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Abstract: The cost of solar-generated electricity and battery costs have been decreasing significantly.
These developments can be combined to introduce solar-powered charging networks with demand
management prices (DMP) to enable electric vehicle (EV) customers to help utilities to manage
renewable energy. As solar-generated electricity becomes the cheapest source of power, the need to
increase demand for electricity during the day can be met by charging EVs at an attractive DMP in
parking lots with solar panels and charging stations that are connected to the electrical grid. The
demand for electricity can be managed and controlled by the utility with the goal of increasing
demand for power as needed so that all electricity that is generated can be sold. The proposal is to
introduce a new DMP rate that is only implemented when the utility wants to increase demand and
sell power at this low rate in order to make full use of the supply. As utilities strive to reach 100%
renewable electrical power to serve a society transported by EVs, cooperative plans to make good
use of batteries in EVs for managing the electrical grid will become more important.

Keywords: solar; wind; electric vehicles; Paris Agreement; sustainable development; supply and
demand; electricity

1. Introduction

During the last 10 years, there has been great progress in advancing sustainable
development [1–43]. In 2015, the Paris Agreement on Climate Change was adopted by the
Parties to the United Nations Framework Convention on Climate Change [3], and it came
into force in November 2016 [2]. The Sustainable Development Goals were adopted in
2015 at the United Nations [2,4]. Reducing greenhouse gas emissions (GHG), improving
air quality, implementing affordable and sustainable energy, and increasing the quality
of life are some of the important goals that are related to this work [2,4]. The Paris
Agreement’s goal is net-zero emissions, such that concentrations of carbon dioxide and
other GHGs become stable, with emissions being balanced by processes that decrease
concentrations [2,3]. Many people would like to encourage a race to net-zero emissions,
with many organizations, cities, and countries aiming to achieve the goal by 2040.

The progress in transportation powered by electricity has been rapid, with millions of
electric vehicles (EVs) in use presently. The largest numbers of EVs are two-wheel bicycles
and scooters; however, passenger cars, buses, and trucks have increased in popularity as
new models have been introduced. The rapid decrease in the cost of batteries has made EVs
more competitive [2]. Many people are using EVs to improve quality of life by reducing
their emissions [2,20,21].

In 2019, more than 41% of electricity generated in Kansas was from wind energy
because prices for electricity from wind have decreased to approximately USD 30/MWh
(3 cents/kWh) after a federal incentive is included [5]. Because of its low cost, wind energy
is one of the best ways to generate electricity and reduce carbon emissions in Kansas.

The cost of electricity generated with solar energy has decreased significantly and
it is now very competitive. Because of research and development, the projected price in
2022 is less than USD 40/MWh and less than USD 30/MWh with the tax credit [6,7]. In
addition, prices are expected to continue to decrease as new developments are implemented.
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Between 2021 and 2040, the amount of solar-generated electricity is expected to increase
and become a major source of electrical power in the United States [6,7]. The quality of
wind and solar resources varies with location; however, there are many sites in the world
where wind and/or solar are competitive and are being used to generate electricity.

Both wind and solar have natural features that impact the amount of electricity that is
generated at a given time. Thus, the utility must manage electric power with an uncertain
quantity supplied by wind and solar. Under these conditions, demand management
becomes more important for the utility because of clouds and variations in wind velocity.
One way for the utility to be involved in demand management is by generating and
supplying electricity through solar-powered charging networks for EVs.

Combustion emissions must be reduced for both electricity generation and trans-
portation to achieve the goals of the Paris Agreement and the Sustainable Development
Goals [2–4,26]. It is important for EVs to be charged with renewable electricity. Demand
management alternatives must be identified and developed to optimize electricity produc-
tion and distribution with wind and solar energy.

In Section 2 below, the concept of managed charging of EVs in parking lots with solar
panels and charging stations is described. Section 3 introduces the concept of dispatchable
demand to balance the supply and demand of renewable electrical power. In Sections 4–6,
the benefits of dispatchable demand are presented. Locations for parking lots with utility-
managed EV charging are the subject of Section 7. The future for dispatchable demand
management is considered in Section 8, and global goals are presented in Section 9. Con-
clusions are in Section 10.

2. Parking Lots with Solar Panels and Charging Stations

There are many parking lots with solar panels and charging equipment for EVs [1,8,9].
The city of Santa Cruz, California constructed a large-scale solar project on municipal
parking lots and began using them for shaded parking and EV charging in 2013. The
project saves the city around USD 73,000 annually and reduces greenhouse gas emissions
by around 200 tons/year [8].

As shown in Figures 1 and 2, in any parking lot that receives sunlight, solar panels
and EV charging equipment can be added to provide convenient charging while EVs are
parked and not in use. In Kansas, the estimated electricity generated from a parking space
shaded by a 3 m × 8 m solar panel array is approximately 16 kWh/day—which would
provide 4 kW of power at peak power times [1]. Thus, 3.2 billion kWh/day could be
generated with 200 million shaded parking spaces [1].

The concept of managed charging has been introduced because of the need for electric
utilities to balance supply and demand of electrical power [2,10]. If a utility has control
of EV charging in a network of parking lots with solar panels and level one or level two
chargers connected to EVs, it can increase demand by supplying power to a portion of the
EVs at a demand management price (DMP) that is good for the customer and the utility.
This price would be less than the time-of-use (TOU) rate and more than the utility could
get if it sold the electricity into the power grid. The DMP would be expected to be used
when the supply from wind and solar creates excess power that could best be managed by
increasing demand and selling power to EV customers who want to purchase electricity at
the DMP.

Many owners of battery electric vehicles (BEVs) have batteries with more than 80 kWh
of capacity, while they may use less than 15 kWh for their normal daily driving. If they
have more than 40 kWh of energy when they arrive at the parking lot, they can plug their
BEV in and request charging at the DMP if it becomes available. If a customer needs to
have the battery charged, the TOU rate can be requested. If a DMP rate is available, an EV
customer may attempt to purchase all needed power at the DMP by regularly requesting
charging at the DMP and only purchasing electricity at the higher rate when the energy
level in the battery needs to be increased.



Energies 2021, 14, 966 3 of 10

Figure 1. Solar-powered charging infrastructure at Lawrence Community Mercantile.

Figure 2. EV charging at Lawrence Community Mercantile.
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The ownership of parking lots with solar panels and charging infrastructure may
depend on laws that impact public utilities and the sale of electrical power. Public utilities
are approved to sell electricity, but the DMP and demand management plan may need to
be approved in some locations. Cooperative efforts may be best in some cases where the
electric utility works cooperatively with other partners to develop and operate the sites.

Customers with EVs may need to pay for parking as well as for the electrical power
that is provided. Funding can also come from advertisements, employers, government,
and merchants.

In the United States, there are many locations that may be developed for balancing
supply and demand of electrical power based on an estimated 200 million parking spaces
that might have solar panels installed [1]. In Kansas, many parking lots have good fea-
tures for adding solar panels and charging infrastructure. The need to manage demand
in Kansas is expected to become important as solar- and wind-generated electricity con-
tinue to decrease in cost compared to other alternatives and because of efforts to reduce
carbon dioxide emissions. Kansas has many days with good solar and wind resources
(being among the top five states in terms of total wind energy generation and among the
10 sunniest states in the country) and shade provided by solar panels is very beneficial on
hot summer days [41]. In Kansas, public utilities are regulated and approval would be
needed for a utility to establish and operate solar-powered charging networks for EVs with
control of EV charging at a DMP.

3. Electric Power Management

The concept of dispatchable demand is introduced in this part of the paper. In the
management of the electrical grid, demand for power is adjusted to meet supply by
controlling power flow to the EVs connected to the solar-powered charging network,
where EVs are charged as needed to balance supply and demand based on the supply
of renewable power. The solar-powered charging network is operated such that the grid
operator manages the dispatchable demand by changing power flow to the EVs, such that
all of the electric power from wind and solar generation is delivered to the grid and used
efficiently and effectively.

As the portion of power generated by wind and solar increases, there will be more
times when demand needs to increase to equal supply. The utility has the option of storing
electrical energy in batteries and using other energy storage systems, such as pumping
water, to a higher elevation. Time-of-use (TOU) prices for electricity have the potential to
help achieve a good balance between supply and demand by shifting demand to match
supply [40]. The DMP with utility management of demand has benefits for the utility
because wind and solar supply change as the wind velocity changes and clouds impact
solar generation. If the utility has a large network of parking lots with BEVs that are
available to be charged, it will be easier to balance supply and demand. Using the BEVs
for demand management does not require an investment in batteries for energy storage
by the utility. With modern smart grids and control system technology, the utility can
manage demand effectively at a reasonable cost. Recording the amount of energy delivered
is possible with modern technology, also. The utility would be expected to use the network
of connected EVs as one of several options to help balance supply and demand [2,10,11].

Demand management is an important topic and considered in many
publications [2,19,23,27,28,32–36]. Most of the past work has been on managing peak
power demand. There is smart grid literature related to time-of-use prices and real-time
prices [2,37]. The case where EV customers respond to prices for electricity and receive
power is different from the dispatchable demand case above, where the grid operator
supplies power to EVs as needed to balance supply and demand. The optimization of EV
charging and energy storage in batteries as part of smart grid management is an active area
of research [19].
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4. Economic Benefits
4.1. Immediate Benefits

Solar-powered charging networks for EVs with control of EV charging at the DMP
would have economic benefits for EV customers, the utility, and those who receive electric-
ity from the utility.

• The utility benefits by being able to use the network to help manage supply and
demand for its electrical power.

• The network allows the utility to increase demand for electric power when the supply
is available and to sell electricity at a price that is better than other alternatives.

• Under conditions where wind and solar energy are the cheapest alternatives to gen-
erate electricity, it is beneficial to produce and deliver power to customers in this
cost-effective way; that is, the utility operates more efficiently because of the network
of EVs and the opportunity to manage demand.

• Those who purchase power from the utility benefit from the reduced cost for electricity
that is associated with the more efficient operation that is possible because of the
managed charging of EVs.

• Since the solar-powered charging network has locations where parking is needed,
transmission costs associated with the network are low.

This also reduces GHG emissions, which would improve air quality and benefit
everyone. Additional economic value can be estimated using the social cost of carbon and
the tons of carbon dioxide that are not emitted [12,13,31].

4.2. The Social Value of Carbon (Long-Term Benefits)

New York’s Department of Environmental Conservation plans to have a zero-carbon-
emissions electricity sector by 2040 and 70% renewable energy generation by 2030 [38].
To guide them in this endeavor, they have established social values for the following
greenhouse gases [39]:

• Carbon dioxide: USD 125/ton
• Methane: USD 2782/ton
• Nitrous oxide: USD 44,727/ton

These numbers were calculated using a “damages approach” (which quantifies the
societal damages of GHG emissions) by:

1. Estimating emissions for all relevant GHGs;
2. Considering global damages;
3. Using the most recent data (atmospheric GHG concentrations, economics, and other

relevant information) available;
4. Applying a “discount rate” that “reflects the rate at which society as a whole is willing

to trade off a value received at one point in time (e.g., today) with a value received at
another point in time (e.g., the future)”.

This is the guideline outlined by the 2019 Climate Leadership and Community Protec-
tion Act for use by state agencies [31].

There are significant savings associated with when and where EVs are charged [24,25].
The economic benefits of using batteries in EVs to deliver power to the grid are an active
area of research [19]. There are many ways to integrate wind- and solar-generated electricity,
EVs, and battery storage into the smart grid, and many of these advances have economic
value [28,29,32].

5. Environmental Benefits

Both wind- and solar-generated electricity are clean and free of emissions. The goals
of reaching steady-state concentrations of GHGs and improving air quality by reducing
combustion processes are global and are being advanced through the United Nations.
The solar-powered charging networks for EVs with control of EV charging at the DMP
would have environmental benefits by increasing the use of electricity generated by wind
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and solar. The DMP for EV charging would encourage the purchase and use of EVs,
which would reduce combustion by decreasing the use of internal combustion engines.
The availability of a network of parking lots with EV charging would result in more EV
purchases because of reduced concerns about finding locations to charge batteries [25].

The benefits of better air quality in large cities are among the most significant issues
because more than 3 million people die each year because of poor ambient air quality [2].
The heat island associated with cities occurs because of solar radiation onto surfaces that
increase in temperature and because of heat generated by internal combustion engines
on roads and streets. Solar panels in parking lots convert some of the solar radiation into
electricity and EVs are very efficient; therefore, the heat island effect is reduced [1]. There
are many papers that address the environmental benefits associated with the transition
to electricity generated with wind and solar energy, EVs for transportation, and battery
storage for the smart grid [1,2,26,30].

6. Social Benefits

The shade provided in parking lots by solar panels is an important benefit because
temperature in an EV can increase significantly when it sits in the sun, especially in a
state “with about the same solar potential as Florida” [1,41]. Shade is beneficial to the
preservation of the paint on the car and when it is charged on a hot day. Improved air
quality associated with reduced combustion emissions has both social and health benefits.
The convenience of having EV charging in parking lots with a choice of TOU and DMP
rates is a social benefit. All of society would benefit from the reduced GHG emissions.

Research has shown that air quality may impact emotional health [14]. By analyzing
the geo-tagged tweets of Chinese citizens with a machine-learning sentiment algorithm
(that scored the happiness of the tweets) before merging those results with PM2.5 concen-
tration data, Sigi Zheng and co-authors found that “on polluted days, people [were] more
likely to engage in impulsive and risky behavior that they may later regret”, suggesting
that the “high levels of air pollution in China may contribute to the urban population’s
reported low level of happiness” [14,15].

The health benefits associated with the transition to clean renewable energy and EVs
have significant social value, and this is an important consideration as policy decisions are
made [1–4,26]. The large number of parking lots with solar panels and charging stations
will be convenient for those who use them to charge their EVs.

7. Locations

One of the best locations for solar-powered charging networks for EVs with DMP is
where customers work because the EV may be there for most of the day. Public schools,
colleges, and universities have large parking lots and the duration of parking is appropriate.
There are airport parking lots where EVs may be parked for longer periods that may be
used for DMP charging.

There are parking lots associated with hospitals, shopping centers, museums, and
other similar facilities where there are both employees and customers. The employees
would benefit by having a DMP charging network at these locations.

8. Future Planning

There are presently many locations where solar panels and charge stations have been
installed in parking lots; however, the concept of demand-managed charging with DMP is a
more recent development which will become more important in the future as the portion of
wind- and solar-generated electricity increases [2,10]. These renewable sources of electricity
are expected to become more competitive as their costs continue to decrease [20]. Between
2021 and 2040, the need will increase for solar-powered charging networks for EVs with
control of EV charging at a DMP. The number of EVs in service is increasing and this is
important for demand-managed charging.
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The estimated future size of dispatchable demand in the US with solar-powered
charging networks is approximately 100 million EVs with an average of 10 kWh added
to each per day or approximately one billion kWh/day in 2040. At that time, electricity
from wind and solar energy will be the cheapest option in many locations, which will
make demand management much more important than it is now [2,19,32–36]. Shortly after
President Biden signed an executive order to attain a “carbon pollution-free electricity
sector no later than 2035; and clean . . . zero-emission vehicles for Federal, State, local
and Tribal government fleets”, General Motors publicly announced their plan to only sell
electric vehicles by 2035 [42,43]. This accentuates the urgency of managing carbonless
electricity, and the method repeatedly proven to be most effective is to make demand
dispatchable through the methods mentioned above [1–3,27–30,32–37].

9. Global Goals

Solar-powered charging networks for EVs with control of EV charging at a DMP
may be installed in many countries and used with all types of EVs. Many countries may
benefit by producing and marketing basic EVs that provide good, useful transportation at
much lower cost compared to EVs that are popular in the USA. The two-wheel EVs have
provided excellent transportation for many people. The technology is simple and it can be
used in any country.

Solar radiation and wind are available in many locations to provide affordable and
sustainable electrical power. Electricity generated by wind and solar energy and EVs for
transportation are important aspects of many plans to reduce GHG emissions to meet the
goals of the Paris Agreement. Demand-managed charging of EVs can help many countries
to meet their Sustainable Development Goals [2].

Several goals are presented in Table 1. The most important challenge is to reduce
GHG emissions to reach net-zero emissions with constant GHG concentrations in the
atmosphere. One expected benefit of net-zero emissions is much better air quality in large
cities. These goals and the other UN Sustainable Development Goals should have high
priority as decisions are made to improve quality of life for everyone.

Table 1. Global goals related to Paris Agreement and Sustainable Development Goals.

1. Achieve net-zero emissions as soon as possible.

2. Develop reliable electrical grids that do not have carbon emissions.

3. Develop EV charging networks in locations where they are needed.

4. Integrate EV batteries into electrical grids.

5. Develop and implement agreements that enable grid managers to manage demand and EV
charging.

6. Improve the network economics associated with reducing combustion emissions, increasing
electricity from wind and solar, and increasing the number of EVs.

7. Affordable zero-carbon energy for all.

8. Improved air quality because of renewable energy and reduced combustion.

Improving air quality in large cities has great value for society because the global
cost of present-day poor air quality is approximately USD 4 trillion/year [2]. The impact
of poor air quality on health is shown in Table 2, where deaths associated with PM2.5
particulate pollution are reported [2]. Recently, there has been some progress in lowering
PM2.5 concentrations in China, as shown in Table 3. In India in 2019, the annual average
population-weighted mean PM2.5 concentration was 91.7 micrograms per cubic meter and
deaths due to poor ambient air quality were 72 per 100,000 people [16]. In the United States
and many other parts of the world, ozone concentrations exceed regulatory values, and the
social cost of ozone pollution is significant [18].
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Table 2. Median urban annual concentration of PM2.5 and deaths per year per 100,000 people
associated with ambient air pollution [2].

Country PM2.5 Concentration
Micrograms/Cubic Meter Deaths/100,000

China 59 76
Egypt 101 51
India 66 49
Japan 13 24

Netherlands 15 24
Nigeria 38 28
Turkey 35 44

United Kingdom 12 26
United States of America 8 12

Table 3. Average annual PM2.5 concentrations measured near the US embassy building in Beijing,
China [17].

Year PM2.5 Concentration Micrograms/Cubic Meter

2009 102

2010 104

2011 99

2012 91

2013 102

2014 98

2015 83

2016 73

2017 59

2018 51

2019 43

There are significant economic, environmental, and social benefits associated with
improving air quality in major cities of the world by implementing the ideas in this work
and transitioning to electricity generated with wind and solar energy, EVs (including
electric buses), and solar-powered charging networks with DMP and dispatchable demand.
This would also reduce greenhouse gas emissions. There are expected health benefits
as well.

10. Conclusions

Wind- and solar-generated electricity, EVs, and energy storage in batteries can be
used to advance sustainable development, reduce GHG emissions, and improve air quality.
Solar-powered charging networks may be constructed and used with dispatchable demand
and DMP by electric utilities to improve demand management when large quantities of
renewable power are being supplied. Demand management is becoming more important
as the percentage of power generated with renewable energy increases. Globally, trillions of
dollars can be saved as costs of solar-generated electricity decrease, solar-powered charging
networks with DMP are introduced and used, electric-powered transportation increases
toward 100%, net-zero GHG emissions are approached, and PM2.5 concentrations in large
cities decrease toward 10 micrograms/cubic meter.
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