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How Grid Reinforcement Costs Differ

by the Income of EV User Groups
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Due to the increasing power demand and expected load peaks, future electric mobility scenarios

require high grid infrastructure investments. Thereby, socio-economic factors such as income impact

the charging loads and the related grid infrastructure costs. Our simulations predict massive cost

asymmetries up to 33-fold when comparing higher-income to lower-income neighborhoods, which

could amount to a cost asymmetry of up to € 14 billion on an EU level. These infrastructure costs

could lead to an unwanted inequitable costing allocation, as grid operators might opt for an across-

the-board electricity price increase. Policymakers should support countermeasures like dynamic

electricity pricing or income-based subsidies.

With  tightening carbon emission regulations in  the
tfransportation  sector, more and more consumers are
switching to electric vehicles (EVs). However, charging a
high number of EVs poses challenges to the distribution grids:
Most consumers favor charging their EVs at similar times
during the day, especially in the early evening hours. This
parallel charging of multiple EVs could lead to significant
load pecks causing overloads within the grids (Clement-
Nyns et al. 2010; Lopes et al. 2011; Muratori 2018). These
overloads increase with EV adoption and depend on the EV
model choice and the applied charging patterns. All these
factors may be correlated with socio-economic attributes,
especially household income (see, e.g., Xue et al. 2021;
Sovacool et al. 2019; Kelly et al. 2012; lee and Brown
2021; Gauglitz et al. 2020). Therefore, grid operators may
have to over-proportionally enhance the grid infrastructure
in areas with many high-income households. Our paper
investigates how the necessary grid reinforcement costs
differ between lower and higher-income neighborhoods.

From these calculations, we quantify the over-proportional
grid reinforcement cost impact of higher-income EV users,
its potential to cause energy inequity and derive policy
recommendations accordingly.

We simulate electricity usage for two neighborhood types:
below-average (lower)] and above-average (higher)
income. For these two neighborhood types, we assign
respective EVs considering adoption and model choices
and fit the corresponding mobility behavior. We use
representative distribution grids in urban, suburban, and
rural settings to account for the differing structure and load
capacity. After allocating the electric vehicles amongst
the grid nodes, the simulations check each setting for
overloads and derive the grid reinforcement cost asymmetry
between the two neighborhood types. To consider the most
challenging season for electricity usage, we perform the
simulation over a week in December.
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Figure 1: Average simulated grid reinforcement costs (in €) in December.

Based on simulated load profiles, we investigate the grid
overloads occurring for below- and above-average-
suburban, and urban  neighborhoods.
This overload analysis is relevant for grid planning, as
it displays which neighborhoods require prioritization.
In all area types, higher-income neighborhoods would
experience significantly more grid overloads, putting these
neighborhoods higher on the grid operators’ agenda for
grid reinforcements. As the number of overloads and hence
the probability for a blackout differ significantly between
lower and higher-income neighborhoods, the importance
of including socio-economic factors such as income in grid
planning models becomes apparent.

income rural,

Next, we derive the related grid reinforcement costs to
mitigate the overloads previously outlined and stabilize the
grid. The average reinforcement costs to be expected are
illustrated in Figure 1 shown above.

We see 50% additional grid reinforcement costs for higher-
income neighborhoods in the rural, 3,266% in the suburban,
and 478% in the urban grid compared to lower-income
neighborhoods. The reinforcement costs in the rural grid do
not differ that much as this grid offers the least resilience.
An upgrade of its bottleneck, the transformers, becomes
inevitable even for lower EV charging loads.
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The asymmetries in grid reinforcement cost illustrate the
necessity for grid operators to include socio-economic
factors such as income in their grid planning models to
represent future grid costs adequately. When extrapolating
our findings to the around 119 million residential buildings in
the EU and accounting for their distribution to rural, suburban,
and urban areas, the potential grid cost asymmetry between
higher- and lower-income neighborhoods could reach
approximately €14 billion.

In order to derive appropriate mitigating policy measures,
we further analyze the impact of the underlying drivers for
the additional grid reinforcement cost of higher-income
neighborhoods. We quantify the standalone impact of
differences in EV adoption, model choice, and driving
patterns by neighborhood type. If EV adoption were equally
distributed over all neighborhoods, the grid reinforcement
cost asymmetries would shrink significantly. This effect,
however, is partly caused by a related grid cost increase for
lower-income neighborhoods. Nonetheless, our results show
that even if equal EV adoption levels across income levels
could be achieved, significant additional grid reinforcement
costs for higher-income neighborhoods prevail, especially
for the suburban and urban grids. Driving patterns strongly
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impact grid cost asymmetry, while the effect of model choice
is relatively small. These findings indicate that policymakers
may foster EV adoption with all model sizes but focus
more on reducing peak-hour charging to mitigate some
behavioral effects of higher-income households.

Residential grid reinforcement costs are currently paid for
via the consumer electricity price. If grid costs increase,
the electricity price inflates for all consumers across
neighborhoods. Due to their higher total electricity
consumption and related higher electricity costs, higher-
income neighborhoods carry more of the grid reinforcement
costs in tofal. However, as they only consume 16%-18%
(based on the area type) more electricity than lower-income
households, this contribution fails to offset the massive
additional grid reinforcement costs caused. Furthermore, grid
operators often split grid costs info a base rafe in addition
fo a volumetric (per kWh) component. This base rate is
not scaled with regards to consumption and hence further
limits the grid cost contribution of higher-income households
(Bundesnetzagentur 2020). With household electricity prices
at a record high (e.g. 32.63ct/kWh in 2021 in Germany
and quickly increasing during the European Energy Crisis
in 2022 (Bundesnetzagentur 2022; Statistisches Bundesamt
2022; Guan et al. 2023)), consumers have to expect further
across-the-board electricity price increases to cover the
additional grid reinforcement. This, however, is inequitable
with respect to the principle of fairmess according fo
contribution. As this grid reinforcement cost asymmetry can
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be traced back to higher-income neighborhoods, equitable
cost allocation would require higher-income households to
fully bear this cost asymmetry, not affecting the electricity
prices of other consumers.

Policymakers  should  consider  alternative  electricity
pricing models that adjust for maximum electricity loads
induced. They could also encourage a dynamic electricity
pricing sfrategy increasing peak-time electricity prices for
households. EV adoption greatly impacts the magnitude
of the inequitable grid cost allocation. As it is not desirable
to reduce overall EV adoption and limit the electrification
of mobility, policymakers could reduce the inequity in cost
allocation by increasing subsidies for EV adoption in lower-
income households, where EV subsidies have shown the
strongest impact on EV adoption (Sheldon et al. 2023).
However, households that cannot afford an electric vehicle
will not benefit from any of such actions but still face higher

grid costs.

We contribute to current research by quantifying grid cost
asymmetries with electric vehicle charging, considering
socio-economic factors. With this contribution, we illustrate
the importance for researchers and grid operators to include
socio-economic factors in their simulations and support
policymakers in factoring energy equity issues into future
electricity pricing designs and subsidy schemes. This article
provides new insights into the cost of the sustainable mobility
fransition and sheds light on the infensifying energy inequity.

www.bundesnetzagentur.de /DE /Beschlusskammern/BKO8 /BK8 06

Netzentgelte /BK8 NetzE html, checked on 7 /7 /2022.

Bundesnetzagentur (2022): Preise und Tarife. Available online af hips:

www.bundesnetzagentur.de /DE /Vportal /Energie /Preiselarife /start.

html, checked on 7 /7 /2022.

Clement-Nyns, K; Haesen, E.; Driesen, J. {2010): The Impact of Charging Plug-In Hybrid Electric Vehicles on a Residential Distribution Grid. In
IEEE Trans. Power Syst. 25 (1), pp. 371-380. DOI: 10.1109/TPWRS.2009.203648]1.

Gauglitz, Philip; Ulffers, Jan; Thomsen, Gyde; Frischmuth, Felix; Geiger, David; Scheidler, Alexander (2020): Modeling Spatial Charging Demands
Related to Electric Vehicles for Power Grid Planning Applications. In UGI @ (12), p. 699. DOI: 10.3390/ijgi?120699.

Guan, Yury; Yan, Jin; Shan, Yuli; Zhou, Yannan; Hang, Ye; Li, Ruoqi et al. (2023): Burden of the global energy price crisis on households. In Nat

Energy 8 (3), pp. 304-316. DOI: 10.1038 /541560-023-01209-8.

About the Center for Energy and Environmental Policy Research (CEEPR)

03

ceepr.mit.edu

Since 1977, CEEPR has been a focal point for research on energy and environmental policy at MIT. CEEPR promotes rigorous, objective research for improved decision making in government and the
private sector, and secures the relevance of its work through close cooperation with industry partners from around the globe. CEEPR is jointly sponsored at MIT by the MIT Energy Initiative (MITEI), the

Department of Economics, and the Sloan School of Management.


https://www.bundesnetzagentur.de/DE/Beschlusskammern/BK08/BK8_06_Netzentgelte/BK8_NetzE.html
https://www.bundesnetzagentur.de/DE/Beschlusskammern/BK08/BK8_06_Netzentgelte/BK8_NetzE.html
https://www.bundesnetzagentur.de/DE/Vportal/Energie/PreiseTarife/start.html
https://www.bundesnetzagentur.de/DE/Vportal/Energie/PreiseTarife/start.html

References(cont)

Kelly, Jarod C.; MacDonald, Jason S.; Keoleian, Gregory A. (2012): Time-dependent plug-in hybrid electric vehicle charging based on national
driving patterns and demographics. In Applied Energy 94, pp. 395-405. DOI: 10.1016/j.apenergy.2012.02.001.

lee, Rachel; Brown, Solomon (2021): Evaluating the role of behavior and social class in electric vehicle adoption and charging demands. In

iScience 24 (8), p. 102914. DOI: 10.1016/1.isci.2021.102914.

lopes, J. A. P; Soares, F.J.; Almeida, P. M. R. (2011]: Integration of Electric Vehicles in the Electric Power System. In Proc. IEEE 99 (1), pp. 168-
183. DOI: 10.1109 /JPROC.2010.2066250.

Muratori, Matteo (2018): Impact of uncoordinated plug-in electric vehicle charging on residential power demand. In Nat Energy 3 (3), pp.
193-201. DOI: 10.1038/541560-017-0074-z.

Sheldon, Tamara L; Dug, Rubal; Alharbi, Omar Abdullah (2023): Electric vehicle subsidies: Time to accelerate or pump the brakese In Energy
Economics 120, p. 106641. DOI: 10.1016/j.eneco.2023.10664]1.

Sovacool, Benjamin K.; Kester, Johannes; Noel, Lance; Rubens, Gerardo Zarazua de (2019): Income, political affiliation, urbanism and
geography in stated preferences for electric vehicles (EVs) and vehicle-to-grid (V2G) technologies in Northern Europe. In Journal of Transport

Geography 78, pp. 214-229. DOI: 10.1016/|.jirangec.2019.06.006.

Statistisches Bundesamt (2022): Proportion of households equipped with smart devices and systems. Available online at https: //www.destatis.
de/EN/Press/Graphics/Income-Consumption-Living-Conditions /2022 / Interactice /20221027 -proportion-of-households-equipped-smart-
devices.html, checked on 10/30,/2022.

Steinbach, Sarah; Blaschke, Maximilian J. (2023): Enabling E-Mobility: Can Photovoltaic and Home Battery Systems Significantly Reduce Grid
Reinforcement Costs@ DOI: 10.2139/ssrn.4446409.

Xue, Chenlei; Zhou, Huaguo; Wu, Qungji; Wu, Xueying; Xu, Xingbo (2021): Impact of Incentive Policies and Other Socio-Economic Factors on
Electric Vehicle Market Share: A Panel Data Analysis from the 20 Countries. In Sustainability 13 (5), p. 2928. DOI: 10.3390/5u13052928.

About the Authors

Sarah A. Steinbach is a Ph.D. student in sustainable energy at the Technical University of Munich. Sarah'’s
research interests lie in renewable energy, behavioral economics, EVs, and smart grids. Her current research
focuses on the effects of socio-economic and behavioral factors on the energy system. Sarah received a

M. Sc. in financial mathematics from the Technical University of Munich and a B. Sc. in mathematics and
economics from the University of Mannheim.

Maximilian J. Blaschke is a postdoctoral researcher at the Center for Energy Markets at TU Munich and an
affiliate at MIT CEEPR. With his economic and accounting background, he explores ways of more efficient
policy measures for the transition to sustainable alternatives in electricity and mobility. His recent research
investigates incentivization mechanisms for residential demand response, subsidy efficacy considering carbon
emissions of electric vehicles, and the related costs to ensure grid stability in future mobility scenarios.

20

ceepr.mit.edu

About the Center for Energy and Environmental Policy Research (CEEPR)

Since 1977, CEEPR has been a focal point for research on energy and environmental policy at MIT. CEEPR promotes rigorous, objective research for improved decision making in government and the
private sector, and secures the relevance of its work through close cooperation with industry partners from around the globe. CEEPR is jointly sponsored at MIT by the MIT Energy Initiative (MITEI), the
Department of Economics, and the Sloan School of Management.


https://www.destatis.de/EN/Press/Graphics/Income-Consumption-Living-Conditions/2022/_Interactice/20221027-proportion-of-households-equipped-smart-devices.html
https://www.destatis.de/EN/Press/Graphics/Income-Consumption-Living-Conditions/2022/_Interactice/20221027-proportion-of-households-equipped-smart-devices.html
https://www.destatis.de/EN/Press/Graphics/Income-Consumption-Living-Conditions/2022/_Interactice/20221027-proportion-of-households-equipped-smart-devices.html

