target.

Currently the integrated model platform is unable to model either the electrified load or the DR capabilities of commercial and industrial sectors. This may have resulted in an under-representation of the effectiveness of DR. However, an area of inconsistency is that rooftop solar was assumed to be installed on commercial and industrial buildings in addition to residential.

Based on how the curtailment values are passed to the building and transportation models, the time-shifting of loads in DR adjustments may, with certain configurations, create new periods of curtailment. Though this did not occur within the scenarios analyzed, it can be addressed in future scenario configurations by changing the types of data passed from the electricity system model to the transportation and building models.

Finally, a limitation to the scenarios considered was that that they do not aim to capture the long-term planning and evolution of any of the systems modeled. Instead, the scenarios aimed to capture a snapshot of the system as it could optimally operate. This means that the degradation and replacement of equipment (EV batteries, HVAC equipment, etc.) was not considered within any costs or associated emissions.

A limitation of the transportation model is that it does not include a traffic assignment step. This may have affected the accuracy of travel and activity scheduling, resulting in different EV charging patterns. Similarly, the assumption that travel patterns of EV drivers are the same as non-EV drivers may limit accuracy of results. Further exploration of different charging strategies, including not charging at every activity, could improve the potential for utility-controlled charging to improve the use of VRE in EV charging.

As previously discussed, the archetype-based approach to constructing the building model under-represents the diversity actually seen in the building stock, which may lead to the model predicting higher peaks, lower troughs, and more fluctuations in the building load than would be observed in real life.

The electricity system model is assumed to import electricity from the provincial grid when it is unable to meet demand from local generation assets, but the hourly generation mix of the provincial grid may change if Regina is able to supply a significant amount of their peak demand. A linkage between a provincial electricity system model and a city-scale electricity system model would allow for these changes to be explored in more detail.



Suggested Further Research

This study developed a baseline for evaluating Regina's ability to meet their Scope 3 renewable target through various pathways, but there is still potential for future research. Some suggestions can be seen below:

• As previously mentioned, the exploration of meeting the Scope 3 renewable target through renewable energy sources other than electrification can be done in conjunction with the 50% electrification scenarios evaluated. This may include increased demand side management strategies to reduce overall energy usage, as well as the introduction of renewable fuels into the transportation and building sectors.

• Further analyzing the ability of Regina to meet the Scope 3 renewable target may involve electrifying commercial and industrial buildings, as well as electrification of commercial transportation.

• As mentioned, the system was analyzed as it currently exists. Connecting this work to a capacity expansion model would give the justification to explore scenarios that have drastically different system configurations to meet energy targets.

• Finally, on the economic side, there are several avenues to be explored pertaining to rooftop solar panels or wind farm ownership. This may include, but not be limited to, city ownership; resident ownership (referring to rooftop solar panels) with or without net metering; or a combination of the two.




CONCLUSIONS

Several conclusions can be drawn from this exploration of the feasibility of Regina's energy target, ranging from immediately actionable results, to results that indicate further research is needed to fully understand what the impacts will be on the electricity system. The impacts of this study have a wide-range of applications within Regina, as well as the potential to be leveraged by other cities with similar VRE resources and/or are currently drawing electricity from a high-emitting grid.

It is feasible for Regina to meet Scope 3 of their renewable energy target, by considering electrification of private vehicles and households and integrating VRE.

Results from the integrated model platform show that Scope 3 of Regina's renewable energy target can be achieved through large-scale implementation of VRE capacity and storage technology. By adding 100% rooftop solar on residential, commercial, and industrial rooftops (equal to 1,410 MW of solar capacity), 100 MW of wind capacity, and 250 MW of storage, 95% of Regina's electricity demand could be met with renewable energy, even with 100% electrification of private vehicles and thermal residential building load.

Meeting the renewable target will slightly increase LCOE, but this does not capture savings from fuel switching.

Though some scenarios have comparable costs to the current system, there would still be an overall increase (15–50% cost increase across Stage C results) in the net cost of operating the electricity system. That given, scenarios with higher VRE and storage implementation had lower costs than those with lower VRE integration, indicating that it is more economical to commit to large-scale penetration strategies. Additionally, there is significant potential for further reduction in costs of scenarios that can meet Regina's renewable target through switching from rooftop solar to utility-scale solar, as well as increasing the wind capacity.

The addition of storage capacity was necessary when utilizing utility-controlled DR to reduce curtailment.

In lower VRE penetration scenarios, DR can help reduce curtailment to acceptable amounts, though this is due to the lower initial curtailment values (27 to 24% in Scenario 4). In higher VRE penetration scenarios, DR does not meaningfully reduce curtailment, making energy storage necessary to reduce curtailment and meet Regina's target. As the current demand trends exist within the building and transportation sectors, it is unlikely that the implementation of DR strategies alone would allow Regina to meet their target.

Implementing DR for EVs hinges on adequate charging infrastructure at work locations.

Particularly in scenarios with a significant amount of solar energy, charging at work is found to experience the greatest shift when DR is implemented. This indicates that many vehicles in Regina are parked at work when solar curtailment occurs. DR with large amounts of wind energy, which is less predictable, could potentially be implemented through charging infrastructure at home.

For buildings, utility-controlled thermal load shifting does not have a large impact on overall curtailment reduction.

Building thermal DR is found to be largely ineffective in the summer due to the low cooling load of Regina. In the winter, although clear differences can be seen before and after the implementation of DR, these changes are small compared to the total building load. This indicates a need for more comprehensive DR strategies that include additional loads such as water heating, appliances, or lighting.
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FOOTNOTES

1Unless otherwise indicated, i.e., Current system scenario.

2Usable rooftop space is defined as an area where the average annual solar capacity factor is at least 10% for a minimum of 25.5 m2, which is equivalent to a 5 kW PV array (Solar Calculator, 2020).

3Golden South Wind Project is currently in the progress of being constructed and should be operational by 2021 (SaskPower, 2018).
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