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Executive Summary 
Plug-in electric vehicles (PEVs) are a growing source of electricity consumption that could either 
exacerbate electricity supply shortages or smooth demand curves. Extensive research has 
explored how vehicle-grid integration (VGI) can be optimized by controlling PEV charging 
timing or providing vehicle-to-grid (V2G) services, such as storing energy in vehicle batteries 
and returning it to the grid at peak times. However, implementation in the real world requires a 
cost-effective solution that accounts for consumer behavior. To function across different 
contexts, several types of charging administrators and methods of control are necessary to 
minimize costs in the VGI context. 

Charging control mechanisms can include the PEV interface, an electric vehicle supply 
equipment (EVSE) network, facility energy management, and price signals. These levels of 
control are appropriate for different users and each carries unique benefits and drawbacks. This 
work examines the relative advantages and disadvantages of each control mechanism and how 
they interrelate. 

The technologies only function properly if utilities structure rates to have an influence on 
charging patterns. At low rates of PEV penetration, simple residential time-of-use (TOU) rates 
can encourage drivers to use the vehicle interface to set charging start times. At high PEV 
penetration levels, dynamic rates and automated control will better smooth charging loads. 
Similarly, simple demand rates at commercial enterprises are sufficient in most markets to 
discourage charging coincident with peak demand as long as a PEV interface or EVSE network 
is utilized. However, integration with facility energy management may better align charging 
times than a stand-alone EVSE network. Furthermore, large scale PEV deployment may require 
greater integration at the system level, which may involve more complicated pricing mechanisms 
and automated, aggregate controls.  
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Introduction 
Large quantities of solar and wind power often generate electricity at times of low consumer 
demand, such as mid-morning or the middle of the night. The California Independent System 
Operator (CAISO) uses the so-called “Duck Curve” to illustrate how large quantities of solar 
photovoltaic generation interact with consumer demand to create steep ramps upward and 
downward in generation needs (California ISO 2016). ScottMadden Management Consultants’ 
review of CAISO data shows how low the belly of the Duck Curve actually dipped in 2016 in 
Figure 1, which is lower than initially predicted in 2013 (Vlahoplus et al. 2016). 

 
Figure 1. CAISO lowest March daytime net load—non-renewable generation needs. 

Illustration from ScottMadden Management Consultants 

Plug-in electric vehicles (PEVs) are a growing source of electricity consumption that could either 
exacerbate supply shortages or smooth electricity demand curves. Extensive research has 
explored how vehicle-grid integration (VGI) can be optimized by controlling PEV charging 
times or providing vehicle-to-grid (V2G) services, such as storing energy in vehicle batteries and 
returning it to the grid at peak times (Denholm and Short 2006, Göransson et al. 2010). 
Additional research has focused on optimal pricing models to incentivize demand response and 
peak shaving (Fitzgerald et al. 2016). While much of this research has modeled charging 
impacts, implementation in the real world requires a cost-effective solution that accounts for 
consumer behavior. To function across different contexts, several types of charging 
administrators and methods of control are necessary to minimize costs in the VGI context. 
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Plug-In Electric Vehicle Interface Control  
Most PEVs offer a user interface and web application that allows the driver to program charging 
times. For example, the Ford SYNC 3 interface shown in Figure 2 allows users to adjust and 
track their charging times (Ford 2017). 

 
Figure 2. Ford SYNC 3 interface. 

Image from Ford Motor Company 

In many cases, this is all the control a PEV owner requires at home to charge at set off-peak 
times. However, at the aggregate level, the PEV interfaces cannot coordinate charging among 
different vehicle types and vehicle owners. For example, while PEV interfaces let consumers 
take advantage of time-of-use (TOU) rates, the consumers acting independently may all set their 
charging to occur immediately after the off-peak rate goes into effect. Figure 3 shows how 
consumers in Pacific Gas and Electric territory created a rebound peak in response to TOU rates 
(ECOtality and Idaho National Laboratory 2013). In regions with low PEV penetration, the 
rebound peak may not have a significant impact on overall electricity demand, but researchers in 
the Nordic region have found that 100% passenger vehicle electrification could increase overall 
electricity demand by 7.5%, which would yield a significant rebound peak with simple TOU 
pricing and existing charge control methods (Graabak et al. 2016). 

  
Weekday residential charging demand  

in NES territory without TOU pricing, Q1 2013 
Weekday residential charging demand  

in PG&E territory with TOU pricing, Q1 2013 

Figure 3. Residential charging demand.  

Images from ECOtality and Idaho National Laboratory 
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Electric Vehicle Supply Equipment Networks 
Fleets, employers, and others often use electric vehicle supply equipment (EVSE) networks to 
control charging times, track electricity consumption, or bill employees for EVSE use. EVSE 
network administrators can dictate charging times for all EVSE units within their control, 
including times when no PEVs on their network can charge. They can also control EVSE on an 
individual basis. This takes control away from the drivers, which may be especially problematic 
for all-battery electric vehicles (BEVs) that may not reach the desired charge before their next 
trip and do not have a backup power source. An alternative is to require that drivers 
communicate to the administrator, or charge controller, when the vehicles must be charged. 

To control costs or simplify operations, administrators may prefer to use a centralized master 
controller, such as the HYDRA system diagrammed in Figure 4 (Outwater and Williams 2015). 
Such systems may also be able to limit PEVs’ overall electricity draw and apportion charging rates 
among the EVSEs. This is helpful in reducing the total capacity requirements of a dense 
installation of EVSEs to limit exposure to demand charges. 

 
Figure 4. HYDRA EVSE control system diagram.  

Illustration from Liberty PlugIns 

EVSE networks can regulate PEV charging loads to reduce EVSE demand at set times, but 
existing stand-alone EVSE networks are not integrated with facility electricity load. Therefore, 
their charging schedules may not adjust to unexpected building energy loads, such as cooling on 
a particularly hot day. 

Similarly, EVSE power demand must be integrated with local utility demand to avoid system 
peaks. Utilities can directly control PEV charging through EVSE networks, for example, by 
providing a discounted electricity rate in exchange for an agreement to curtail EVSE electricity 
as needed. This could function like the Xcel Energy air-conditioning “Saver Switch” program, 
which compensates consumers for allowing the utility to cycle off air conditioners during periods 
of peak summer demand (Xcel Energy 2017). However, users may choose to override the saver 
switch, especially if they have urgent transportation needs or range anxiety. At the same time, 
vehicles are parked and unused most of the time, so there are large periods of time when they 
could potentially charge. 
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Integrated Facility Energy Management System 
Energy management software and hardware can integrate EVSE loads, building loads, and 
distributed storage or generation such as rooftop solar photovoltaic. This can be used in 
conjunction with EVSE controls, such as the employee charging management system at the 
National Renewable Energy Laboratory (NREL), which asks employees to submit their 
anticipated departure time and charging requirements, and then optimally adjusts charging. 
Avoiding peaks in the overall demand may help reduce electricity demand charges, which NREL 
estimates account for over 50% of their annual workplace charging electricity costs (Jun and 
Meintz 2017). However, to avoid leaving BEVs out of service when needed, energy managers 
must work with fleets and employees to ensure that the charging need of vehicles is known by 
the system so that the vehicles are adequately charged. 

Price Signals 
Utilities can influence charging behavior using price signals to encourage consumers to charge at 
off-peak hours. Simulated models have shown that basic TOU rates can help utilities move PEV 
charging to off-peak times (Cao et al. 2012), and they can significantly reduce consumer costs to 
charge (Zhang and Markel 2016). To avoid peak rates, drivers can delay their charging to off-
peak times rather than charging as soon as they plug into EVSE. However, TOU rates may result 
in the rebound peaks shown in Figure 3. 

To address rebound peaks and better smooth electricity demand, utilities can employ dynamic 
electricity rates, which adjust more frequently and with greater precision (Muratori and Rizzoni 
2015). These rates require dynamic responses from active or automated energy management (Jin 
and Meintz 2015). This may be difficult for residential consumers or fleet managers, at least 
currently, but greater energy automation, third-party aggregation, and consumer buy-in could 
make this the ideal means of charging control, especially combined with the ability to provide 
V2G services. 

Utilities can also impose a peak demand charge on customers for the 15-minute period in the 
month when the customer uses the most electricity. Typically in the United States, utilities only 
apply this rate for commercial and industrial customers, who traditionally have more erratic 
demand patterns and are better able to control energy consumption through system controls. 
However, with smart meters, demand response technologies, and PEVs proliferating, consumers 
may be in a better position to control their peak demand, whether through their PEV interface, 
EVSE network, facility energy management system, or automated system control.  
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Summary and Conclusions 
Table 1 illustrates how all levels of control are appropriate for different users and carry different 
benefits and drawbacks. 

Table 1. Summary of Charging Control Mechanisms 

 
PEV Interface EVSE Network Facility Energy 

Management  Price Signals 

Administrator Consumer, fleet 
manager 

Consumer, fleet 
manager, facility 
manager, utility 

Facility manager Utility, facility 
manager 

Application Control individual 
vehicle 

Control individual or 
multiple vehicles 

Control building 
and vehicles 

Influencing charging 
using electricity price 

Benefits No cost, simple 
Programmable for 
multiple vehicles, 
simple, flexible 

Improved facility 
load control  

Aggregated at utility 
level, relies on 
downstream controls 

Drawbacks Does not offer 
aggregation 

No facility 
integration, not 
standardized across 
brands, added cost 

Distance of control 
from users, 
administrative costs 

Potential rebound 
peaks or complex 
price signals and 
automated controls, 
communication 

All of these technologies only function properly if utilities structure rates to have an influence on 
charging patterns. At low rates of PEV penetration, simple residential TOU rates can encourage 
drivers to use the vehicle interface to set charging start times. At high PEV penetration levels, 
dynamic rates and automated control will better smooth charging loads. Similarly, simple 
demand rates at commercial enterprises are sufficient in most markets to discourage charging 
coincident with peak demand. However, integration with facility energy management may better 
align charging times than a stand-alone EVSE network.  
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