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Abstract

:

This paper seeks to identify bottlenecks in the energy grid supply regarding different market penetration of battery electric vehicles in Stuttgart, Germany. First, medium-term forecasts of electric and hybrid vehicles and the corresponding charging infrastructure are issued from 2017 to 2030, resulting in a share of 27% electric vehicles by 2030 in the Stuttgart region. Next, interactions between electric vehicles and the local energy system in Stuttgart were examined, comparing different development scenarios in the mobility sector. Further, a travel demand model was used to generate charging profiles of electric vehicles under consideration of mobility patterns. The charging demand was combined with standard household load profiles and a load flow analysis of the peak hour was carried out for a quarter comprising 349 households. The simulation shows that a higher charging capacity can lead to a lower transformer utilization, as charging and household peak load may fall temporally apart. Finally, it was examined whether the existing infrastructure is suitable to meet future demand focusing on the transformer reserve capacity. Overall, the need for action is limited; only 10% of the approximately 560 sub-grids were identified as potential weak points.
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1. Introduction


To achieve the emerging climate change targets and manage traffic volumes, alternative vehicle concepts such as battery-electric vehicles (BEV) are offered by the automobile industry and require new infrastructure for electrical energy supply related to customer demands. Due to the increasing market penetration of electromobility and the resulting charging infrastructure, electricity grid use, in particular on the low-voltage level, is becoming more and more decentralized. It is expected that these decentralized charging processes will first affect the distribution grids in dense cities and urban areas due to the limited range of batteries in electric vehicles. However, these local grids are not designed for this high power, and electric vehicles can bring local grids to their technical limits of power systems [1]. An uncontrolled increase in electric vehicle charging will likely cause a bottleneck in the energy supply, and significant variations in the total required load capacity [2,3]. Therefore, the early detection of problematic areas is essential to detect possible week points and to prevent a grid overload in the future.



At present, there is much literature concerning this research issue; many countries are concerned about energy supply due to the rapidly growing number of electric vehicles. For example, Slovakia is the smallest country in terms of electricity consumption. According to a forecast of Slovakia’s Ministry of the Environment, only about 35.000 BEV are expected on the roads until 2030, accounting for 1.3% of total vehicles number in 2019 [4]. According to [5], future additional energy demand caused by BEV is only 0.4%. Compared to Slovakia, the expected new registrations of cars in the USA in 2030 are up to 6.8 million, accounting for 40% of new vehicle sales. It can be converted into over 25 TWh of total energy consumption for the 2030 to 2034 period. However, over the past 20 years, the US power system has added an average growth in power generating capacity of 30 TWh per year [6].



Furthermore, the study in [7] suggested that due to rail electrification and the penetration of alternative electric powertrains in road transport, the electricity consumption of electrically chargeable vehicles has shown a steady increase. Wu et al. [8] utilized a location planning model of electric bus fast-charging stations, which are key technologies along with electric vehicles. Compared to the effects on energy demand, the additional charging demand represents a significantly greater challenge for the electrical network. In [9], the authors proposed simulations of the load profiles of uncontrolled charging with different charging capacities, market penetrations, and daily driving distances. The additional charging demand generated by electric vehicles during evening peak load times can be particularly problematic. In addition, based on actual electric vehicle charging behavior in intelligent grid regional demonstration project in Los Angeles, the effects of electric carloads on the California distribution network are evaluated at different electric vehicle penetration levels [10]. In [11], Wussow et al. presented a methodology for modeling and analyzing the load in a distribution system considering grid-oriented charging of electric vehicles and adopted simulations in an extreme scenario.



However, these references generally only provide one or two aspects of the impact of electric vehicle penetration, and most of them regard electric vehicles as a challenge. We argue for the need to adopt novel approaches for forecasting and analyzing the future impact of electric vehicles in urban areas and the related consequences for energy demand and grid stability. The main contributions of this paper include the following:




	(1).

	
We investigate the effect of electric vehicle charging in terms of four key categories: market share forecasting, energy demand, charging profiles, and electrical distribution network.




	(2).

	
The paper used a comprehensive perspective, consisting of three modeling tools (energy system model, travel demand model and distribution network model) to assess the evolution of the future impact of electric vehicles in urban areas. By standardizing the modeling process, these models with different input parameters work separately but contribute to precisely predefined scenarios.









The remaining part of this paper is organized as follows: The second section presents an investigation on the expanding market for electric mobility up to 2030. The third section describes the method to analyze the interactions between electric vehicles and the local energy system. The following section presents network effects in the city of Stuttgart based on the travel demand model, including electric cars. The experimental results of the low-voltage grid including the additional demand from electromobility, are shown in the fifth section. Finally, the last section concludes the paper.




2. Prediction of Vehicle Number and Charging Points for an Exemplary Local Area until 2030


First, the total vehicle fleet in Germany was analyzed, and the potential market diffusion of battery-electric and plug-in hybrid vehicles (xEV) in the region Stuttgart in the year 2017 was estimated in our previous papers [12,13]. This forecast is based on different current studies considering the European CO2 fleet emission targets (up to 59 g CO2/km until 2030) [13]. It was also described that the current xEV share in Greater Stuttgart is twice as much as xEV share in Germany (0.56%). Based on the higher share in Greater Stuttgart, it is suggested that at key industrial locations, disproportionately high penetration of xEV can be expected in the future.



The vehicle fleet is subject to a continuous replacement by new vehicles. At the same time, the automobile manufacturers are under pressure to comply with the average CO2 fleet emission of the vehicles sold annually [14]. The development of the limit values for the different segments is shown in Table 1.



The legal regulations will be disrupted by an EU directive that will come into force in 2021. In this directive, buses in particular are subject to a stricter requirement (see Table 1). Therefore, already by 2025, 22.5% of the total vehicle fleet should be as so-called emission-free concepts [15]. However, mainly passenger cars will be considered in the following.



First of all, a forecast of the medium-term penetration of electric vehicles for the passenger car fleet should be derived. The limit values of CO2 fleet emission in 2020, 2025 and 2030 are prescribed by the regulation of the European Parliament [16,17]. The limit value for cars will be sufficiently reduced from 2020 (as shown in Table 1). As a result, the efficiency enhancements concerning conventional drive technologies achieved to date will no longer be sufficient to meet the requirements. Switching to emission-free electric drives is a necessary consequence.



More than 58 million vehicles are registered in Germany, of which 46 million are passenger cars (2017) [18]. Comparing the importance of vehicles according to their mileage, the share of passenger cars with 630,481 million km covers almost 90% of the total annual mileage on German roads [19], as shown in Figure 1.



To determine the future market penetration of the xEV up to 2030, forecast calculations from current studies by the Boston Consulting Group (BCG, Boston, MA, USA) [20], the Shell(London, UK) study [21], and the eMobil research [22] were used. In addition, extrapolations based on the CO2 fleet emission limits of the European Union were made. Based on the analysis of the total vehicle fleet in Greater Stuttgart and the legal framework conditions, two electrification scenarios for road traffic in Greater Stuttgart in 2030 were created. The focus lies on passenger cars, as they have the largest share of total mileage and can be electrified more easily than duty vehicles due to their lower weight [13]. Hence, an xEV share of around 27% and internal combustion engine vehicle (ICE) share of the vehicle fleet of about 73% in 2030 can be assumed in the Stuttgart region (see Figure 2). This corresponds to approximately 480,000 xEV, assuming a sufficient market acceptance of the newly created offer of alternative drive concepts.



According to the National Platform for Electric Mobility (NPE), 77,100 charging points have to be set up for one million xEVs, corresponding to around 13 xEV per charging point [23]. Extrapolating this recommendation into 2030, around 37,000 public charging points should be built by 2030 in Greater Stuttgart. The costs for procurement and installation of these charging points were determined according to NPE roadmap charging infrastructure. This roadmap provides a forecast of the charging infrastructure costs in the categories “Smart charging box”, “AC charging station” and “DC charging station” for 2020, as shown in Table 2.



To determine the average costs, the specific costs per kilowatt of installed capacity of the charging stations and their electrical distribution, grid connections were determined as well as the specific investment cost for the charging stations.



An interview was conducted as part of the expert workshop in the strategy dialogue dedicated to the automotive industry in Baden-Wuerttemberg on the 4 December 2018 to investigate the distribution of public charging points’ charging power. The investment for the target number of charging points was calculated based on the cost structure in Table 3.



The requirements for infrastructure, automobile manufacturers and electrification of road traffic are driven by the current legal framework of the European Union. In urban centers, such as the Stuttgart region, a substantial increase in xEV is expected (around 480,000 xEV in 2030, corresponding to a share of approximately 30%). In the following chapter, the energy system of Stuttgart will be analyzed, and the future impact of electrified road traffic on the energy grid energy network will be determined.




3. Energy Demand in the Stuttgart Region


In order to analyze the interactions between electric vehicles and the local energy system in the Stuttgart Region, an energy system analysis has been carried out with the TIMES Local Stuttgart Model [27,28,29]. According to [12], this energy system model represents all processes for energy conversion being used in the area of Stuttgart with covering the whole energy chain, e.g., energy supply (e.g., power plants, electricity imports), transmission and distribution, as well as energy consumption by end-users.



From a mid- and long-term perspective, electromobility will play a key role in an urban energy and transport system. Consequently, concerning the future development of electromobility, comparisons have been made on the scenarios with different market penetration. Because switching to public transportation is also an effective instruments for emissions reductions, a scenario with light commercial vehicles (high: 11.6% or low: 4%) and buses (high: 21% or low: 7%) is to be taken into account. According to the master plan for the City of Stuttgart [30], the analysis might be conducted based on three hypothetical scenarios:




	
“KLIM”: reduction of 95% global greenhouse gas (GHG) emissions until 2050 (compared with 1990) and rapid implementation of electromobility (27% xEV in 2030);



	
“KLIMPLUS”: a falling demand for mobility in individual motorized transport due to increasing demand in public transport and rail traffic;



	
“KLIMPLUS-LOW”: identical general conditions with “KLIMPLUS”, but a significantly delayed expansion of electromobility (10% xEV in 2030).








Electricity demand distribution by sectors is shown in Figure 3, indicating that electricity demand in the sectors of industry, trade and services as well as households will drop by nearly 30% until 2050 in the KLIMPLUS scenario. The total electricity demand will stay almost stable from 2035 to 2045, while that for electric cars, trucks and buses will keep growing continuously, which means the electrification of road transport playing an important role in electricity demand such as electric buses and fast-charging stations [8]. Apart from the transportation sector, electrification can also have a considerable impact on the other sectors such as households in 2050. Further comparison between the KLIMPLUS and KLIMPLUSLOW scenarios with total comparable consumptions indicates a shift from transport to the other sectors (KLIMPLUSLOW) to achieve a long-term goal of carbon neutrality.



Energy efficiency in industry and electromobility are vital factors for electricity demand. In order to fulfill ambitious climate goals, electrification is considered as an obvious solution to decarbonize energy consumption.



The application of electromobility has multiple cost implications in comparison with that of conventional vehicles. Firstly, the cost results primarily from the specific battery price and battery size. In addition, further cost effects will emerge due to the necessary expansion of the charging infrastructure and the regional energy system. Figure 4 shows the differential costs owing to increased electromobility (KLIMPLUS) compared with those in the other scenario (KLIMPLUSLOW). In general, the additional costs will sum up to 600 million euros by 2050. Taking a closer look at the majority of these costs, around 480 million euros will be incurred in the period 2023–2037, while the costs will remain steady in the years shown below.



With regard to the cost components, it is not significant differences in terms of the investment and operating costs between the conventional vehicles and the xEV, as well as the additional costs which forecast up to 35 million euros until 2027, highlighting the additional costs in the balance sheet mainly due to the installation and operating costs of the charging infrastructure. Around 880 million euros will aggregate over the considered certain period of time.



The remaining differential costs in both parts of “Imports/Exports” (e.g., fuel and electricity imports) and “Other system” (e.g., energy system of industry and households) will stay relatively low until 2042. However, the “Other system” subsequently reduces significant cost compared with that in the KLIMPLUSLOW scenario which requires greater efforts to achieve the greenhouse gas reduction targets in the remaining energy system with facts, especially when the electromobility is rarely considered in the master plan of Stuttgart.




4. Examination of Network Effects in the City Stuttgart Based on the Travel Demand Model MobiTopp including Electric Vehicles


To examine the temporal and spatial distribution of additional energy demand caused by electromobility, we used the agent-based travel demand model mobiTopp. mobiTopp is a microscopic multi-agent traffic demand model developed at the Karlsruhe Institute of Technology, Institute for Transport Studies, which simulates the movement of all people using all modes of transport exact to the minute over a period of one week within the Stuttgart Region [31].



Every agent represents an individual decision-making entity with characteristics such as household members, occupation status or mobility tool ownership. Travel demand is caused by activities, that are scheduled for each agent individually. Destinations and travel mode are chosen by applying multinomial logit models considering spatial, temporal or availability restrictions. Further, all cars are also modeled as entities with characteristics such as segment (i.e., small, medium, large) or drive technology (i.e., electric or conventional drive). Hence, car use and charging patterns can be analyzed for different vehicle types including electric vehicles. In total, five scenarios with different market shares for BEV (10% and 30% for the whole planning area of the Stuttgart Region) and different charging capacities (3.7 and 11 kW) were simulated. The assignment of cars happens based on a car ownership model [32]. Future car characteristics were defined during a specialist workshop with experts from the automotive as well as the energy industry; see Table 4. In order to perform a worst-case analysis for the whole region, we firstly allowed all agents to charge their electric car anywhere, as soon as their state of charge fell below 50% (for the duration of the activity carried out at that destination), assuming, that the infrastructure needed will be established in the future. For the detailed analysis of the quarter, that was used for the load flow simulation, however, we subsequently assumed that the agents charge their car every time they return home to create a substantial additional demand. These results were used for further analysis within this project (see [13] for further details).



In a first step, the grid utilization of a residential area with 349 households and 779 inhabitants in Stuttgart was investigated using load flow calculations. Therefore, the MATLAB-based open-source package MATPOWER [33] was applied. By linking MATPOWER and mobiTopp, the simulated mobility behavior was explicitly taken into account in the load flow analysis. For this purpose, we first analyzed the peak load of BEV charging and average household energy demand, assuming that agents recharge their BEV once they return home without any charging management in the simulation. With regard to the household load, a load profile was generated on a stochastic basis for the defined number of households, including seasonal lightning and heating [34,35]. Based on the peak load, an equal share was allocated to each household located in the residential area. The 349 households were allocated to 53 bus nodes with a varying number of residential units. Considering the grid data and the related technical restrictions (voltage limits, maximum power limits), the load flow analysis was carried out with the aim to identify the utilization of the grid components for the different scenarios.



Figure 5 shows the transformer utilization for different scenarios. We observed that a higher charging capacity could lead to a lower transformer utilization. This could be explained by a temporal fall apart of charging and household peak load. Due to the shorter charging time, a higher charging capacity can lead to a reduction in simultaneous charging processes. In summary, no thermal or voltage-related overloads could be identified independent of the scenario [13].




5. Analysis and Prognosis on Network Load in the City of Stuttgart


Second, an analysis on the low-voltage grid, including the additional demand from electromobility (resulting from the mobiTopp simulation), should be conducted for the entire city of Stuttgart. As a local distribution system operator, Stuttgart Netze GmbH (SN, Stuttgart, Baden-Württemberg, Germany) is responsible for the secure and safe operation of the electrical distribution network in Stuttgart. The distribution network includes around 1500 km of medium-voltage lines and 3900 km of low-voltage ones. In addition, the structure of the distribution network is schematically presented in Figure 6.



The transfer points between the high-voltage and the medium-voltage network have built total of 24 transformer stations in Stuttgart. On the one hand, the medium-voltage network is basically operated in open ring configurations. Medium- voltage lines supply electricity to big customers directly through the customer substations. On the other hand, there are around 1000 substations being feed points for the low-voltage network. The low-voltage distribution network consists of about 560 subgrids, which are supplied by one or more local stations depending on the required demand. The subgrids are the smallest network structure by means of galvanic connections at low-voltage level. As being shown in Figure 6, it is the cables and cable distribution cabinets that are interconnected to form a mesh network.



Figure 7 illustrates the distribution of the energy in megawatt-hours for different days of a week. The results are simulated by using mobiTopp with a xEV market penetration of 30% and compared with the grid data in the supply area of SN. The chart facilitates to identify the variation of demand across the different hours of a day. There are two peaks across the day. First, the larger peak (yellow circle) occurs in morning between 08:00 and 10:00, reaching approx. 60 MWh, which correlates with the time vehicles arrive at work locations in the morning. Second, a smaller peak (green circle) is noted in the late evening, which is highly likely due to the period of which drivers plugging in their vehicles as soon as they arrive home at the end of the working day. Furthermore, the energy requirement in this model for each charging process is covered in a relatively short time period due to a high charging capacity of 50 kW, which also leads to a significant decrease in the midday from 11 a.m. representing major potential to reduce simultaneous charging and peak loads with some appropriate measures, including delayed charging at home and workplace (until after the peak). Furthermore, in the simulated week, the energy consumption by charging is approx. 2350 GWh, which accounts extrapolated for 4% of the total energy consumption in the medium and low-voltage grid of SN in 2018. The peak power is at least 60 MW attributed to charging processes, which corresponds about 11% to the peak load in the supply area of SN in 2018 [12] meaning electromobility being less an energy-quantity problem rather than a challenge to supply load peaks in areas with high densities.



To identify such a hotspot like the peak load of each low-voltage grid network should be compared with their transformer reserve capacity. In view of around three quarters of networks, the currently available transformer reserves are sufficient. For the other 13%, more observations must be taken with suitable measuring technology since utilization is expected to be just above or below 100%. Only 10% of around 560 subgrids require action, and more than 60% of these overloaded grids are characterized by industrial use (see Figure 8). In this field, high concentrated loads, such as car parks, are generally connected to the medium-voltage grid where load peaks are easier to handle. Furthermore, 30% of the overloaded grids are dominated by residential use coupled with dense housing construction. Additional charging demand enlarges the typical load profile of households in the evening hours. Therefore, it is necessary to optimize the utilization of grid networks with an intelligent charging management.




6. Conclusions


Respectively to these investigations, already in 2030, every fourth car in Greater Stuttgart will be equipped as an electrified vehicle (xEV). Therefore, vehicle charging infrastructure needs to be expanded. Currently, about 400 charging points are set up in the city of Stuttgart (2019). The demand for the upcoming charging point needs will increase by a factor of 100, respective to the given simulation results. This increased demand for electrical energy might affect the electrical distribution grid; therefore, a network analysis was carried out, taking into account the “worst case” of xEV market penetration of 30% for a residential area of the city Stuttgart with 433 households and 779 inhabitants. By this investigation, the maximum voltage converter load capacity did not exceed 61%.



Further, results of net grid simulation were compared with network data in the supply area of the local distribution system operator SN. Only 10% of the approximately 560 subgrids were identified as weak points in the investigated power grid, of which 60% can be identified by industrial use and 30% of the residential areas with dense residential construction.



Hence, it can be concluded that even assuming a market penetration of electromobility of 30%, there is still no critical shortage of energy supply expected.



Many countries are concerned about the increasing energy demand from electric vehicles, but as this study has shown, the BEV market penetration at least up to 30% poses no threat. For example, in the USA, there was an annual increase in electricity consumption of up to 100 TWh in the period from 1970–1975 caused by the electrification of residential buildings and additional consumers, such as air conditioners and refrigerators. This did not result in catastrophic bottlenecks in the energy supply [6]. Therefore, the forecast increase in energy demand of 25 TWh from 2030 is no reason for panic. The bottlenecks can arise in the evening due to the high simultaneity factor since most of the BEV owners charge their electric cars after returning home. Therefore, an intelligent charging management is required to reduce the load peaks. A reduction in the maximum charging power would also have a significant impact on the distribution of the energy requirement over the course of the day.
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Figure 1. Total annual mileage in Germany [19]. 
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Figure 2. Forecast scenarios for the vehicle fleet electrification in Germany. 
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Figure 3. Electricity demand shares by sector in different scenarios. 
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Figure 4. Discounted system cost difference due to increased electromobility (cumulated over 5-year periods), KLIMPLUS and KLIMPLUSLOW scenarios in comparison. 
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Figure 5. Transformer utilization for the different scenarios. 
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Figure 6. Schematic structure of electrical distribution network. 
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Figure 7. Temporal distribution of the energy charged during the modelled week (30% BEV, new charging points = 50 kW, public charging is possible everywhere). 
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Figure 8. Analysis of the low-voltage grid including the additional demand from the 30% scenario. 
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Table 1. Development of European fleet emission limit values in road traffic [14].
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	Vehicle Categories
	2020
	2025
	2030





	passenger car
	100% (95 g/km)
	−15% (81 g/km)
	−37.5% (59 g/km)



	light-duty vehicles
	100% (147 g/km)
	−15% (125 g/km)
	−31% (101 g/km)



	heavy-duty vehicles
	-
	−15%
	−30%
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Table 2. Charging station infrastructure costs for electric vehicles based on [24,25].
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	Cost Items
	Smart Charging Box
	AC Charging Station
	DC Charging Station





	charging station
	1
	2
	1



	typical charging power [kW]
	3.7
	15.7
	50



	assumption service life of charging station [a]
	10
	10
	10



	assumption service life grid connection [a]
	40
	40
	40



	investment costs station [€]
	1700
	5500
	20,000



	investment costs [€/kW]
	459
	350
	400



	grid connection costs [€]
	0
	2000
	5000



	grid connection costs [€/kW]
	0
	127
	100



	current costs [€/a]
	500
	750
	1500



	current costs [€/(a·kW)]
	135
	48
	30



	lifetime weighted investment costs total [€/kW]
	459
	381
	425
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Table 3. Total investment of public charging points in the Stuttgart area [26].
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	Power
	Distribution
	Number of Charging Stations
	Investment, €





	3.7 kW
	2%
	738
	1.3 million



	11–22 kW
	72%
	26,585
	79.8 million



	≥50 kW
	26%
	9600
	204.0 million



	total
	-
	-
	285.0 million
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Table 4. Vehicle characteristics used in all simulation runs.
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	Technical Characteristics
	Small

(A/B Segment)
	Medium

(C/D Segment)
	Large Cars

(E Segment)





	Distribution of BEV to segments
	20%
	55%
	25%



	Range [km]
	250
	350
	550



	Consumption [kWh/100 km]
	12
	17
	23
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