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region’s renewable energy system. Using 44 years of hourly weather data from 1980 to 2023
obtained from the NASA MERRA-2 reanalysis product, the variability of these renewable re-
sources and their impact on the region’s electricity supply and demand is investigated. With
varying mixes of wind and solar resources and sufficient resources capacity to generate electricity
equal to annual demand, we find that a wind-dominant system can meet approximately 73% of
the region’s hourly electricity demand, whereas a solar-dominant system can only meet about
69%. However, incorporating 12 h of energy storage enhances the overall reliability of a wind-
dominant system to 86%. In comparison, incorporating the same amount of energy storage in a
solar-dominant system results in an overall reliability of approximately 87%. Ultimately, our
analysis shows that achieving 100% reliability in meeting the annual electricity demand of New
England requires addressing the mismatch between electricity demand and resource availability
in terms of both location and time. This can be achieved through the integration of significant
amounts of energy storage and/or wind and solar resources installations capable of generating
electricity that exceeds peak demand by at least 3 times.

1. Introduction

In an effort of decarbonizing its energy infrastructure and combat climate change, each state within New England region has
embarked on an ambitious path. This collective effort is marked by the establishment of new renewable energy targets and a pro-
gressive increase in each state’s specific Renewable Portfolio Standard (RPS) [1-6]. These individual RPS policies reflect the
commitment of each New England state to promote renewable energy generation, fostering a greener future and contributing to the
region’s overall efforts in mitigating climate change. Efforts, such as incorporation of distributed energy resources, adoption of electric
or alternative energy vehicles, and energy-efficient methods to establish a modern and reliable electric grid powered by clean energy
will require substantial changes to the grid’s infrastructure and operation [7], which will impact the shape of the future electric grid.
However, to achieve these goals, it is critical to understand the region’s electricity production and consumption processes, and the
renewable resource capacity availability within its borders.

New England comprises six states in the northeastern part of the United States: Connecticut (CT), Maine (ME), Massachusetts (MA),
New Hampshire (NH), Rhode Island (RI), and Vermont (VT). The region operates under the Independent System Operator of New

* Corresponding author.
E-mail address: Ertan_Agar@uml.edu (E. Agar).

https://doi.org/10.1016/j.heliyon.2024.e27652
Received 27 September 2023; Received in revised form 26 February 2024; Accepted 5 March 2024

Available online 9 March 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Ertan_Agar@uml.edu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e27652
https://doi.org/10.1016/j.heliyon.2024.e27652
https://doi.org/10.1016/j.heliyon.2024.e27652
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Freeman and E. Agar Heliyon 10 (2024) e27652

England (ISO-NE) [8], the regional transmission organization responsible for coordinating and managing the electric grid across New
England. ISO-NE ensures the reliable supply of electricity throughout the region, and it has established operational zones based on the
geographical locations of each of the New England’s states (MA, CT, RI, VT, NH, ME). However, it’s important to note that Massa-
chusetts (MA), which contributes approximately 46% of the total electricity consumption within the region [9,10], differs from the
other states as it is composed of three separate zones within ISO-NE: Northeast Massachusetts-Boston (NEMA-BOST), Southeast
Massachusetts (SE-MASS), and Western/Central Massachusetts (WC-MASS) [8]. These zones play a significant role in coordinating and
managing electricity within Massachusetts, contributing to the overall stability of the New England electric grid, as the state emerges as
a key player in the region’s electricity landscape.

As New England moves towards increasing wind and solar electricity generation, as they are the preferred resources for low-carbon
electricity systems [11], the inter-annual variability and uncertainty of these resources will pose challenges to power system planning
and operations, as it impacts the amount of capacity required to meet demand and reserve requirements, raising concerns about system
reliability. Therefore, understanding and identifying how to overcome seasonal and weather-driven variability of such resources will
be essential to meeting the region’s decarbonization goals.

Notably, recent studies such as those by Mahdavi et al. [12] and Mahdavi et al. [13], Danso et al. [14], Frangois et al. [15], and
Harrison-Atlas et al. [16], offer valuable insights into addressing resource adequacy and reliability challenges associated with the
integration of variable renewable electricity (VRE) technologies in electricity systems and the importance of flexibility measures. Using
different approaches, including exploring electricity generation from biomass, wind, and solar power (Mahdavi et al. [12] and
Mahdavi et al. [13]), assessing hydropower flexibility in West Africa for integrating solar and wind energy (Danso et al. [14]),
identifying the influence of winter North Atlantic Oscillation on Climate-Related-Energy penetration in European regions (Francois
et al. [15]), and analyzing the temporal complementarity of wind-PV hybrid systems across the United States (Harrison-Atlas et al.
[16]), these studies enrich the understanding of renewable energy dynamics. Alongside with research like the ones by Heide et al. [17]
and Weitemeyer et al. [18], that emphasizes the need for storage and balancing in fully renewable power systems, all these studies
provide a broader context to the challenges New England might face.

Aligned with this, this research aims to examine the core limitations, challenges and barriers associated with the mismatch between
the energy demand and supply that are preventing widespread electricity deployment from intermittent renewable energy sources in
New England. The analysis herein calculates the mismatch between energy production and electricity consumption based on a given
wind and solar capacity level and specified demand. To bridge the identified gap, a combination of either loading reduction or loading
shifting, or the utilization of alternative forms of power that can be dispatched on demand such as from energy storage (like in pumped
hydro storage or batteries) needs to be used. The potential of meeting New England’s electricity demand exclusive through wind and
solar power generation, supported by energy storage is analyzed in this study by employing a methodology used by Rinaldi et al. [19]
and Tong et al. [20], ensuring alignment with stablished practices. The details of our approach are presented in the “Method of
Approach” section of this paper, demonstrating a thoughtful adaptation of their methods to our study. We explore the details and
challenges of variable renewable energy more thoroughly than models with multi-year steps allow. Here, we examine the basic limits
of systems focused on wind and solar, regardless of cost. Our results do not focus on realistic power system details, instead, we look at
how the variability of these renewable resources might affect the practicality of reliable systems, therefore, this remains relevant even
as technology evolves.

While the research retains its foundational focus on New England, the ripples of its implications reverberate broadly. By focusing on
the unique blend of renewables and grid challenges in New England, which serves as a microcosm of the broader global energy
transition, we uncover insights that extend far beyond this region alone and can be transferable to similar regions worldwide, offering
valuable guidance on managing high renewable energy penetration and variability. The parallels between New England and other
regions facing comparable challenges underscore the universal relevance of our findings. Moreover, our research aligns with the
overarching goals of sustainability and grid stability, making it pertinent to the global energy discourse. The alignment of our results
with larger-scale studies underscores the robustness and generalizability of these conclusions.

2. Method of Approach
2.1. Solar and wind capacity factors

The capacity factors of wind and solar in this study are determined using 44 years, from 1980 to 2023, of historical hourly wind and
solar resource data obtained from NASA’s MERRA-2 reanalysis product [21,22]. The MERRA-2 has a global grid resolution of 0.5°
latitude and 0.625° longitude and contains 361 x 576 grid cells as highlighted in Table 1 (see Section S1 for more details).

A generation profile for the New England region was created using a shapefile that defines the geographical boundaries of New
England [23], ensuring accurate representation for both solar and wind resources. Then, solar and wind capacity factors were esti-
mated with the same resolution as MERRA-2 for each grid cell in the region. The calculated factors reflect actual energy output in

Table 1

List of reanalysis datasets used in this study.
SOURCE REANALYSIS DATASET TIME RANGE OUTPUT SPATIAL RESOLUTION OUTPUT TEMPORAL RESOLUTION
MERRA-2 Solar - M2T1NXRAD _5.12.4 1980-2023 0.5° x 0.625° Hourly
MERRA-2 Wind - M2T1NXSLV 5.12.4 1980-2023 0.5° x 0.625° Hourly
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contrast with the rated energy output of the system, which is computed as power capacity times a 1-h duration [11,20,24].

To obtain the solar capacity factor, the following three variables from MERRA-2 data are utilized: SWGDN - Surface incoming
shortwave flux [W-m 2] ; SWTDN - Top-of-atmosphere incoming shortwave flux [W-m’z]; and the T2M — 2-m air temperature [K].
Then the in-panel radiation is estimated by first determining the solar zenith and the solar incidence angles for each grid based on the
location’s latitude, longitude, and time [25-27]. An empirical piecewise model is utilized to differentiate the direct and diffuse solar
radiation components by considering the clearness index, which is the both ratios of surface to top-of-atmosphere, and the local time
[28]. It is also assumed a horizontal single-axis tracking system with solar panels tilt of 0° and a maximum tuning angle of 45° to
improve the potential solar availability, as compared to flat plate solar panels. Even that rooftop solar installations are excluded from
this analysis by the used of single-axis trackers, this model increases solar power potential generation and produces less variability. The
effect of irradiance and the surrounding air temperature are both considered to calculate the solar power output originating from a
specified panel [19,20,24], aligning with the description of Huld et al. [29], (see Section S2 for more details) and Pfenninger and
Staffell [30] performance model.

For wind capacity factor calculation, the raw wind speed data at the eastward and northward directions are required at 10 m and
50 m above the surface. These components are denoted by the variables U10 M and V10 M (representing the eastward and northward
wind speeds at 10 m, respectively) and U50 M and V50 M (representing the eastward and northward wind speeds at 50 m, respec-
tively). The raw wind speed data for these variables are obtained from the MERRA-2 repository. Subsequently, utilizing a power-law
relationship, the raw wind speed data is interpolated to 100 m, which is the wind turbine hub height assumed in this study (Egs. (1) and
(2) below) [20]:

_ l(]g(U.S()‘i) - lOg(Um,i)

a= log(50) — log(10) M

100\ “
Uiooi = Ulo,i * ( ) (2)

10

where the grid and alpha exponent for wind profile is represented by i and a respectively, and the wind speed at 10, 50, and 100 m are
represented by U10, U50, and U100 sequentially.
Then Pythagorean theorem is used to find the wind speed magnitudes at each grid point (Eq. (3)):

wind speed =/ U* + V? 3)

where the variable U represents the eastward wind component, and the variable V represents the northward wind component [22].
Subsequently, a piecewise function is applied as follows [11,31,32].

e Capacity factor (CF) is zero, when wind speed is below a cut-in speed (uc;) of 3 m per second (m/s) or above the cut-out speed of 25
(m/s); and

e CF is calculated by the ratio ud/ud when wind speed is between the cut-in speed of 3 (m/s) and rated speed (u,) of 12 (m/s); and

e CF = 1.0 when wind speed is between the rated speed of 12 (m/s) and the cut-out speed (uc,) of 25 (m/s).

The procedure descripted above produces wind and solar capacities for each hour and grid cell that matches the same resolution of
the MERRA-2 data. Then from that, an hourly power generation profile, average weighted by area, is generated specifically from New
England’ wind and solar resources. The area-weighted averaging process ensures that the desired total wind and solar capacity is
spatially average across the entire New England region.

Recognizing the limitations inherent in reanalysis models, which include significant geographical imbalances and the potential for
overestimating or underestimating wind and solar output [33], it is crucial to acknowledge that the capacity factors derived from
reanalysis data may differ from real-world systems. In this study, we refrain from relying solely on these reanalysis-derived capacity
factors for all calculations. Instead, we utilize them to characterize the time and location-based properties of the resources, where their
values have demonstrated strong agreement with empirical data [33]. Notably, the normalized capacity values presented herein are
calculated using the generation values and the real-world capacity factors—specifically, 38% for wind (CFwind = 38%) and 25% for
solar (CFsolar = 25%). These real-world capacity factors are derived from the National Renewable Energy Laboratory Annual
Technology Baseline (ATB) for utility-scale solar photovoltaics and wind [34], taking into account various factors such as solar
irradiance, wind speed classes, and technological advancements. It is also important to acknowledge that our decision to avoid
exclusive reliance on reanalysis-derived capacity factors is not only driven by the known limitations of these models but also by the
broader consideration of the potential impact of infra-hour wind speed variability on capacity factor calculations. Hourly data
inherently introduces a limitation related to infra-hour wind speed variability, a factor that we recognize and consider in the justi-
fication for our approach.

2.2. Hourly electricity demand

New England energy consumption information, hourly electricity demand real time data, forecasted system demand, along with the
percent of total electric energy generation by resource type are retrieved from the ISO-NE platform [9,10] and the EIA — U.S. Energy
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Information Administration [35]. To construct a dataset reflecting New England’s hourly electricity demand spanning 44 years
(1980-2023), we employed a 9-year hour-by-hour average (2015-2023) to represent the hourly demand for a single year. This
approach aimed to enhance the robustness of our analysis by looping this averaged demand over the 44-year period, effectively
mitigating small variations in demand from year to year. Our investigation included a comparison of the 9-year average demand with
each of the 9 years individual year demand data, revealing a modest difference ranging from 5.0% to —5.4%. This analysis underscores
the justification for utilizing the 9-year average, demonstrating its ability to provide a more consistent dataset for trend analysis over
an extended timeframe. By adopting this method, interannual variations primarily stem from weather-related events rather than
changes in electricity demand, further strengthening the reliability of our results.

2.3. Resource analysis

The ratio of the total produced wind and solar electricity to the total electricity demand over the 44 years is defined as the gen-
eration value and expressed as a multiplier, such as “1x generation” if the electricity generated over the 44-year period is equal to
electricity demanded over the same period (Eq. (4)).

2023
Z Ewind(t) + Esnlar(t)
GV = 1=1980 (4)

2023

2 D)

1=1980

where GV represents generation value, Eyinq(t) is the electricity generated by wind power at time t, Eg15,(t) represents the electricity
generated by solar power at time ¢, and D(t) is the hourly electric demand at time t. The summations are taken over the period from
1980 to 2023.

The installed wind and solar capacities represent the maximum amount of energy that can be generated from wind and solar re-
sources, respectively, based on the size and capacity of the installed infrastructure. These capacities are determined during the
planning and construction phase of a renewable energy project and are not influenced by hourly variations in resource availability. In
this study, they are determined based on a predetermined resource combination, herein represented as the proportion of wind and
solar generation (SF% solar and 100-SF% wind), the generation value, and the hourly resource data. Then the same hourly resource
data, which accounts for factors like weather conditions and time of day, is used to compute the power generated from each resource
on an hourly basis. Subsequently, the fraction of satisfied daily electricity demand over the 44-year span (1980-2023) is calculated as a
function of this defined resource mix. The installed capacity for wind, solar, and storage are estimated using the following equations
(5)-(7) respectively [20]:

Sy
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’ CFind

=

H
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s
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where y represents the year and s represent the size. Windcgp, Solarcqp, and Storagecqp represent respectively the installed capacities of
wind, solar, and storage. SF is the fraction of energy generated from solar. OB is the capacity overbuilt. Pwr_avg is the average power
demand. Hrs is the total hours in the year. CFy,q is the wind capacity factor and CFs,yq is the solar capacity factor. Batt is the battery
storage [20].
Furthermore, we define reliability herein, as the percentage of satisfied New England electricity demand, and is calculated as the
ratio of the power generated by the system to the hourly electric demand over the period of 1980-2023 [11,19,20] (Eq. (8)):
P(1)

R,:m x 100 for 7z € [1980,2023] (€)]

where P(t) is the power generated by the system at a specific time t, D(t) is the hourly electric demand at time ¢, and R, represents the
reliability at a specific time t. Reliability calculation is performed for each hour t withing the time range from 1980 to 2023, and it is
expressed as a percentage.

The concept of reliability in this context, refers to situations where demand is not met exclusively due to the absence of electricity
allocation from power production facilities, as the assumption is made that there are no energy losses in the system or service
interruptions.

A computational model that predicts and simulates future scenarios, outcomes, and behaviors of a system was created using Python
programming language [36,37]. Utilizing the electricity demand, installed capacities, and the resource data as inputs, the simulation is
run in a forward direction, starting from a present state, and simulating the future developments to monitor the generation of wind and
solar power, the storage charge or discharge process, if existent, and the potential of the hourly electricity demand be met by wind,
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solar and energy storage. The model optimizes electricity systems without considering any policy, spatial variation, and capacity
markets. (Fig. S2 depicts a flow diagram of the algorithm). If there is excess wind and solar generation, it is used to charge the energy
storage to up to 100%, after which a curtailment is applied to the wind and solar generation. If the amount of wind and solar generation
are not enough to meet demand, the storage will kick in and energy discharge will occur until storage is empty. It is important to
highlight that due to the analyses be based on an hour-to-hour scenario, storage discharging is trigged based exclusively on the current
system hour status. If the storage system has sufficient energy present, the difference between wind and solar generation and demand is
completely met. A more uniform storage dispatching process can be achieved by incorporating better methods to accurately forecast
future demand and wind and solar generation, thus reducing demand management and backup capacity requirements.

To ensure that the simulation results are not affected by the initial condition, the initial storage state is set to empty, when assuming
storage availability, but at the end of the 44-year period, the end-storage state is maintained as the initial state of the next simulation
loop. This technique is called loopback, and it enables the simulation to run forward from the beginning until there are no storage state
changes detected as compared to the previous loop [8]. Various scenarios are simulated using different combinations of resource
mixes, generation values, and storage capacities [11,20]. However, all of them assume perfect storage conditions with 100% efficiency
and unlimited charge and discharge rates. A mathematical representation of the model formulation is provided below in Egs. (9)-(17)
[19]:

Capacity:
C** > 0vg,s ©)]
Dispatch:
0<DE < CSfE Vgt (10)
ogD;‘”g% Vs, t (11)
C.Y
0<Ds < v (12)
0<S < C Vst 13)
0<Dfm™s < $(1—8) Vs,t a4

Storage energy balance:

S;=(1—8)Sr At +n'Dy® At — DE™* At Vs (15)

Sp1=(1—8)S, At +7'D°* At —D™™* At Vst 1, (T— 1) (16)
System energy balance:

> DEAt+D["t At =M, + D" At Vg, t a7
8

where superscript g indicates renewable generation technology (solar and wind), superscript s represents energy storage, and subscript
t denotes time step - an hour in a year (beginning from 1 and finishing at T). The f; variable is the wind and solar capacity factors, and
variable M; denotes New England electricity demand at time step t. Both variables are representing data in hourly basis. Constants 5, 7°,
and 7 represent energy stored loss rate, energy storage’s round-trip efficiency, and storage charging duration, respectively. Decision
variables consist of Df (hourly deployed electricity from the generation technology assets at hour t), C¢ (dispatched capacity of
generation technology assets), Df°™* (discharged energy from the grid to energy storage) and DI°* (charged energy from energy
storage to the grid), and C* (dispatched capacity of energy storage). The state variable S, indicates energy stored in energy storage, and
is also deduced by the optimization. The time step size (1 h in the model) is represented by At. All variables are non-negative. The
system energy balances in Equations (9)—(17) by varying the generation and storage assets’ decision variables, which are governed by
fundamental physical constraints. Equation (9) represents generation and energy storage capacity constraints. Equation (10), based on
historical capacity factors that are dependable on weather and chosen technology, constrains renewable energy generation. Equations
(11) and (12) constrain the discharged energy and charged energy based on energy storage capacity and storage charging duration.
Equations (13)-(16) define respectively the discharged and charge energy, and the stored energy in energy storage. Energy storage
assumes steady-state operation in equation (15). Lastly, Equation (17) depicts the energy balance constraint for the whole renewable
electricity system.

3. Results and discussion
3.1. Solar and wind resources variability

In order to gain a comprehensive understanding of the renewable energy potential in New England, it is essential to analyze both
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the solar and wind resources availability within the region. Understanding the magnitude and variability of solar radiation, influenced
by climatic factors, is crucial for optimizing power system design, including incorporating storage capacity for reliability. Similarly,
variations in wind resource and power production across locations and time scales [38] demand accurate measurements for effective
development. Integrating this comprehensive understanding into planning ensures the optimal performance of renewable energy
systems, addressing challenges and meeting the region’s energy demands.

Fig. 1a and d depict the variations in solar and wind resource availability in New England throughout the year. Normalized based
on a 44-year average from 1980 to 2023, the data visually represents daily median and range, highlighting seasonal patterns in both
solar and wind resources.

Fig. 1b illustrates the hourly variability of solar resources specifically during summer days (June, July, and August), while Fig. 1c
focuses on the hourly variability of solar resources during winter days (December, January, and February). Similarly, Fig. 1e highlights
the hourly variability of wind resources on summer days, and Fig. 1f emphasizes the hourly variability of wind resources during winter
days. Notably, solar resources experience significant fluctuations during morning and evening hours, underlining the impact of
weather conditions and sun position changes on solar power generation. Despite greater hourly variability than solar, wind resources
consistently contribute to energy production. Understanding the hourly, daily and seasonal variability in wind and solar resources is
crucial for optimizing renewable energy system design.

3.2. Electricity demand and the co-variability of wind and solar resources

Fig. 2a depicts the area-weighted median power variability from wind (blue) and solar (green) resources in New England
throughout an entire year, as well as a dataset of New England’s hourly electricity demand (red bars). The data is each normalized by
their respective 44-year average (1980-2023). It highlights that, at times, neither wind nor solar power can meet the electricity de-
mand alone. Combining both resources improve system reliability and addresses the seasonal variability of each resource. However,
the inherent variability of wind and solar still causes instances where the combination is insufficient. The large variability of the wind
resource over various time scales, along with the contrasting seasonal patterns and amplitude of solar power compared to either, the
electricity demand or wind resource, pose a major challenge for system reliability without energy storage. This requires the need for
additional generation with high ramp rates to compensate.

Fig. 2b and c present a graphical representation of the hourly variability of electricity demand and wind and solar resources for
summer and winter days. Electricity demand and wind resources both exhibit moderate-length daily cycles, while solar resources have
longer daily cycles. However, if we look at the hourly variability, both solar resource and electricity demand are less variable than wind
resource, as depicted in Fig. 2b and c. The importance of energy storage can also be inferred from these figures. The extreme daily cycle
of solar resources can place significant reliability constraints on the power system, which could lead to the requirement of high ramp
rates of additional generation during the early morning and late evening hours. Energy storage plays a critical role in mitigating these
constraints by allowing for the smooth and stable integration of renewable energy sources into the power system.
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Fig. 1. New England’s time-dependent solar and wind resources availability (1980-2023): Daily and seasonal variability of the solar (a) and
wind (d) resources. Hourly variation during summer and winter days respectively for solar (b and ¢) and wind (e and f) resources. Median values are
represented by bars, with darker shading indicating the middle 50% of observations and lighter shading covering the full range of observations. The
solar and wind data are each normalized by their respective 44-year average.
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Fig. 2. New England’s time-dependent electricity demand and solar and wind resources availability: The figure depicts the median power
variability for electricity demand (red bars) and wind (blue) and solar (green) resources in a daily and seasonal basis (a) and in an hourly interval
during summer (b) and winter (c) days. The solar, wind, and demand data are each normalized by their respective 44-year average. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.3. Energy generation and storage coupling

Fig. 3 depicts the correlations between the following three factors: the reliability of the power generated by wind and solar re-
sources in terms of meeting the total annual electricity demand, the amount of electricity generated by assuming across New England
region’s resources aggregation, and the energy storage availability. A linear scale is applied to the vertical axes of the top row (Fig. 3a),
and the graphs concentrate in showing the process of meeting up to 90% of the total annual electricity demand. In contrast, the bottom
row (Fig. 3b) y-axes logarithmically demonstrate the ability to meet the subsequent 10%. It is worth noting that satisfying all but 0.1%
or 0.01% of New England annual electricity demand equals to 8.76 h or 53 min of yearly outage respectively (365 days = 8760 h =
100%). The top x-axes depict the amount of installed wind and solar capacity (function of wind and solar capacity normalized by
demand) and the bottom x-axes represent the amount of generation as a function of wind and solar generation divided by demand. In
both rows (Fig. 3a and b), the shift from 100% wind to 100% solar in the generation mix occurs gradually from left to right, and in each
plot, cases containing various amounts of energy storage capacity (0, 12, and 24 h, and 7, and 31 days of storage) are represented by
the dotted lines. The solid green line represents the scenario where the total energy demand matches the total energy produced. The
top row (Fig. 3a) shows an initially linear increase in the proportion of electricity demand satisfied by incorporating renewables with
several wind and solar combinations. If the renewable power is increased by 5%, the generation also increases by approximately 5%,
with relatively low sensitivity to electricity storage assumptions. On the other hand, the bottom row (Fig. 3b) highlights that when the
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proportion of electricity demand met surpasses 90% (for each renewable mix scenario), there is a sharp rise in the amount of electricity
storage and/or generation needed.

As indicated by the point where the zero (0) hours of storage line intersects with the 1x generation (solid green line) in Fig. 3a,
MERRA-2 reanalysis data shows that 62% of the New England’s total annual electricity demand theoretically could be met by wind
power alone, when considering wind resource consolidated across the region, 1.x generation, and no storage scenario. Meanwhile,
under the same conditions (1.x generation without any energy storage), Fig. 3a shows that only 46% of the region’s total hourly
electricity demand could be satisfied by solar power generation (Table S1). The percentage amount increases to around 78% of hourly
demand satisfied by solar power when 12 h of storage is introduced in the mix (Table S1). However, as depicted by the crowding of
dotted lines in the 100% solar plot in Fig. 3a and S3, the reliability benefits significantly decrease with addition of storage that exceeds
12 h in a solar-only generation system. This poor system performance is mostly due to the extreme variation on the amount of solar
radiation available during the course of the day, especially in the early mornings and evenings when the sun is not shining. Conversely,
when it comes to wind resources, the reliability of the system only experiences a slight improvement when energy storage is integrated,
and due to the weak daily circle and considerable variability nature of such resource, system benefits decrease even further when
storage with above 4 h’ worth of energy is considered, as seen in Fig. 3a and S3. To achieve high reliability from a system composed of
wind power only, substantial amounts of overbuild or significant energy storage capacity, equivalent to multiple weeks’ worth of
energy, is required. That is the case regardless of whether the cumulative Statewide resources are considered or not.

The slope of each dotted line in Fig. 3a shows the required wind and solar incremental capacity that needs to be installed (>1.x
generation) to cause a reliability boost. Additionally, as can be noted by the constant slopes to the left of the solid green line, which
represents cases of under-generation, Fig. 3 highlights that as the amount of capacity installation rises (top x-axis), reliability (y-axis)
increases uniformly. However, it’s worth noting that the relationship between capacity installation and reliability is different for cases
where a solar-dominant mix with less than 12 h of energy storage are considered (Fig. 3 and S3). In these cases, the benefits of
increasing storage levels become less pronounced as reliability improves. Relatively, in cases situated to the right of the solid green line
(greater than 1.x generation), where rising slopes can be observed, the benefits of increasing reliability by installing extra capacity,
decreases. For example, it highlights that by adding 0.5x generation to a solar-dominated mix (80% solar/20% wind) with 1x gen-
eration (to a total of 1.5x) and no storage, increases the total annual electricity demand met from 58% to 66% (Table S2). In a wind-
heavy mix (80% wind/20% solar) with 1x generation scenario, it shows that the addition of 0.5x generation (to a total of 1.5x) im-
proves the overall 70% reliability up to 84% (Table S2). Adding 12 h of storage capacity to these same scenarios shows an extremely
impact in the final results, increasing the reliability of the system up to approximately 94% and 93% respectively (Table S2).

Fig. 3b demonstrates that to satisfy the remaining 10% of the region’s total annual electricity consumption utilizing wind and solar
resources only, a combination of significant level of storage capacities and amounts lot greater than 1.x generation are required. This is
despite of the use of any specific wind and solar resource combination, even when taking into account the combined wind and solar
resources available across the entire region. Moreover, the practicality of utilizing wind and solar resources mix combined with energy
storage to satisfy as much as 99.99% of the region’s total annual electricity demand is also illustrated on Fig. 3b. It is worth noting that
the North American Electricity Reliability Corporation (NERC) reliability standard requires that the LOLE (Loss of Load Expectation)
for any balancing authority in North America should not exceed 0.1 day per year, which translates to a reliability percentage of around
99.97% [39]. As an example, for comparison, a system containing 12 h of storage coupled with resources combination of either 70%
wind and 30% solar or 30% wind and 70% solar, requires amounts of generation 2.5.x [Table S4] and 3.x [Table S5] respectively to
satisfy at least 99.97% of the total annual electricity demand of New England. This is equivalent to an amount of approximately 2.45 h
of blackout per year. For these same mixes’ composition, a reduction to 1.5x of overbuild generation [Table S2], in both cases, can be
achieved by increasing the amount of energy storage to 7 days-worth of capacity. For other scenarios, refer to the Supplemental In-
formation (Fig. S3, Tables S1-S7).

It is important to keep in mind that even when renewable sources, such as wind and solar, provide an average of 90% of electricity
on an annual basis, there are still periods when their output is minimal. To prevent blackouts, the size of the backup dispatchable
electricity service must be nearly as large as the total electricity system. Despite ideal conditions, wind, solar, and energy storage alone
are not yet capable of fully replacing conventional sources of energy and meeting all electricity demand due to their variability and
unpredictability. Complementary technologies or strategies may be necessary to ensure a reliable and resilient electricity supply.
However, if sufficient energy storage or load-shifting capacity, capable of meeting total demand for several weeks, can be achieved, the
combination of wind and solar energy has the potential to meet all electricity needs. This aligns with findings from numerous
established studies, such as Jacobson et al. [40,41], Clack et al. [42,43], and Breyer et al. [44-46]. In final analysis, storage is essential
for ensuring reliable electricity supply in a wind/solar mix system that relies heavily on solar generation. It can meet 90% of the total
annual electricity demand, but after smoothing the daily cycle with 12 h of storage capacity based on the mean demand, further
addition of storage results in a substantial decrease in its marginal benefit. Conversely, the variability of wind resources can be further
reduced effectively by incorporating small amounts of energy storage that is equivalent to less than 4 h of average demand as seen in
Fig. S3. In either scenario, fulfilling the final 10% of the total annual electricity demand using only wind and solar generation involves
a significant increase in the amount of storage and/or installed capacity. It is worth noting that as reliability increases, the marginal
return from additional capacity required to increase reliability decreases exponentially, leading to a substantial reduction in the
general marginal benefit of this extra reliability enhancement.
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3.4. Discussion

The shift towards a zero-carbon electricity system, relying primarily on wind power and solar photovoltaics, is challenged by the
daily and seasonal variability of these renewable energy sources. This variability can result in a mismatch between energy demand and
supply. To overcome this, storing large amounts of low-cost energy over long periods is crucial for reliable and affordable electricity
systems. Considering this, in pursuing a diversified energy resources profile, New England recognizes that even with a high penetration
of renewables, without utility-scale storage, it could potentially not achieve its goal of a clean electric grid [47-54], and thus that
energy storage would be a key component of its portfolio. Therefore, the region is promoting the deployment of energy storage to
improve the efficiency, cost-competitiveness, and stability of its electric grid while facilitating the transition to renewable energy
sources [47-54]. With growing energy storage capacity, it has the potential to transform electricity generation and consumption,
benefiting its ratepayers [47-54].

Without storage, maintaining grid balance requires electricity to be produced, delivered, and consumed nearly instantaneously [55,
56], requiring grid infrastructure to be sized to handle the yearly maximum consumption peak, despite significant fluctuations in
consumer electricity demand both daily and seasonally as shown in Fig. 4, leading to inefficiencies and high costs for ratepayers [48].
Moreover, as the amount of intermittent renewable generation increases, the challenge of maintaining grid balance also increases [48,
57,58]. Energy storage technologies can manage the variable output of renewables and increase grid reliability and resiliency [48].

However, it is essential to understand how important economics and costs are in this context. Whatever is chosen to integrate into
the electricity grid, to make it less carbon intensive and more efficient, must be done in a way that does not result in a massive increase
in costs [59]. Factors such as application, project scope, and size can influence and differentiate the prices of energy storage tech-
nologies. If the capacity costs of energy storage fall sufficiently, wind and solar energy plants combined with storage can become
feasible and competitive with traditional generation technologies [60], which could help reduce carbon emissions from the electricity
sector.

One example of increasingly cost-competitive energy storage projects is battery energy storage. It offers a viable alternative to
constructing new power lines for mitigating grid congestion. As battery costs continue to decline, these projects are becoming more
attractive. For instance, by 2030, a 42% cost drop is expected to a 4-h duration lithium-ion battery system, bringing its current $386
per kWh cost to $225 per kilowatt-hour, while the costs of grid remain flat or rise [61]. In another case, the suggested cost would be
even more attractive, around $149 per kWh by 2050 [62]. Nevertheless, the economic viability of energy storage, in the context where
it is in competition with the alternative of expanding variable renewable energy capacity to address gaps between electricity demand
and generation in both the short and long term, relies heavily on how often, how much, and for how long storage assets are used.

Regardless, a diversified energy portfolio is essential to New England in archiving the region’s goal of creating a clean, affordable,
resilient energy future, and energy storage it is an important component of it [48-54]. More specifically, long-duration storage
technologies (10 h or more), as analysis shows that storage capacities of at least up to half a day are necessary to reliably meet the
region’s electricity demand with renewable resources, primarily wind and solar. The analysis indicates that the first 90% of the re-
gion’s annual electricity demand can be met by overcoming the daily solar cycle and the hourly and daily wind variability but
satisfying the remaining 10% will require overcoming the variability of the wind and solar seasonal cycles and addressing energy
deficits during extended weather events that shut down renewable production for multiple days.

The analysis found that approximately 99% system reliability could be achieved by assuming extremely high energy storage levels
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Fig. 4. New England’s electricity load and peak demand, and the regions’ individual states’ load: A visual representation of the fluctuating
energy consumption patterns over time for each of the states that form the New England region and the combined New England demand under the
Independent System Operator of New England (ISO-NE).
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(31 days) when no additional generation (1.x generation) was considered. Adding extra generation to the system reduced the amount
of required storage, but a substantial amount of energy storage, equivalent to weeks” worth of electricity, was still needed to reach
system reliability of 100%. At present prices, a battery storage system of this magnitude available to purchase today might not be a
cost-effective solution. To add some context, the total capital investment for storage totaling 12 h of New England mean electricity
demand, an approximately amount of 162.74 GWh, at prices of $263 per kWh for pumped storage hydro (PSH) [63] and $385 per kWh
for Vanadium redox flow battery (RFB) [63], both being a 100 MW, 10-h installed system for example, would be $42.79 billion and
$62.65 billion, respectively. It is worth noting that for a 24-h PSH system, the total installed cost is reduced to $143/kWh. Additionally,
total system costs for these types of energy storages are more responsive to changes in power-capacity costs compared to changes in
energy-capacity costs [24].

As indicated above, due to the current high cost of energy storage, the total system cost rises exponentially, if more than 90% of the
region’s annual electricity demand is satisfied by combining wind and solar power generation coupled with energy storage. Under the
same system infrastructure scenario, achieving 100% reliability would require weeks’ worth of energy storage capacity (Fig. 3). As an
example, storage capacity equivalent to 31 days of New England average demand (~10,090 GWh) at the cost target of $100 per kWh
[63-65] results in a capital expenditure of $1.009 Trillion approximately.

It is worth mentioning that our analysis was done by using a multi-decadal weather dataset (44 years of reanalysis data), and the
results presented herein were in accordance with and restricted by the study’s scope of highlighting the co-variability of electricity
demand and wind and solar resources and their interaction with energy storage. We acknowledge significant limitation with our
approach. To enhance generalization, we focus solely on the resource’s constraints, omitting economic feasibility considerations.
Moreover, we use area-weighted averages for solar and wind potential, neglecting the potential inclusion of areas with generation
sitting restrictions. It’s important to highlight that while this study employs a simple and straightforward methodology to assess the
feasibility of meeting electricity demand through wind and solar power combined with energy storage, our approach produces results
that are consistent and congruent with more complex and comprehensive models existent in the literature, including Jacobson et al.
[40,41], Clack et al. [42,43], and Breyer et al. [44-46], particularly in evaluating the correlation between the percentage of met
demand and the deployment of resources (i.e., energy storage capacity, wind, and solar power) [11,20]. Although these studies utilized
more comprehensive yet less transparent models, our results highlight key distinctions. Clack et al. [42] study demonstrated an 80%
reduction in emissions from the electric sector with wind and solar, even without storage, provided sufficient backup power from
sources like generators or natural gas. Notably, our findings suggest that the presence of substantial energy storage is a primary factor
differentiating these works. For instance, the difference in conclusions between the Clack et al. [42] study compared to Jacobson et al.
[40] lies in the latter assuming the availability of large energy storage. Despite the nuances, all these studies converge on a crucial
point, they all demonstrate that penetration of substantial amounts of wind and solar generated power is not only feasible but essential
to create a comprehensive strategy that addresses renewable power grid energy transition. Furthermore, the model used in this study
can be utilized to perform further simulations, where effects of different factors such as climate change, electric vehicles adoption,
baseload generation availability, offshore wind resource, and others can be considered. For example, if wind and solar resources
and/or electricity demand’s spatial-temporal characteristics do not change, the normalized results obtained and depicted in Fig. 3 can
be scaled to layouts with different net demand levels. If baseload generation be considered in the power generation mix, the results
displayed in Fig. 3 would pertain specifically to the total net demand of baseload supply (the fraction of demand satisfied by wind and
solar). System reliability is directly influenced by the correlation between the variability of baseload generation and the variability of
wind and solar. The total system reliability increases if levels of cost-effective dispatchable baseload generation capacity availability
increases, given that in both cases, the ratio of wind and solar capacity to net (total — baseload) demand met is constant.

Another consideration is climate change. Over the past decades, our understanding on how climate change impacts energy systems
have increased significantly, but its effects across spatiotemporal are still not totally comprehended. Power systems’ infrastructures
can be affected by the changes on the weather conditions in which they operate [66]. Major climate variables such as increase air
temperatures, increase or decrease in precipitation, sea level rise (increasing storms surges and flooding), increase in frequency of
severe extreme events (high winds, floods, drought, typhoons, etc.) [67], and other, have directly impacts on energy demand and in the
availability of wind and solar resources, consequently impacting system reliability. A detailed analysis with specific scenarios is
required for further results.

Considerations of electric vehicle adoption is also pertinent to this study, as the adoption of electric vehicle in New England has
been increasing consistently in the past few years. Take Massachusetts as an example, according to a recent poll, a slight majority of the
State’s drivers expects to own electric vehicle in the near future [68,69]. This willingness to embrace auto electrification goes directly
in accordance with the state’s decarbonization roadmap, which has goals such as 1 million zero-emission vehicles on the road by 2030
and by 2035 making all new cars sold in the state electric [70,71]. While the increase in electric vehicle sales is not expected to
substantially increase the total electricity demand, the increased adoption of EVs can directly reshape the demand load curve [72,73].
For example, people charging their EVs at home when returning from work, increasing the peak load in the evenings. Once again, to
fully understand the impact of the large-scale EVs adoption on the power system reliability, further simulations are needed.

Furthermore, recognizing the growing significance of offshore wind projects in New England, it is worth noting that offshore wind
turbines offer higher output rates then onshore ones [74,75] and can directly affect the renewable system composition, thus affecting
the total system reliability. Nevertheless, due to synchronized seasonal troughs of both onshore and offshore wind resources during
summer, the use of storage still beneficial to the power system by offsetting these resource gaps.

All the factors mentioned above introduce challenges to accurately forecast future demand and natural resource consumption,
however the results herein can be used by utilities, regulators, and decision-makers to develop strategies and to capture the role and
value of long-term storage technology investments and policies.
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4. Conclusions

In exploring the intricacies of New England’s transition to 100% wind and solar power generation, our study aligns with significant
advancements revealed in parallel investigations across diverse global energy scenarios. Drawing inspiration from the comprehensive
evaluation of solar and wind power’s reliability on a worldwide scale, our research corroborates the importance of analyzing spatial
aggregation. Much like the observed improvements at continental levels globally, our findings underscore that aggregating New
England’s wind and solar resources is imperative for improving system reliability. Furthermore, insights from the examination of
weather-driven fluctuations and seasonal variability inhered from wind and solar resources’ impact on variable renewable energy
guide our comparative analysis. Our study distinguishes itself by accentuating the multifaceted dynamics of New England’s energy
landscape, navigating the complex interplay of costs and the unique characteristics of the region. Unlike the generalized global models,
our findings offer specific insights tailored to New England’s intricacies, emphasizing the need for a strategic blend of technologies to
ensure high reliability.

A substantial amount of supporting technologies, including energy storage, demand management, flexible generators, separate
carbon-neutral, and others are required to reliably satisfied 100% of New England electricity demand in a wind and solar power
generation only system scenario, even when entire region-scale wind and solar and resources aggregation is considered. Wind and
power generation alone are not sufficient. Meeting 85% of New England electricity demand utilizing wind and solar resources, requires
approximately 12 h’ worth of energy storage (approximately 162.74 GWh). To satisfy the final 15% of demand, energy storage and/or
excess wind and solar generating capacity amounts increase rapidly (7 days and 31 days’ worth of energy storage in New England is
approximately 2278 GWh and 10,090 GWh respectively).

Our emphasis on energy storage echoes the global sentiment expressed by numerous established studies, illuminating how these
kinds of technologies play a pivotal role in achieving greater renewable power systems reliability, with subtle nuances based on
regional land area, location, and geophysical resource. The need for competitive low-cost energy storage and/or electricity generation
that can easily and efficiently be dispatched on demand are highlighted in the study. Further grounding our work is the recognition of
long-duration energy storage (LDES) as a transformative element. Mirroring the acknowledgement of LDES’s potential to significantly
reduce system costs, we emphasize its role as a linchpin in New England’s pursuit of reliable wind and solar electricity. Our insights
align with the global discussion, emphasizing the underestimation of LDES value in typical grid planning tools and emphasizing the
need for a diversified approach beyond the predominant focus on battery storage. Moving forward, the approach of choosing the right
strategy to achieve high reliability and cost-effectiveness power systems will involve an evaluation of the availability and future costs
of various technologies.

In summary, our research builds upon a foundation set by these global studies yet carves a distinctive niche by delving into the
specifics of New England’s energy landscape. By aligning our findings with these influential works, we underscore the universal
relevance of our contributions while emphasizing the unique challenges and solutions that characterize New England’s journey toward
a renewable energy future.
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