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Abstract: Solar generation has increased rapidly worldwide in recent years and it is projected to
continue to grow exponentially. A problem exists in that the increase in solar energy generation will
increase the probability of grid disturbances. This study focuses on analyzing the grid disturbances
caused by the massive integration to the transmission line of utility-scale solar energy loaded to the
balancing authority high-voltage transmission lines in four regions of the United States electrical
system: (1) California, (2) Southwest, (3) New England, and (4) New York. Statistical analysis of
equality of means was carried out to detect changes in the energy balance and peak power. Results
show that when comparing the difference between hourly net generation and demand, energy
imbalance occurs in the regions with the highest solar generation: California and Southwest. No
significant difference was found in any of the four regions in relation to the energy peaks. The results
imply that regions with greater utility-level solar energy adoption must conduct greater energy
exchanges with other regions to reduce potential disturbances to the grid. It is essential to bear in
mind that as the installed solar generation capacity increases, the potential energy imbalances created
in the grid increase.
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1. Introduction
1.1. Proposed Solution

In the last decade, solar energy generation has grown enormously around the world.
At the end of 2019, the installed capacity in the world of photovoltaic systems was more
than 635 GW [1]. By 2050, it is predicted that solar energy will become the second-largest
renewable generation source in the world after wind. In 2050, it is also predicted that
the installed capacity in the world will exceed 8000 GW [2]. The increase in renewable
generation, particularly solar energy, increases the probability of grid disturbances. Due
to the above issues, it is necessary to quantify the potential impact of grid disturbances
produced by the integration to the transmission line utility-scale solar energy loaded to
the balancing authority high-voltage transmission lines (not utility-scale solar powering
low voltage local distribution). In this way, electric power companies can size the problem
and justify implementing solutions. This study proposes an analysis of the impact on the
grid considering integrating solar energy plants to the grid in four regions of the United
States electrical system: (1) California (high solar generation), (2) Southwest (moderate
solar generation), (3) New England (low solar generation), and (4) New York (null solar
generation). These four regions were selected because there is variation between them,
ranging from the region with the most solar generation, California, to one with no utility-
level solar generation (according to the Energy Information Administration [3]), New York.
The impact analysis of the grid was completed using hourly increments, considering net
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generation changes, net generation error with demand, and energy power peaks. The
findings contribute to solving the problem by quantifying the impact on the energy balance
and the power peaks caused by the massive integration of solar power plants. This study
seeks to answer the following research question.

Research Question: How does the penetration of solar energy utility level affect energy
imbalances and the peak of power in the grid?

1.2. Current Approaches to the Problem and Gaps in Current Approaches

Among the current approaches, several technologies support the integration of solar
energy into the grid to reduce potential disturbances, including technological advancements
of inverters, solar grid protection plants, better forecasts of solar energy generation, net
metering policies, and peer-to-peer energy trading [4].

The function of the inverters is to convert the direct current (DC) produced by the
solar panels into alternating current (AC) and control its output voltage [5]. These inverter
features are validated at the manufacturing stage, where the devices are subjected to loads
that simulate their operation and interaction with the network [4]. However, a gap exists in
that implementing inverters that allow voltage control to maintain a more stable grid can
only be applicable to small-scale and small-sized photovoltaic installations, generally used
in solar plants of less than 30 MW. In larger plants, grid and plant protection is required.

Other technologies include grid and plant protections, which are devices that monitor
all the critical parameters of the grid and disconnect the plant from the network in the
event of a disturbance [4]. Grid plant protection is a solution for today’s grid. However,
a gap exists in moving to a smart grid and increasing solar energy penetration, and this
technology will need to be adapted for future solutions [6].

Solar forecasting is another technology used to reduce disturbances on the grid; it
consists of predicting the behavior of solar generation to react quickly to any problem
on the grid. Generally, solar forecasting uses historical data of generation and weather
conditions [7]. However, a gap exists in that a few countries have established standards on
performing solar forecasting, whereby the methodologies vary from one electrical system
to another. Additionally, there are unique local factors in each region that can impact the
prediction of solar generation. Also, there is still a gap in the analysis of the integration of
solar energy considering the hourly operation of the electricity market at the transmission
level.

Another approach is net metering policies which allow users to load excess energy
production into the local grid. Some studies have shown that net metering can improve the
quality of the power, which would help reduce disturbances in the grid [8,9]. However,
a gap exists in that the penetration of solar energy at the residential level is still shallow
in the world and most of the states of the United States. As a result of an imminent
massive increase in solar generation at the utility level, net metering will not be enough to
reduce disturbances in the grid. In addition, it has been reported that net metering is being
phased-out [10].

Finally, Peer-to-Peer (P2P) energy trading is another approach that refers to the fact that
energy prosumers can sell their electricity surplus to other users in the same grid. P2P has
some benefits for the grid, reducing peak demand and improving the grid’s reliability [11,12].
However, a gap exists in that P2P still does not have the technical validation, security levels,
and regulations necessary to be implemented on a large scale [11]. Furthermore, there are
only a few pilot projects worldwide that have not been fully validated [13,14].

The rest of this paper is organized as follows: the next section (Section 2, Background)
presents the concepts relevant to the study: grid disturbances, solar energy integration,
and power grid in the US, followed by Section 3, Methods, in which the data collection
and data analysis are presented. Section 4, Results, presents the main findings of the study.
Subsequently, in Section 5, the results are discussed and compared to other studies. Finally,
Section 6, Conclusions, summarizes the article.
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2. Background
2.1. Problem Indentification

It is essential to resolve connectivity issues in the grid for a smooth transition to
renewable energy [15]. It is also vital to analyze new methods to correctly integrate
renewable energies into the grid [16]. Here, a grid disturbance means tripping one or more
elements of the grid energy system such as a generator, transmission line, or transformer,
ultimately shutting down electricity access from the grid. As an example, in early 2021,
Europe suffered a massive disruption on the grid, which caused concern in the energy-
intensive industry in Germany [17,18]. The event occurred after a sudden drop in frequency
(from 50 Hz to 0.25 Hz), which caused the European interconnected system to split in two.
In some regions, sensitive machines automatically stopped working. In addition, the
network operators in Italy and France had to disconnect some power plants in an effort to
maintain grid stability [17]. While this event has not been linked to an increase in renewable
energy, as generation from wind and solar units increases, incidents like this will become
more frequent [18,19]. Experts who delivered the report on the incident mentioned that
in terms of the transition to renewable energy, a more robust electrical system is required
to guarantee a stable supply of power to citizens [18]. Events like this are not limited to
Europe. In Australia, there have been problems with integrating renewable energies into
the power grid. For example, in 2016, there was a massive blackout because of a wind
energy disruption [19]. On the day of the event, Australia experienced an abnormally
violent storm, which caused a decrease in the outage of a number of wind farms and the
disconnection of several wind towers due to the high wind speed [19]. The increase in the
generation of solar energy and its participation in the generation of electricity in the world
and the United States is inevitable. With this massive increase in solar generation, it is
expected that large amounts of intermittent electricity produced by renewable energies will
create huge oscillations in the grid supply. Because of this, when planning the distribution
of energy in the energy market, the changes in the supply and demand for energy and the
different sources of energy used to meet the users’ needs must be considered. However,
little is known about the rate (i.e., quantity of solar energy adoption) or tipping point where
the greatest potential impact could occur and its implications for the grid, particularly the
potential disruptions created by increased solar power generation at the utility level. The
following sections will focus on three relevant areas: First, an explanation of the United
States power grid. Second a review of grid disturbances. Finally, the last subsection is
dedicated to integrating solar energy into the grid.

2.2. The United States Power Grid

The United States electrical system includes power plants, transmission and distribu-
tion lines, sub-stations, and end-users. The system uses a wide variety of energy sources
to produce electricity, including coal, natural gas, nuclear power, and renewable energy
sources. These components form a complex electrical power grid [20]. The US electricity
grid is one of the most complex and technologically demanding systems due to its inter-
connectivity that requires long-distance power transmission. This long-distance energy
transmission has the potential for associated disturbances in the network [21]. In the lower
48 states, the US power system comprises three primary interconnected systems, oper-
ating largely independently of each other with a limited interchange of energy between
them [22]. The Eastern Interconnection ranges from the east coast to the Rocky Mountains.
The Western Interconnection ranges from the Rocky Mountains to the west coast. The third
interconnection covers most of the state of Texas, the largest state in the United States [23].

The power grid in the United States has several challenges that are anticipated to arise
in the future: first, increase in user demand; second, infrastructure renewal; third, greater
risk of a cyberattack; and fourth, greater frequency of grid interruptions [24]. In recent
years, the electrical grid has become more fragile and vulnerable to interruptions [25].
Although the US has developed a capacity to protect electrical infrastructure from cyber-
attacks, it has been impossible to eliminate risks due to its complexity. Distributed energy
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resources and more micro-resources are essential to decentralize the electricity grid and
thus increase supply security and supply capacity during cyber-attacks [26], yet they can
also be problematic when considering grid disturbances. Also, increased solar power
generation increases the likelihood of grid disturbances at balancing authority levels in the
US electrical systems [27]. Finally, the massive increase in renewable energy generation will
also cause interruptions due to intermittent power generation. One of the biggest problems
of the massive incorporation of photovoltaic energy is the disturbances that can be created
in the grid.

2.3. Grid Disturbances

The variation in the quality of power in the grid due to the presence of disturbances in
the voltage wave of the network is an issue that has increased its intensity due to the energy
transition. In technical terms, to maintain a stable grid, the voltage waves must be pure sine
waves with a constant frequency [28]. However, the grid is generally unstable since the
voltage wave exhibits disturbances, such as noise in the differential, electrical impulses, fast
or slow voltage variations, flickering, harmonic distortion, and frequency variations [29].
When a massive number of distributed energy sources are connected to the grid, the grid is
subjected to various electrical loads, altering the voltage. This phenomenon increases with
the intermittent and often unpredictable generation produced by renewable energy, such as
solar or wind [30]. The increase in renewable energy can cause severe problems to the grid,
such as power fluctuations; imbalances in the grid that can increase overcurrent, thereby
affecting energy efficiency; and efficiency decreases in photovoltaic systems [31]. Although
solar generation is currently the third most significant renewable energy source, only after
hydro and wind, few countries have implemented technical standards or contingency plans
to prevent and reduce disturbances in the grid. Yet, grid disturbances are increasingly
becoming a problem due to the growth in solar plants around the world [32]. One of
the biggest problems resulting from the addition of photovoltaic-generated electricity
into electrical systems is the disturbances caused by voltage variations [33]. Mahela et al.
analyzed the behavior in common coupling points of the voltage, the current, and the power
and the relationship of these variables with the disturbances in the grid [34]. The authors
found that the resistive–inductive load disconnection affects the current, the voltage, and
the voltage in photovoltaic systems [34]. Purnamaputra and colleagues analyzed the total
distortion of solar systems connected to the grid, considering the frequency of disturbances
as the primary variable [35]. They found that the disturbances in the voltage are constant
at frequencies of 10 kHz and 30 kHz [35]. Most studies have focused on technical aspects
and solar plant disturbances on the local grid. Yet, there is a lack of literature that analyzes
the integration of photovoltaic installations considering electrical systems or subsystems as
a whole.

2.4. Solar Energy Integration

In recent years, the decarbonization of the electrical system in the United States
has been promoted to lead a transition to a cleaner energy matrix and reduce polluting
emissions [36]. In conjunction with decarbonization, it is necessary to expand renewable
resources to meet the increased demand for electricity [37]. Also, renewable energy will
significantly reduce carbon emissions and greenhouse gases [38]. There is a broad technical
consensus that renewable energy resources need the support of multiple critical actors
(generation, transmission, and distribution) in the electrical system to be effectively in-
tegrated into the grid [39]. A series of profound changes are necessary for the electrical
network architecture, including energy distribution and storage [40]. In addition, it is
considered that renewable energy technologies for the production of electricity, such as
solar energy, wind energy, geothermal energy, and hydroelectric energy, among others,
have great potential to satisfy the demand for electric energy when implemented on a large
scale [41]. The integration of wind and solar energy has a negative marginal impact on
the reliability of an electrical system at low levels of electricity generation [42]. As the
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penetration of renewables into the grid increases, the integration challenges will increase.
Following an analysis, a mismatch between supply and demand was predicted due to
the overproduction of energy at certain times of the day [43]. Solar energy would be a
fundamental source when integrating renewable energies into the grid. The supreme com-
petitiveness of solar energy is reflected in the long-term forecast high-penetration levels of
solar energy above that of wind and hydro [44]. The increase in solar energy generation is
not without its problems. By having greater penetration of solar energy in the grid, higher
peaks of generation of gas plants will occur at sunset, which is when solar generation
decreases [45]. In this way, the massive integration of solar energy will cause potential
disturbances in the electrical system of the United States. Thus, it is necessary to study the
potential impacts of the massive integration of solar generation in the US electrical grid.

3. Methods
3.1. Study Design

This study includes a comparison of four regions of the United States electrical system
(California, Southwest, New England, and New York) before and after the massive incorpo-
ration to the transmission line of utility-scale solar energy loaded to the balancing authority
high voltage transmission lines (not utility-scale solar powering low voltage local distribu-
tion). Data from the Energy Information Administration (EIA) and the National Renewable
Energy Laboratory (NREL) were used for the comparative analysis. The EIA data include
hourly data from energy generation by source and energy demand; the NREL data include
hourly generation from hypothetical solar plants. Statistical analysis was performed to
compare the mean at different levels of solar energy penetration. Table 1 shows the list of
the 13 regions in which the EIA data were divided and their respective codes; additionally,
the percentage of solar generation of each region is shown. Four representative regions
were selected for this study, the two regions with the highest utility level solar generation
(California and Southwest) and the two regions with low solar generation utility levels
(New England and New York). Statistical analysis compared net generation, the difference
between net generation and demand, and the power peaks before and after incorporating
hypothetical solar plants in the four analyzed regions.

Table 1. List of regions in the US electric power system.

N Code Name % of Solar Generation

1 CAL California 16.20%
2 SW Southwest 3.20%
3 CAR Carolinas 2.80%
4 NW Northwest 1.90%
5 FLA Florida 1.50%
6 SE Southeast 1.10%
7 TEX Texas 1.00%
8 MIDA Mid-Atlantic 0.30%
9 TEN Tennessee 0.30%

10 CENT Central 0.20%
11 NE New England 0.20%
12 MIDW Midwest 0.10%
13 NY New York 0.00%

3.2. Data Collection

The EIA is the Department of Energy’s statistical and analytical agency in the United
States. The EIA provides centralized and complete hourly information on the high voltage
electrical power grid in 48 of the contiguous United States (Hawaii and Alaska are excluded).
The data (EIA-930) are compiled by the electricity balance authorities and include forecast
demand, actual demand, net generation, net interchange, and net generation from the
following: coal, natural gas, nuclear energy, all petroleum derivatives, hydroelectric, solar,
wind, and other energy sources [3].
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For this study, hourly data from actual demand, net generation, and net generation
from the following were used between 1 January 2019, and 31 December 2019 [3,46]: coal,
natural gas, nuclear, hydropower, solar, wind, and other energy sources. For this study, four
regions of the United States electrical system were used: (1) California, (2) New England,
(3) New York, and (4) Southwest. These regions were considered to have a broad spectrum
of solar generation percentages. According to the EIA data [3], California is the region
that generates the most solar energy (16.2%), and New York does not have solar utility
generation. Southwest and New England have 3.2% and 0.2% of solar generation between
the two extremes.

NREL has decades of leadership focused on clean energy research, development, and
implementation. The expertise of NREL is essential for the transition to clean energy [47].
NREL has a hypothetical photovoltaic solar plant database for renewable energy integration
studies [48]. The database consists of 1 year (2006) of solar energy generation every 5 min
and daily hourly forecasts of about 6000 hypothetical PV plants. For the purpose of this
study, the data were aligned by hour. Solar power plant locations were determined based
on the capacity expansion plan for renewable energy. The database has three data types:
real power output, day-ahead forecast, and 4 h-ahead forecast. For this study, the real data
power output and the day-ahead forecast were considered. The number of hypothetical
solar plants considered for each analyzed region in the study is shown in Table 2.

Table 2. Number of hypothetical utility level solar plants per region included in the study [48].

Region Number of Solar Plants

California 167
Southwest 149

New England 68
New York 62

3.3. Data Analysis

The EIA-930 data were used as input of a new hourly energy balance (see Equation
(1)) [3,46]. For this new energy balance, the new solar energy plants had preference over
the existing plants that use fossil fuels to cover the real total net generation. According to
the EIA, each fossil fuel produces a different amount of carbon emissions. In decreasing
order, the fuels that produce the most carbon dioxide are coal, diesel, gasoline, propane,
and natural gas [49]. The selection criteria to replace the fossil fuels with the new solar
generation were based on the amount of carbon emissions generated by each fuel. Coal
plants are the first to be replaced, followed by petroleum products and natural gas plants.
After fossil fuels, nuclear energy was considered along with hydropower and other sources.
Solar energy was not selected to replace wind energy. Additionally, different levels of
presentation of solar energy, 100%, 75%, 50%, and 25%, were considered when performing
the analysis. Data analysis in this study was carried out using the statistical software
RStudio Desktop version 1.3.1093 (open-source edition, RStudio, Boston, MA, USA).

Equation (1) represents the energy balance according to the EIA-930 data [3,46].

NG = COL + NGA + NUC + PET + WAT + SUN + WND + OTH (1)

where

NG = Net generation
COL = Net generation from Coal in MWh
NGA = Net generation from Natural Gas in MWh
NUC = Net generation from Nuclear Energy in MWh
PET = Net generation from Petroleum products in MWh
WAT = Net generation from Hydro in MWh
SUN = Net generation from Solar Energy in MWh
WND = Net generation from Wind in MWh
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OTH = Net generation from others energy sources in MWh.

Equation (2) describes net generation, including the forecast solar generation of the
hypothetical solar plants minus the difference (delta) in generation from the other sources.
The delta in coal generation (∆COLFH), natural gas generation (∆NGAFH), petroleum
generation (∆PETFH), nuclear generation (∆NUCFH), other energy sources (∆OTHFH),
and hydro (∆WATFH) are functions of the forecast generation of the hypothetical solar
power plants (note that the FH subscript represents forecast hypothetical). The percentage
decrease in coal and natural gas, petroleum, nuclear, and other energy sources is offset by
the same percentage increase in solar energy.

NG(SUNFH) = ∆COLFH + ∆NGAFH + ∆NUCFH + ∆PETFH + ∆WATFH + SUN + WND + ∆OTHFH + SUNFH (2)

where SUNFH = Forecast net generation f rom hypothetical solar plants in MWh.
The following net-generation balance Equation (3) is a function of the forecast genera-

tion of the hypothetical solar plants and the actual generation. The forecast generation of
hypothetical solar plants (SUNFH) is replaced by the actual generation of the hypothetical
solar plants (SUNH).

NG(SUNFH , SUNH ) = ∆COLFH + ∆NGAFH + ∆NUC + ∆PET + ∆WAT + SUN + WND + ∆OTH + SUNH (3)

After establishing the new energy balances Equations (1)–(3), statistical t-tests of two
samples means, assuming equal variances, were carried out. The two-sample t-test is a
method used to test whether the unknown population means of two groups are equal or
not.

The hypotheses tested were the following:

Hypothesis 1.

H0 : µNG − µFH,H = 0H1 : µFH − µFH,H 6= 0 (4)

where µNG = mean o f NG; µFH,H = mean o f NG(SUNFH , SUNH).
The null hypothesis is that the mean of the net generation according to the EIA-930 data

(denoted by µNG) is the same as the mean of the net forecast generation of the hypothetical
solar plant and the current generation (represented by µFH,H), and the alternative is that
they are not equal.

Hypothesis 2.

H0 : µNG−D − µ(FH,H)−D = 0H1 : µFH−D − µ(FH,H)−D 6= 0 (5)

where µNG−D = mean o f (NG− Demand); µ(FH,H)

−D = mean o f (NG(SUNFH , SUNH )− Demand).

Hypothesis 3.

H0 : µ|NG−D| − µ|(FH,H)−D| = 0H1 : µ|NG−D| − µ|(FH,H)−D| > 0 (6)

where µ|NG−D| = mean o f (NG− Demand) in absolute value; µ|(FH,H)−D| =
mean o f (NG(SUNFH , SUNH )− Demand) in absolute value.

Hypotheses 1–3 were tested using one year-long hourly data.

Hypothesis 4.

H0 : µPeak, NG − µPeak,FH,H = 0H1 : µPeak, NG − µPeak,FH,H > 0 (7)

where µPeak,NG = mean o f daily peak o f energy f rom NG; µPeak,FH,H = mean o f daily peak
o f energy f rom NG(SUNFH , SUNH ).
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Hypothesis 5.

H0 : µPeak, NG−D − µPeak,(FH,H)−D = 0H1 : µPeak, NG−D − µPeak,(FH,H)−D > 0 (8)

where µPeak,NG−D = mean o f daily peak o f energy f rom(NG− Demand); µPeak,(FH,H−D) =
mean o f daily peak o f energy f rom (NG(SUNFH , SUNH )− Demand).

Hypotheses 4 and 5 were tested using a one-year horizon with daily data.

4. Results
4.1. Results at Different Levels of Solar Energy Penetration

Table 3 shows the before and after of adding hypothetical solar plants, considering
a solar energy penetration of 100%. In Table 3, it is observed that the California region
generates the highest percentage of solar energy with 16.2%, followed by the Southwest
region with 3.4%. On the other hand, New England only generates 0.2% of solar energy,
and the New York region does not have solar generation. This reflects the different levels
of solar generation considered in the study. Also, Table 3 shows that the primary energy
source in California, New England, and New York is natural gas, with 42.4%, 49.8%, and
34.7%, respectively. In the Southwest region, the main energy-generation resources are
nuclear (39.3%) and natural gas (37.5%). The generation from coal and petroleum products,
the largest carbon emitters, are less than 4% in California, less than 1% in New England,
and less than 3% in New York. However, in the Southwest, the generation from coal reaches
almost 15%, being the third most used source, and the generation from petroleum products
is zero. This demonstrates that each region has a different energy matrix, with various
levels of fossil fuel use.

Table 3. 100% Solar Penetration—Generation by region and sources before and after adding the
hypothetical solar plants.

COL NGA NUC PET WAT SUN WND OTH

California
Before 3.9% 42.4% 8.3% 0.3% 17.1% 16.2% 8.5% 3.2%
After 2.2% 32.0% 6.9% 0.2% 16.4% 30.8% 8.6% 2.9%

New
England

Before 0.5% 49.8% 31.2% 0.2% 8.4% 0.2% 3.6% 6.2%
After 0.3% 46.2% 31.2% 0.1% 8.4% 4.0% 3.6% 6.2%

New York
Before 0.0% 34.7% 33.6% 2.9% 21.9% 0.0% 3.3% 3.5%
After 0.0% 32.2% 33.6% 1.7% 22.0% 3.7% 3.3% 3.5%

Southwest
Before 14.7% 37.5% 39.3% 0.0% 3.2% 3.2% 1.9% 0.2%
After 8.1% 28.2% 37.3% 0.0% 3.2% 21.0% 1.9% 0.2%

Table 3 also shows the results with 100% hypothetical penetration of solar energy.
Solar generation almost doubled from 16.2% to more than 30% in the California region.
With this increase, solar generation becomes the second source of energy. In the case of
New England, where solar generation was only 0.2%, it increased to 4%. This implies
that the increase in solar generation helped reduce the consumption of fossil fuels in the
New England area. The New York region had no solar generation. However, after the
incorporation of 100% of the hypothetical solar plants, it reached a solar generation of 3.7%.
The second area with the highest solar generation, the Southwest region, increased from
3.2% to 21%. This implies that Southwest has tremendous potential for solar generation
(Arizona, New Mexico, and Southern Nevada).

Table 4 shows the solar generation in each region, and by source, with a penetration
of 75%. Even with a 75% penetration of solar energy in the California area, solar energy
is the second most used source. Solar energy remains the third most widely used source
in the Southwest region. It is essential to mention that even with a 75% penetration, it is
still possible to reduce use of fossil fuels significantly. For example, the use of coal in the
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Southwest decreased from 14.7% to 8.3%. In New England, coal and oil products were cut
by almost half. Solar generation becomes the third renewable energy source in the New
York region, below hydropower and wind. This implies that even with a 75% penetration of
solar energy, a significant reduction in the use of fossil fuels can be achieved in the analyzed
regions.

Table 4. 75% solar penetration—Generation by region and sources before and after adding the
hypothetical solar plants.

COL NGA NUC PET WAT SUN WND OTH

California
Before 3.9% 42.4% 8.3% 0.3% 17.1% 16.2% 8.5% 3.2%
After 2.2% 34.2% 7.5% 0.2% 17.1% 27.2% 8.6% 3.0%

New
England

Before 0.5% 49.8% 31.2% 0.2% 8.4% 0.2% 3.6% 6.2%
After 0.3% 47.1% 31.2% 0.1% 8.4% 3.1% 3.6% 6.2%

New York
Before 0.0% 34.7% 33.6% 2.9% 21.9% 0.0% 3.3% 3.5%
After 0.0% 33.0% 33.6% 1.8% 22.0% 2.8% 3.3% 3.5%

Southwest
Before 14.7% 37.5% 39.3% 0.0% 3.2% 3.2% 1.9% 0.2%
After 8.3% 30.9% 39.0% 0.0% 3.2% 16.6% 1.9% 0.2%

Table 5 shows the results in the energy balances before and after the incorporation of
hypothetical solar plants, with a 50% penetration of solar energy. While in California and
the Southwest solar power generation remains the leading renewable source, in the New
England and New York regions, it is the third-largest renewable source behind hydro and
wind power. With 50% solar energy penetration, the New England and New York regions
only have 2.1% and 1.8% solar generation, respectively. In the Southwest region, there is
still a significant decrease in the generation of coal, from 14.7% to 8.7%. This implies that
by reducing the penetration of solar generation to 50%, the impacts on the grid are less
significant, particularly in New York and New England.

Table 5. 50% solar penetration—Generation by region and sources before and after adding the
hypothetical solar plants.

COL NGA NUC PET WAT SUN WND OTH

California
Before 3.9% 42.4% 8.3% 0.3% 17.1% 16.2% 8.5% 3.2%
After 2.3% 37.0% 8.1% 0.2% 17.2% 23.5% 8.6% 3.2%

New
England

Before 0.5% 49.8% 31.2% 0.2% 8.4% 0.2% 3.6% 6.2%
After 0.3% 48.0% 31.2% 0.1% 8.4% 2.1% 3.6% 6.2%

New York
Before 0.0% 34.7% 33.6% 2.9% 21.9% 0.0% 3.3% 3.5%
After 0.0% 33.7% 33.6% 2.0% 22.0% 1.8% 3.3% 3.5%

Southwest
Before 14.7% 37.5% 39.3% 0.0% 3.2% 3.2% 1.9% 0.2%
After 8.7% 34.5% 39.5% 0.0% 3.2% 12.1% 1.9% 0.2%

Table 6 shows the generation by region and source considering a 25% penetration
of integration of photovoltaic generation plants. Solar generation in the California area
reaches 19.9%, more than 10% less when compared with 100% penetration of solar energy.
After hypothetical solar plant integration, solar generation in the New England and New
York regions is about 1% higher than baseline. In the Southwest region, solar generation
remains the main source of renewable energy, being 7.7% higher than hydropower (3.2%),
and wind (1.9%). This implies that the reduction in fossil fuel use is noticeably less than the
other scenarios (higher percentage of solar power generation), particularly in New York
and New England, which have the smallest percentage increases in solar power generation.
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Table 6. 25% solar penetration—Generation by region and sources before and after adding the
hypothetical solar plants.

COL NGA NUC PET WAT SUN WND OTH

California
Before 3.9% 42.4% 8.3% 0.3% 17.1% 16.2% 8.5% 3.2%
After 2.4% 40.4% 8.3% 0.2% 17.2% 19.9% 8.6% 3.2%

New
England

Before 0.5% 49.8% 31.2% 0.2% 8.4% 0.2% 3.6% 6.2%
After 0.4% 48.9% 31.2% 0.1% 8.4% 1.2% 3.6% 6.2%

New York
Before 0.0% 34.7% 33.6% 2.9% 21.9% 0.0% 3.3% 3.5%
After 0.0% 34.2% 33.6% 2.4% 22.0% 0.9% 3.3% 3.5%

Southwest
Before 14.7% 37.5% 39.3% 0.0% 3.2% 3.2% 1.9% 0.2%
After 10.4% 37.3% 39.4% 0.0% 3.2% 7.7% 1.9% 0.2%

4.2. Results of t-Test for Each Hypothesis

Table 7 shows the results of the equal means t-tests when comparing net generation
before and after incorporating the solar plants. Table 7 details the results of Hypothesis 1
by region and solar energy penetration level. Only one p-value in the Southwest region
with 100% solar energy penetration is significant (p < 0.05). The rest of the p-values are
not significant (using p < 0.05), which means that the null hypothesis is not rejected and
that there is no evidence to establish that the means are different. The Southwest region
had the most significant increase in solar power generation, from 3.2% to 21.0%. The
substantial increase in solar generation resulted in a difference in means when considering
100% penetration of solar energy. However, when reducing the percentage of solar energy
penetration, there is not enough evidence to reject the null hypothesis that the means are
equal. On the other hand, it is observed that in the four regions, California, New England,
New York, and Southwest, as the penetration of solar energy decreases, the p-value of the
statistical test increases. This implies that the equality of the means fails to be rejected as
the percentage of the solar penetration decreases. Another important insight from the table
is that of the regions analyzed, California produces the most energy on average, followed
by Southwest, New York, and New England.

Table 7. Hypothesis 1—t-test results by region and level of solar penetration.

Region Solar
Penetration Mean 1 [MWh] Mean 2 [MWh] p-Value

California

100% 22,350 22,185 0.0575 *
75% 22,350 22,226 0.1532
50% 22,350 22,267 0.3399
25% 22,350 22,309 0.6326

New England

100% 10,906 10,902 0.9020
75% 10,906 10,903 0.9264
50% 10,906 10,904 0.9509
25% 10,906 10,905 0.9755

New York

100% 14,955 14,953 0.9602
75% 14,955 14,954 0.9701
50% 14,955 14,954 0.9801
25% 14,955 14,955 0.9900

Southwest

100% 17,769 17,652 0.0327 **
75% 17,769 17,682 0.1069
50% 17,769 17,711 0.2797
25% 17,769 17,740 0.5871

* <0.1 and ** <0.05.

Table 8 shows the results of Hypothesis 2 by region and level of solar penetration.
This part of the analysis shows that when comparing the difference between net generation
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and demand before and after incorporating the hypothetical solar plants, there is evidence
to reject the null hypothesis in the California and Southwest regions. Particularly in the
California area, when considering 100% and 75% solar energy penetration, the p-value is
less than 0.05, so there is evidence to establish a significant difference between the means
(net generation—demand) when comparing before and after incorporating the hypothetical
solar plants. In the Southwest area, when solar penetration levels of 100%, 75%, and 50%
are considered, there is evidence to reject the null hypothesis (p < 0.05). This implies that the
means of the difference between net generation and demand before and after incorporating
solar plants are different. On the other hand, in the New England and New York regions,
at all levels of solar energy penetration, none of the p-values is significant (p < 0.05), which
means that the null hypothesis is not rejected and that there is no evidence to establish that
there is a difference between the means (difference between net generation and demand).

Table 8. Hypothesis 2—t-test results by region and level of solar penetration.

Region Solar
Penetration Mean 1 [MWh] Mean 2 [MWh] p-Value

California

100% −7828 −7993 0.0014 **
75% −7828 −7952 0.0166 **
50% −7828 −7911 0.1108
25% −7828 −7869 0.4264

New England

100% −2596 −2601 0.6780
75% −2596 −2600 0.7540
50% −2596 −2598 0.8338
25% −2596 −2597 0.9163

New York

100% −2832 −2834 0.8952
75% −2832 −2834 0.9210
50% −2832 −2833 0.9471
25% −2832 −2833 0.9735

Southwest

100% 5842 5725 <0.05 **
75% 5842 5754 <0.05 **
50% 5842 5783 0.0062 **
25% 5842 5813 0.1664

** <0.05.

Table 9 shows the results when comparing the absolute error of the difference between
net generation and demand before and after incorporating the solar plants into the sys-
tem. The p-values of the analyses carried out to test Hypothesis 3 of the study indicate a
significant difference (using p < 0.05) between the means in the California and Southwest
regions. In the California region, for penetration levels of 100% and 75%, a p-value of
less than 0.05 was found. This means that the absolute value of the difference between
net generation and demand is different when comparing before and after the massive
integration of solar plants. In the case of the Southwest area, a significant difference was
found in the means (p < 0.05) for penetration levels of 100%, 75%, and 50% of solar energy.
In the New England and New York regions, the p-values are greater than 0.05, so the null
hypothesis cannot be rejected. This implies that based on the given data, there is no strong
evidence to suggest that the absolute value of the difference between the net generation
and demand is not different.

Additionally, it is observed that the p-values in each of the regions increase with
increasing levels of solar energy penetration. This means that the massive integration
of solar energy impacts the absolute value of the difference between net generation and
demand. In other words, solar energy affects the energy interexchange between balancing
authorities in absolute value.
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Table 9. Hypothesis 3—t-test results by region and level of solar penetration.

Region Solar
Penetration Mean 1 [MWh] Mean 2 [MWh] p-Value

California

100% 7896 8061 0.0004 **
75% 7896 8017 0.0072 **
50% 7896 7975 0.0553 *
25% 7896 7934 0.2187

New England

100% 2596 2601 0.3438
75% 2596 2600 0.3823
50% 2596 2598 0.4212
25% 2596 2597 0.4604

New York

100% 2832 2835 0.4441
75% 2832 2834 0.4579
50% 2832 2833 0.4718
25% 2832 2833 0.4859

Southwest

100% 5842 5727 <0.05 **
75% 5842 5754 <0.05 **
50% 5842 5783 0.0031 **
25% 5842 5813 0.0832 *

* <0.1 and ** <0.05.

Table 10 shows the results associated with Hypothesis 4 by region and level of solar
energy penetration. Hypothesis 4 analyzes the peak energy, considering net generation
as a variable before and after integrating solar plants into the system. As a result, it is
recognized that the daily peak of energy does not have a statistically significant difference
(at p < 0.05) when analyzing the net generation. However, it can be observed in the table
that as the penetration of solar energy decreases, the p-value increases. This implies that the
greater the penetration of solar energy, the greater the probability of increasing the power
peaks in the balancing authorities.

Table 10. Hypothesis 4—t-test results by region and level of solar penetration.

Region Solar
Penetration Mean 1 [MWh] Mean 2 [MWh] p-Value

California

100% 27,730 27,876 0.3863
75% 27,730 27,798 0.4461
50% 27,730 27,746 0.4876
25% 27,730 27,719 0.4912

New England

100% 13,317 13,308 0.4791
75% 13,317 13,306 0.4743
50% 13,317 13,308 0.4782
25% 13,317 13,311 0.4869

New York

100% 17,464 17,482 0.4673
75% 17,464 17,469 0.4900
50% 17,464 17,462 0.4966
25% 17,464 17,461 0.4936

Southwest

100% 20,579 20,850 0.1803
75% 20,579 20,740 0.2919
50% 20,579 20,659 0.3915
25% 20,579 20,602 0.4685

Finally, Table 11 shows the results when the energy peaks of the difference between
net generation and demand are analyzed before and after the integration of solar plants.
As a result, the null hypothesis is not rejected in the four analyzed regions, California, New
England, New York, and Southwest. This means that the difference between net generation
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and demand before and after the massive integration of solar plants is not different. These
results are explained due to the high mean value in the baseline of the difference between
net generation and demand (the exchange of energy between balancing authorities). From
Table 8, it can be seen that, for example, in California, there are exchanges of almost
8000 MW, in New England and New York of more than 2500 MW, and in Southwest of
nearly 6000 MW on average. This implies, as the difference between net generation and
demand is significantly high, the impact of solar energy generation is much smaller.

Table 11. Hypothesis 5—t-test results by region and level of solar penetration.

Region Solar
Penetration Mean 1 [MWh] Mean 2 [MWh] p-Value

California

100% −4245 −4393 0.2814
75% −4245 −4384 0.2907
50% −4245 −4360 0.3228
25% −4245 −4316 0.3872

New England

100% −2084 −2007 0.0591 *
75% −2084 −2040 0.1809
50% −2084 −2065 0.3447
25% −2084 −2081 0.4709

New York

100% −1933 −1854 0.1004
75% −1933 −1885 0.2152
50% −1933 −1907 0.3380
25% −1933 −1924 0.4380

Southwest

100% 6842 6968 0.1060
75% 6842 6887 0.3260
50% 6842 6837 0.4829
25% 6842 6823 0.4245

* <0.1.

5. Discussion

This study aimed to analyze how the penetration of solar energy utility levels affects
energy imbalances and the peak of power in the grid. Subsequently, in response to the
research objective, the study shows the following main results. The difference between
before and after (the massive integration of solar power plants) is not statistically significant
(p < 0.05) in most of the regions analyzed when including net generation as a variable (see
Table 7). The exception is the Southwest, as it had a considerable increase in solar power
generation (3.2% to 21.0%). In the case of the New England and New York regions, it may
be that the percentage of solar power generation is too low, 4.0% and 3.7%, respectively,
to generate a significant impact on the imbalance of the systems. On the other hand, the
California area, in the baseline, already had a high percentage of solar energy generation
(16.2%), which increased almost the double (30.8%). For this reason, the impact when
analyzing the net generation before and after the massive integration of solar plants was
not significant in the California region (see Table 7). For massive integration of renewable
energies in the grid, it is necessary to maintain a balance [50].

Unlike this study, a study conducted in Texas found significant differences in energy
balances and peak power after the massive integration of solar plants [51]. Although
this study did not find a significant impact on the energy balance in most regions, one
of the solutions suggested to improve the balance in the grid was the implementation
of storage systems [50]. The difference between net generation and demand is analyzed
as a variable, the total amount of energy that each region must exchange with other
balancing authorities. The results show that the difference when analyzing the hourly data
is significant between before and after the integration of the hypothetical solar plants in the
system in the regions with the highest generation of solar energy, California and Southwest.
This implies an imbalance in energy exchanges with other balance authorities due to
incorporating more solar generation into the systems. Having to carry out more significant
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energy exchanges with other external systems could cause disturbances due to voltage and
frequency differences. Like this study, NREL studies have shown that cooperation between
balancing areas is essential when significantly increasing renewable energy generation [52,53].
Studies have shown that by having greater solar energy penetration, more significant power
fluctuations in the network are produced due to the changes in solar irradiance, which
impacts the energy balance and energy peaks [54].

Additionally, when analyzing different penetration levels, it is observed that the
probability of generating disturbances in the system increases when solar generation
increases. However, this depends on the percentage of solar generation of the system. For
instance, in the case of New England and New York, it is not significant (the portion in both
regions is 4% or less). Also, when analyzing the absolute error of the difference between
net generation and demand, the results support an increase in the absolute exchanges of
energy with other interconnected systems in the California and Southwest regions. This
difference decreases as the level of penetration of solar energy decreases. It has been found
that power peaks are generated on the grid, which are produced by large solar systems [55].
However, studies have shown that peaks of power can be minimized by incorporating
a large number of small solar plants instead of a few large solar plants [55]. In contrast,
regarding the daily peak of energy in the net generation, no significant difference was
found (at p < 0.05, see Table 10) in any of the four regions analyzed. Particularly, in the
New England and New York regions, the lack of difference in power peaks is due to the
low percentage of solar generation (4% or less). In the cases of California and Southwest,
although solar generation is much higher (30.8% and 21.0%, respectively), it is still not
enough to generate an impact on energy peaks. The highest energy peaks can be produced
at midday, which is when a greater amount of electrical energy is generated from solar
systems [33]. For this reason, future studies would benefit from an hourly peak-energy
analysis. In addition to being physically adjacent systems connected to the same substation,
energy imbalances increase [33]. An analysis at the substation level could generate different
results on the peak of energy in the grid.

In previous studies, it was found that substituting traditional electricity generation by
photovoltaic systems impacts the stability of the electrical network about energy peaks [56].
In this study, fossil fuels plants were substituted by solar generation. However, no signif-
icant impact was found in the energy peaks when the peaks of energy in the difference
between net generation and demand were analyzed, that is, the exchange of energy with
other areas. It was found that power peaks did not increase with the massive incorporation
of solar plants into the systems. The four regions analyzed have a high dependence on
energy interchanges with the other areas of the United States electrical system. As inter-
changes occur hourly, which in some cases may exceed 30% of the energy demanded or
produced in the area, it would be necessary for the generation of solar energy to be one
of the main sources of generation to create an impact on the energy peaks. Finally, like
all studies, this study has limitations. Only four regions were analyzed, and not all the
interconnected systems in the United States. Hypothetical data from solar plants were used,
which may differ from reality. Furthermore, only four levels of solar energy penetration
were considered.

6. Conclusions
6.1. Summary

This study provides findings from a comparative analysis considering the massive
integration of solar power plants in four regions of the United States electrical system:
(1) California, (2) Southwest, (3) New England, and (4) New York. The analysis in the
network was carried out per hour, considering the changes in net generation, the net
generation error with demand, and the energy power peaks. Figure 1 summarizes the
percentages of generation by energy resource before and after the massive incorporation of
photovoltaic plants (100% penetration). These plots show that having 100% penetration
of solar generation impacts the reduction of the use of fossil fuels. The greatest changes
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between before and after were found in the region of California and Southwest, as seen in
Figure 1, are those that generate the greatest amount of solar energy.
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The study sought to verify that there are more significant energy imbalances and
higher peak power in the grid at a higher level of solar energy penetration. The findings
show that when comparing the difference between net generation and demand before
and after the massive integration of solar plants, there is a significant difference in the
energy balance in the regions with the highest solar generation, namely California and the
Southwest. Additionally, by increasing the penetration levels of solar energy, the results are
intensified. On the other hand, no significant difference was found in any of the analyzed
regions in relation to the energy peaks. However, the p-value of the statistical analysis
decreases with increasing penetration levels of solar energy in each area. This indicates
that when considering a higher penetration of solar energy, there is a greater probability
that the energy peak will increase.

6.2. Practical Implications

The practical implications of this study are of vital importance for increasing solar
energy adoption in different regions of the United States electrical system. It is essential to
bear in mind that as the installed solar generation capacity increases, the potential energy
imbalances that can be created in the electrical network also increase. By having a greater
penetration of solar energy, the probability of generating disturbances in the grid will
increase. There are several solutions to this problem. First, problems could be overcome by
improving solar grid protection plants. By improving protection systems in solar plants
and including them as a requirement for future solar plants installations, disturbances
in the grid could be reduced. Second, energy storage systems can significantly help grid
disturbances. With the development of new storage technologies, costs should decrease and
make their deployment feasible on a large scale in the electrical system. A third solution
is to improve and standardize the solar forecasting technologies in each of the balancing
authorities in the US electrical system. By increasing the precision of solar generation and
demand forecasting, the probability of events expected in the electrical grid will decrease.
Fourth, the problem could be overcome with the future implementation of peer-to-peer
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energy trading at the utility level. However, there are still no regulations and security levels
necessary for the massive implementation of P2P models.

6.3. Future Research

Future studies should be carried out in different regions and with different statistical
approaches. First, different time horizons may be included. The current study analyzes data
hourly; nevertheless, future studies should be extrapolated to an analysis every 10 or 30
minutes. In this way, the energy fluctuations that could cause more significant energy peaks
can be detected. Second, future research can include more levels of solar energy penetration
and, in this way, achieve a more detailed sensitivity analysis. In addition, studies can be
extended to other regions of the United States and other countries to compare and contrast
the reality under different conditions of generation and consumption of energy. Fourth,
there are several ways to reduce the impacts caused by the massive integration of solar
energy. For example, it would be beneficial to incorporate technologies that reduce the
adverse impacts on the electrical grid due to solar energy integration. Integrating energy
storage in conjunction with solar plants would be an interesting scenario to assess the real
impact of energy storage systems in reducing grid disturbances.
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Abbreviations

CAL California
SW Southwest
NE New England
NY New York
NG Net generation
FH Forecast hypothetical
COL Net generation from coal
NGA Net generation from natural gas
NUC Net generation from nuclear
PET Net generation from petroleum products
WAT Net generation from hydro
SUN Net generation from solar energy
WND Net generation from wind
OTH Net generation from other energy sources
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