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Detection and Characterization of Low Probability of Intercept 
Triangular Modulated Frequency Modulated Continuous Wave 
Radar Signals in Low SNR Environments using the Scalogram 
and the Reassigned Scalogram 

By Daniel L. Stevens & Solomon O. Stevens      
 Northwest Missouri State University   

Abstract- Digital intercept receivers are currently moving away from Fourier-based analysis and 
towards classical time-frequency analysis techniques for the purpose of analyzing low probability 
of intercept radar signals. This paper presents the novel approach of characterizing low 
probability of intercept frequency modulated continuous wave radar signals through utilization 
and direct comparison of the Scalogram versus the Reassigned Scalogram. Triangular 
modulated frequency modulated continuous wave signals were analyzed. The following metrics 
were used for evaluation: percent error of: carrier frequency, modulation bandwidth, modulation 
period, and chirp rate. Also used were: percent detection, lowest signal-to-noise ratio for signal 
detection, and time-frequency localization (x and y direction). Experimental results demonstrate 
that overall, the Reassigned Scalogram produced more accurate characterization metrics than 
the Scalogram.   
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Detection and Characterization of Low 
Probability of Intercept Triangular Modulated 

Frequency Modulated Continuous Wave Radar 
Signals in Low SNR Environments using the 
Scalogram and the Reassigned Scalogram

Daniel L. Stevens α & Solomon O. Stevens σ

Abstract- Digital intercept receivers are currently moving away 
from Fourier-based analysis and towards classical time-
frequency analysis techniques for the purpose of analyzing low 
probability of intercept radar signals. This paper presents the 
novel approach of characterizing low probability of intercept 
frequency modulated continuous wave radar signals through 
utilization and direct comparison of the Scalogram versus the 
Reassigned Scalogram. Triangular modulated frequency 
modulated continuous wave signals were analyzed. The 
following metrics were used for evaluation: percent error of: 
carrier frequency, modulation bandwidth, modulation period, 
and chirp rate. Also used were: percent detection, lowest 
signal-to-noise ratio for signal detection, and time-frequency 
localization (x and y direction). Experimental results 
demonstrate that overall, the Reassigned Scalogram 
produced more accurate characterization metrics than the 
Scalogram. 

I. LPI Radar Overview 

any users of radar today are specifying Low 
Probability of Intercept (LPI) as an important 
tactical requirement [PAC09] [STO13]. The term 

LPI (whose meaning is not absolutely precise) [SCH06], 
[WIL06] is that property of a radar that, because of its 
low power, high duty cycle, ultra-low sidelobes, power 
management, wide bandwidth, frequency/phase 
modulation, and other design attributes, makes it 
difficult to be detected by means of intercept receivers 
such as electronic support receivers, electronic 
intelligence receivers, and radar warning receivers 
[WSQ19]. The goal of the LPI radar is to detect targets 
at longer ranges than the intercept receiver can detect 
the LPI radar.  It is important to note that defining a radar 
to be LPI necessitates defining the corresponding 
intercept receiver. That is, the success of an LPI radar is 
measured by how hard it is for the intercept receiver to 
detect and intercept the radar emissions. 
 
 

Author α:
 
Air Force Research Laboratory, Rome, NY. 

e-mail: Daniel.Stevens.7@us.af.mil
 

Author σ:
 
Northwest Missouri State University, Maryville, MO. 

e-mail: S568272@nwmissouri.edu
 

One formal definition is as follows: A low 
probability of intercept (LPI) radar is defined as a radar 
that uses a special emitted waveform intended to 
prevent a non-cooperative intercept receiver from 
intercepting and detecting its emission [PAC09]. 

The LPI emitter has established itself as the 
premier tactical and strategic radar in the military 
spectrum.  In addition to surveillance and navigation, the 
LPI emitter also operates in the time-critical domain for 
applications such as fire control and missile guidance 
[WIL06]. 

II. LPI Radar Characteristics 

Some of the characteristics of the LPI radar are 
power management, ultra-low side lobes, and pulse 
compression. 

Power management is the radar’s ability to 
control the power level so that it emits only the 
necessary power for detection of a target.  An intercept 
receiver is used to seeing an increase in power as the 
radar approaches. If a power managed LPI radar 
decreases the power as it approaches the target, an 
intercept receiver may incorrectly assume that the radar 
is not approaching, and therefore that no response 
management is necessary, which could be a deadly 
decision [WIL06] [SHC19]. 

Ultra-low side lobes prevent an intercept 
receiver from detecting radar emissions from the side 
lobes of the radar. Ultra-low side lobes are required to 
be -45dB or lower [SON22]. 

Pulse compression is another important LPI 
radar characteristic. For frequency modulation LPI 
radars, the transmitted Continuous Wave (CW) signal is 
coded with a reference signal that spreads the 
transmitted energy in frequency, making it more difficult 
for an intercept receiver to detect and identify the LPI 
radar. The reference signal can be a linear frequency 
modulated signal or an Frequency Shift Keying (FSK) 
(frequency hopping).  The most popular implementation 
has been the Frequency Modulated Continuous Wave 
(FMCW) [GUL07], [LIX23]. 
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If the radar uses an FMCW waveform, the 
processing gain (apart from any noncoherent 
integration) is the sweep or modulation period 𝑡𝑡𝑚𝑚, 
multiplied by the sweep (input) bandwidth, Δ𝐹𝐹  (see 
equation (1)). That is:              

(1)

 

𝑃𝑃𝐺𝐺𝑅𝑅 = 𝑡𝑡𝑚𝑚Δ𝐹𝐹 

The LPI receiver compresses (correlates) the 
received signal from the target using the stored 
reference signal, for the purpose of performing target 
detection. The correlation receiver is a ‘matched 
receiver’ if the reference signal is exactly the same 
duration as the finite duration return signal [PAC09], 
[WIL06]. 

III. LPI Radar Waveforms 

This section looks at the FMCW radar waveform. 
FMCW is a signal that is frequently encountered 

in modern radar systems [VGS17]. The frequency 
modulation spreads the transmitted energy over a large 
modulation bandwidth Δ𝐹𝐹 , providing good range 
resolution that is critical for discriminating targets from 
clutter. The power spectrum of the FMCW signal is 
nearly rectangular over the modulation bandwidth, so 
non-cooperative interception is difficult. Since the 
transmit waveform is deterministic, the form of the return 
signals can be predicted. This gives it the added 
advantage of being resistant to interference (such as 
jamming), since any signal not matching this form can 
be suppressed [WIL06]. Consequently, it is difficult for 
an intercept receiver to detect the FMCW waveform and 
measure the parameters accurately enough to match 
the jammer waveform to the radar waveform [PAC09]. 

The most popular linear modulation utilized is 
the triangular modulated FMCW emitter, since it can 
measure the target’s range and Doppler [MIL18]. 
Triangular modulated FMCW is the waveforms that is 
employed in this paper. 

IV. Detection of LPI Radars: Intercept 
Receiver Overview 

In this section we switch from the topic of LPI 
radars, to the topic of those devices that detect and 
characterize LPI radar signals – intercept receivers. 

The three main types of intercept receivers are: 
electronic support receivers, electronic intelligence 
receivers, and radar warning receivers. 

Electronic intelligence is the result of observing 
the signals transmitted by radar systems to obtain 
information about their capabilities: it is the remote 
sensing of remote sensors. Through electronic 
intelligence, it is possible to obtain valuable information 
while remaining remote from the radar itself.  
Identification is performed by comparing the intercepted 
signal signature against the signatures contained within 

its threat library [CLA13]. Clearly, the underlying basic 
function of electronic intelligence is to determine the 
capabilities of the radar, so that decisions can be made 
as to what threat it poses [GRA11]. Electronic 
intelligence receivers are the least time critical of the 
three intercept receivers. The outputs of the electronic 
intelligence receiver may be analyzed using off-line 
analysis tools based on software. 

Radar warning receivers are designed to give 
nearly immediate warning if specific threat signals are 
received (e.g., illumination of an aircraft’s warning 
receiver by the target tracking radar of a threatening 
system). The warning receiver typically has poor 
sensitivity and feeds into a near-real-time processor that 
uses a few parameter measurements to identify a threat. 
Usually, rough direction (e.g., quadrant or octant) is 
determined for the threat and the operator has a crude 
display showing functional radar type, direction, and 
relative range (strong signals displayed as being nearer 
than weaker ones). This type of receiver does not 
provide the kind of output that is analyzed using the 
methods described later in this paper. 

Electronic support receivers encompass all 
actions necessary to provide the information required for 
immediate decisions involving electronic warfare 
operations, threat avoidance, targeting, and homing 
[ASC16], [WIL06]. 

V. Intercept Receiver Signal Analysis 
Techniques 

This section describes some of the classical 
time-frequency analysis techniques as well as the 
reassignment method utilized in this paper. 

a) Time-Frequency Analysis 
Time-frequency signal analysis concerns the 

analysis and processing of signals with time-varying 
frequency content. Such signals are best represented by 
a time-frequency distribution, which is intended to show 
how the energy of the signal is distributed over the two-
dimensional time-frequency plane [ZML16]. Processing 
of the signal may then exploit the features produced by 
the concentration of signal energy in two dimensions 
(time and frequency), instead of only one dimension 
(time or frequency) [BOA15]. Since noise tends to 
spread out evenly over the time-frequency domain, while 
signals concentrate their energies within limited time 
intervals and frequency bands; the local SNR of a noisy 
signal can be improved simply by using time-frequency 
analysis [BOA15]. Also, the intercept receiver can 
increase its processing gain by implementing time-
frequency signal analysis [GHA20]. 

As alluded to previously, time-frequency 
distributions are useful for the visual interpretation of 
signal dynamics, as an experienced operator can 
quickly detect a signal and extract the signal parameters 
by analyzing the time-frequency distribution [BOA15]. 

Detection and Characterization of Low Probability of Intercept Triangular Modulated Frequency
Modulated Continuous Wave Radar Signals in Low SNR Environments using the Scalogram and the

Reassigned Scalogram
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b) Scalogram (Wavelet Transform) 
The wavelet transform will be examined first, 

and then connected to the Scalogram. The Scalogram is 
defined as the magnitude squared of the wavelet 
transform, and can be used as a time-frequency 
distribution [BOA15], [SIA21]. 

The idea of the wavelet transform (equation (2)) 
is to project a signal 𝑥𝑥  on a family of zero-mean 
functions (the wavelets) deduced from an elementary 
function (the mother wavelet) by translations and 
dilations:       

(2)

 

𝑇𝑇𝑥𝑥(𝑡𝑡,𝑎𝑎;Ψ) = � 𝑥𝑥(𝑠𝑠)Ψ𝑡𝑡,𝑎𝑎
∗

+∞

−∞
(𝑠𝑠)𝑑𝑑𝑠𝑠 

where Ψ𝑡𝑡,𝑎𝑎(𝑠𝑠) = |𝑎𝑎|−1/2Ψ�𝑠𝑠−𝑡𝑡
𝑎𝑎
�. The variable 𝑎𝑎 

corresponds to a scale factor, in the sense that taking 
|𝑎𝑎| > 1 dilates the wavelet Ψ and taking |𝑎𝑎| < 1 
compresses Ψ. By definition, the wavelet transform is 
more a time-scale than a time-frequency representation. 
However, for wavelets which are well localized around a 
non-zero frequency 𝜈𝜈0  at a scale = 1 , a time-frequency 
interpretation is possible thanks to the formal 
identification 𝜈𝜈 = 𝜈𝜈0

𝑎𝑎
 . 

The wavelet transform is of interest for the 
analysis of non-stationary signals, because it provides 
still another alternative to the Short-Time Fourier 
transform (STFT) and to many of the quadratic time-
frequency distributions. The basic difference between 
the STFT and the wavelet transform is that the STFT 
uses a fixed signal analysis window, whereas the 
wavelet transform uses short windows at high 
frequencies and long windows at low frequencies. This 
helps to diffuse the effect of the uncertainty principle by 
providing good time resolution at high frequencies and 
good frequency resolution at low frequencies. This 
approach makes sense especially when the signal at 
hand has high frequency components for short 
durations and low frequency components for long 
durations. The signals encountered in practical 
applications are often of this type. 

The wavelet transform allows localization in both 
the time domain via translation of the mother wavelet, 
and in the scale (frequency) domain via dilations. The 
wavelet is irregular in shape and compactly supported, 
thus making it an ideal tool for analyzing signals of a 
transient nature; the irregularity of the wavelet basis 
lends itself to analysis of signals with discontinuities or 
sharp changes, while the compactly supported nature of 
wavelets enables temporal localization of a signal’s 
features [HEZ16]. Unlike many of the quadratic 
functions such as the Wigner-Ville Distribution (WVD) 
and Choi-Williams Distribution (CWD), the wavelet 
transform is a linear transformation, therefore cross-term 
interference is not generated. There is another major 
difference between the STFT and the wavelet transform; 

the STFT uses sines and cosines as an orthogonal basis 
set to which the signal of interest is effectively correlated 
against, whereas the wavelet transform uses special 
‘wavelets’ which usually comprise an orthogonal basis 
set. The wavelet transform then computes coefficients, 
which represents a measure of the similarities, or 
correlation, of the signal with respect to the set of 
wavelets. In other words, the wavelet transform of a 
signal corresponds to its decomposition with respect to 
a family of functions obtained by dilations (or 
contractions) and translations (moving window) of an 
analyzing wavelet. 

A filter bank concept is often used to describe 
the wavelet transform. The wavelet transform can be 
interpreted as the result of filtering the signal with a set 
of bandpass filters, each with a different center 
frequency [PRL19]. 

Like the design of conventional digital filters, the 
design of a wavelet filter can be accomplished by using 
a number of methods including weighted least squares 
[WAL13], orthogonal matrix methods [ANS10], nonlinear 
optimization, optimization of a single parameter (e.g. the 
passband edge) [GUT22] and a method that minimizes 
an objective function that bounds the out-of-tile energy 
[STS16]. 

Here are some properties of the wavelet 
transform: 1) The wavelet transform is covariant by 
translation in time and scaling. The corresponding group 
of transforms is called the Affine group; 2) The signal 𝑥𝑥 
can be recovered from its wavelet transform via the 
synthesis wavelet; 3) Time and frequency resolutions, 
like in the STFT case, are related via the Heisenberg-
Gabor inequality. However in the wavelet transform 
case, these two resolutions depend on the frequency: 
the frequency resolution becomes poorer and the time 
resolution becomes better as the analysis frequency 
grows; 4) Because the wavelet transform is a linear 
transform, it does not contain cross-term interferences 
[SKZ21]. 

Since the wavelet transform behaves like an 
orthonormal basis decomposition, it can be shown that 
it preserves energy:    

(3)

 

� |𝑇𝑇𝑥𝑥(𝑡𝑡, 𝑎𝑎;Ψ)|2

+∞

−∞

 𝑑𝑑𝑡𝑡
𝑑𝑑𝑎𝑎
𝑎𝑎2 = 𝐸𝐸𝑥𝑥  

where 𝐸𝐸𝑥𝑥  is the energy of 𝑥𝑥 . This leads us to define the 
Scalogram (equation (3)) of 𝑥𝑥 as the squared modulus 
of the wavelet transform.  It is an energy distribution of 
the signal in the time-scale plane, associated with the 
measure  𝑑𝑑𝑎𝑎

𝑎𝑎2 . 
As is the case for the wavelet transform, the 

time and frequency resolutions of the Scalogram are 
related via the Heisenberg-Gabor principle. 
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The interference terms of the Scalogram, as for 
the Spectrogram (the squared modulus of the STFT), 
are also restricted to those regions of the time-frequency 
plane where the corresponding signals overlap.  
Therefore, if two signal components are sufficiently far 
apart in the time-frequency plane, their cross-Scalogram 
will be essentially zero [STS17]. 

For this paper, the Morlet Scalogram will be 
used. The Morlet wavelet is obtained by taking a 
complex sine wave and localizing it with a Gaussian 
envelope. The Mexican hat wavelet isolates a single 
bump of the Morlet wavelet. The Morlet wavelet has 
good focusing in both time and frequency [YCC14]. 

c) The Reassignment Method 
Bilinear time-frequency distributions offer a wide 

range of methods designed for the analysis of non 
stationary signals.  Nevertheless, a critical point of these 
methods is their readability [ZHF22], which means both 
a good concentration of the signal components along 
with few misleading interference terms. A lack of 
readability, which is a known deficiency in the classical 
time-frequency analysis techniques, must be overcome 
in order to obtain time-frequency distributions that can 
be both easily read by non-experts and easily included 
in a signal processing application [BOA15]. Inability to 
obtain readable time-frequency distributions may lead to 
inaccurate signal metrics extraction, which in turn can 
bring about an uninformed and therefore potentially 
unsafe intercept receiver environment. 

Some efforts have been made in that direction, 
and in particular, a general methodology referred to as 
reassignment. 

The original idea of reassignment was 
introduced in an attempt to improve the Spectrogram 
[MIJ18]. As with any other bilinear energy distribution, 
the Spectrogram is faced with an unavoidable trade-off 
between the reduction of misleading interference terms 
and a sharp localization of the signal components. 

We can define the Spectrogram as a two-
dimensional convolution of the WVD of the signal by the 
WVD of the analysis window, as in equation (4):   

(4)

 

𝑆𝑆𝑥𝑥(𝑡𝑡,𝑓𝑓;ℎ) = �𝑊𝑊𝑥𝑥

+∞

−∞

(𝑠𝑠, 𝜉𝜉)𝑊𝑊ℎ(𝑡𝑡 − 𝑠𝑠,𝑓𝑓 − 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉 

Therefore, the distribution reduces the 
interference terms of the signal’s WVD, but at the 
expense of time and frequency localization. However, a 
closer look at equation 4 shows that 𝑊𝑊ℎ(𝑡𝑡 − 𝑠𝑠, 𝑓𝑓 − 𝜉𝜉) 
delimits a time-frequency domain at the vicinity of the 
(𝑡𝑡,𝑓𝑓)  point, inside which a weighted average of the 
signal’s WVD values is performed. The key point of the 
reassignment principle is that these values have no 
reason to be symmetrically distributed around  (𝑡𝑡,𝑓𝑓) , 
which is the geometrical center of this domain. 
Therefore, their average should not be assigned at this 
point, but rather at the center of gravity of this domain, 
which is much more representative of the local energy 
distribution of the signal. Reasoning with a mechanical 
analogy, the local energy distribution 𝑊𝑊ℎ(𝑡𝑡 − 𝑠𝑠, 𝑓𝑓 −
𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉) (as a function of 𝑠𝑠 𝑎𝑎𝑎𝑎𝑑𝑑 𝜉𝜉) can be considered 
as a mass distribution, and it is much more accurate to 
assign the total mass (i.e. the Spectrogram value) to the 
center of gravity of the domain rather than to its 
geometrical center. Another way to look at it is this: the 
total mass of an object is assigned to its geometrical 
center, an arbitrary point which except in the very 
specific case of a homogeneous distribution, has no 
reason to suit the actual distribution. A much more 
meaningful choice is to assign the total mass of an 
object, as well as the Spectrogram value, to the center 
of gravity of their respective distribution [BOA15], 
[FAC18]. 

This is exactly how the reassignment method 
proceeds: it moves each value of the Spectrogram 
computed at any point (𝑡𝑡,𝑓𝑓) to another point (�̂�𝑡,𝑓𝑓) which 
is the center of gravity of the signal energy distribution 
around (𝑡𝑡, 𝑓𝑓) (see equations (5) and (6)) [MIB16]: 

 

 

�̂�𝑡(𝑥𝑥; 𝑡𝑡,𝑓𝑓) =
∬ 𝑠𝑠 𝑊𝑊ℎ(𝑡𝑡 − 𝑠𝑠, 𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

∬ 𝑊𝑊ℎ(𝑡𝑡 − 𝑠𝑠, 𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

  

𝑓𝑓(𝑥𝑥; 𝑡𝑡, 𝑓𝑓) =
∬ 𝜉𝜉 𝑊𝑊ℎ(𝑡𝑡 − 𝑠𝑠, 𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

∬ 𝑊𝑊ℎ(𝑡𝑡 − 𝑠𝑠,𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

  

and thus leads to a reassigned Spectrogram (equation (7)), whose value at any point (𝑡𝑡′ , 𝑓𝑓′) is the sum of all the 
Spectrogram values reassigned to this point: 

𝑆𝑆𝑥𝑥
(𝑟𝑟)(𝑡𝑡′ ,𝑓𝑓′ ;ℎ) = � 𝑆𝑆𝑥𝑥

+∞

−∞

(𝑡𝑡,𝑓𝑓;ℎ)𝛿𝛿�𝑡𝑡′ − �̂�𝑡(𝑥𝑥; 𝑡𝑡, 𝑓𝑓)�𝛿𝛿 �𝑓𝑓′ − 𝑓𝑓(𝑥𝑥; 𝑡𝑡,𝑓𝑓)�𝑑𝑑𝑡𝑡 𝑑𝑑𝑓𝑓

(5)

(6)

(7)
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One of the most interesting properties of this 
new distribution is that it also uses the phase 
information of the STFT, and not only its squared 
modulus as in the Spectrogram. It uses this information 
from the phase spectrum to sharpen the amplitude 
estimates in time and frequency. This can be seen from 
the following expressions of the reassignment operators: 

�̂�𝑡(𝑥𝑥; 𝑡𝑡,𝑓𝑓) = −
𝑑𝑑Φ𝑥𝑥(𝑡𝑡,𝑓𝑓;ℎ)

𝑑𝑑𝑓𝑓   

𝑓𝑓(𝑥𝑥; 𝑡𝑡, 𝑓𝑓) = 𝑓𝑓 +
𝑑𝑑Φ𝑥𝑥(𝑡𝑡,𝑓𝑓;ℎ)

𝑑𝑑𝑡𝑡   

where Φ𝑥𝑥(𝑡𝑡,𝑓𝑓;ℎ)  is the phase of the STFT of 𝑥𝑥 : 
Φ𝑥𝑥(𝑡𝑡, 𝑓𝑓;ℎ) = arg (𝐹𝐹𝑥𝑥 (t, f; h)). However, these 
expressions (equations (8) and (9)) do not lead to an 
efficient implementation, and have to be replaced by 
equations(10) (local group delay) and (11) (local 
instantaneous frequency):      

�̂�𝑡(𝑥𝑥; 𝑡𝑡, 𝑓𝑓) = 𝑡𝑡 − ℜ �
𝐹𝐹𝑥𝑥(𝑡𝑡, 𝑓𝑓;𝑇𝑇ℎ)𝐹𝐹𝑥𝑥∗(𝑡𝑡,𝑓𝑓;ℎ)

�𝐹𝐹𝑥𝑥(𝑡𝑡 ,𝑓𝑓;ℎ)�
2 � 

𝑓𝑓(𝑥𝑥; 𝑡𝑡, 𝑓𝑓) = 𝑓𝑓 − ℑ �
𝐹𝐹𝑥𝑥(𝑡𝑡,𝑓𝑓;𝐷𝐷ℎ)𝐹𝐹𝑥𝑥∗(𝑡𝑡, 𝑓𝑓;ℎ)

�𝐹𝐹𝑥𝑥(𝑡𝑡,𝑓𝑓;ℎ)�
2 � 

where 𝑇𝑇ℎ(𝑡𝑡) = 𝑡𝑡 × ℎ(𝑡𝑡) and 𝐷𝐷ℎ(𝑡𝑡) = 𝑑𝑑ℎ
𝑑𝑑𝑡𝑡

(𝑡𝑡). This leads to 
an efficient implementation for the Reassigned 
Spectrogram without explicitly computing the partial 
derivatives of phase. The Reassigned Spectrogram may 
thus be computed by using 3 STFTs, each having a 
different window (the window function h; the same 
window with a weighted time ramp t*h; the derivative of 
the window function h with respect to time (dh/dt)). 
Reassigned Spectrograms are therefore very easy to 
implement, and do not require a drastic increase in 
computational complexity. 

The reassignment principle for the Spectrogram 
allows for a straight-forward extension of its use to other 
distributions as well [BOA15], [FAC18]. If we consider 
the general expression of a distribution of the Cohen’s 
class as a two-dimensional convolution of the WVD, as 
in equation 12: 

𝐶𝐶𝑥𝑥(𝑡𝑡, 𝑓𝑓;Π) = � Π(𝑡𝑡 − 𝑠𝑠,𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥  (𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉
+∞

−∞

 

replacing the particular smoothing kernel 𝑊𝑊ℎ(𝑢𝑢, 𝜉𝜉) by an 
arbitrary kernel Π(𝑠𝑠, 𝜉𝜉) simply defines the reassignment 
of any member of Cohen’s class (equations 13 through 
15): 

�̂�𝑡(𝑥𝑥; 𝑡𝑡, 𝑓𝑓) =
∬ 𝑠𝑠 Π(𝑡𝑡 − 𝑠𝑠, 𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

∬ Π(𝑡𝑡 − 𝑠𝑠,𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

 

𝑓𝑓(𝑥𝑥; 𝑡𝑡,𝑓𝑓) =
∬ 𝜉𝜉 Π(𝑡𝑡 − 𝑠𝑠,𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

∬ Π(𝑡𝑡 − 𝑠𝑠, 𝑓𝑓 − 𝜉𝜉)𝑊𝑊𝑥𝑥(𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

 

𝐶𝐶𝑥𝑥
(𝑟𝑟)(𝑡𝑡′ , 𝑓𝑓′ ;Π) = � 𝐶𝐶𝑥𝑥

+∞

−∞

(𝑡𝑡, 𝑓𝑓;Π)𝛿𝛿�𝑡𝑡′ − �̂�𝑡(𝑥𝑥; 𝑡𝑡, 𝑓𝑓)�𝛿𝛿 �𝑓𝑓′ − 𝑓𝑓(𝑥𝑥; 𝑡𝑡,𝑓𝑓)�𝑑𝑑𝑡𝑡 𝑑𝑑𝑓𝑓

The resulting reassigned distributions efficiently 
combine a reduction of the interference terms provided 
by a well adapted smoothing kernel and an increased 
concentration of the signal components achieved by the 
reassignment. In addition, the reassignment operators 
�̂�𝑡(𝑥𝑥; 𝑡𝑡,𝑓𝑓) and 𝑓𝑓(𝑥𝑥; 𝑡𝑡,𝑓𝑓) are almost as easy to compute 
as for the Spectrogram [YUG19]. 

Similarly, the reassignment method can also be 
applied to the time-scale energy distributions [BOA15], 
[FAC18]. Starting from the general expression in 
equation (16):             

(16)

 
 

Ω𝑥𝑥(𝑡𝑡, 𝑎𝑎;Π) = � Π(𝑠𝑠 𝑎𝑎⁄ , 𝑓𝑓0 − 𝑎𝑎𝜉𝜉)𝑊𝑊𝑥𝑥  (𝑡𝑡 − 𝑠𝑠, 𝜉𝜉) 𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉
+∞

−∞

we can see that the representation value at any point 
(𝑡𝑡,𝑎𝑎 = 𝑓𝑓0 𝑓𝑓⁄ ) is the average of the weighted WVD values 
on the points (𝑡𝑡 − 𝑠𝑠, 𝜉𝜉) located in a domain centered on 
(𝑡𝑡,𝑓𝑓)  and bounded by the essential support of Π . In 
order to avoid the resultant signal components 

broadening while preserving the cross-terms 
attenuation, it seems once again appropriate to assign 
this average to the center of gravity of these energy 
measures, whose coordinates are shown in equations 
(17) and (18):           

(8)

(9)

(13)

(14)

(10)

(11)

(12)

(15)
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�̂�𝑡(𝑥𝑥; 𝑡𝑡,𝑓𝑓) = 𝑡𝑡 −
∬ 𝑠𝑠 Π(𝑠𝑠 𝑎𝑎⁄ ,𝑓𝑓0 − 𝑎𝑎𝜉𝜉)𝑊𝑊𝑥𝑥(𝑡𝑡 − 𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

∬ Π(𝑠𝑠 𝑎𝑎⁄ , 𝑓𝑓0 − 𝑎𝑎𝜉𝜉)𝑊𝑊𝑥𝑥(𝑡𝑡 − 𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

 

𝑓𝑓(𝑥𝑥; 𝑡𝑡,𝑓𝑓) =
𝑓𝑓0

𝑎𝑎�(𝑥𝑥; 𝑡𝑡,𝑓𝑓) =
∬ 𝜉𝜉 Π(𝑠𝑠 𝑎𝑎⁄ , 𝑓𝑓0 − 𝑎𝑎𝜉𝜉)𝑊𝑊𝑥𝑥(𝑡𝑡 − 𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

∬ Π(𝑠𝑠 𝑎𝑎⁄ ,𝑓𝑓0 − 𝑎𝑎𝜉𝜉)𝑊𝑊𝑥𝑥(𝑡𝑡 − 𝑠𝑠, 𝜉𝜉)𝑑𝑑𝑠𝑠 𝑑𝑑𝜉𝜉+∞
−∞

rather than to the point (𝑡𝑡,𝑎𝑎 = 𝑓𝑓0 𝑓𝑓⁄ )  where it is 
computed. The value of the resulting modified time-
scale representation on any point (𝑡𝑡′ ,𝑎𝑎′) is then the sum 

of all the representation values moved to this point, and 
is known as the reassigned Scalogram (equation (19)): 
 

Ω𝑥𝑥
(𝑟𝑟)(𝑡𝑡′ , 𝑎𝑎′ ;Π) = � 𝑎𝑎′2

+∞

−∞

Ω𝑥𝑥(𝑡𝑡, 𝑎𝑎;Π)𝛿𝛿�𝑡𝑡′ − �̂�𝑡(𝑥𝑥; 𝑡𝑡, 𝑎𝑎)�𝛿𝛿�𝑎𝑎′ − 𝑎𝑎�(𝑥𝑥; 𝑡𝑡,𝑎𝑎)�𝑑𝑑𝑡𝑡
𝑑𝑑𝑎𝑎
𝑎𝑎2

As for Cohen’s class, it can be shown that these 
modified distributions are also theoretically perfectly 
localized for chirps and impulses. 

It can be noted that the smoothing and 
squeezing qualities of the reassignment method lead to 
improved readability, which in turn, leads to more 
accurate metrics extraction, which may create a more 
informed and safer intercept receiver environment. 

The reassignment method utilized in this paper 
is the Reassigned Scalogram. 

VI. Methodology 

The methodologies detailed in this section 
describe the processes involved in obtaining and 
comparing metrics between utilization of the Scalogram 
and the Reassigned Scalogram time-frequency analysis 
techniques for the detection and characterization of low 
probability of intercept triangular modulated FMCW 
radar signals. 

The tools used for this testing were: Matrix 
Laboratory (MATLAB) (version 8.3), Signal Processing 
Toolbox (version 6.21), Wavelet Toolbox (version 4.7), 
Image Processing Toolbox (version 7.2), and Time-
Frequency Toolbox (version 1.0) (http://tftb.nongnu 
.org/). 

All testing was accomplished on a desktop 
computer (Dell Precision T1700; Processor - Intel Xeon 
CPU E3-1226 v3 3.30GHz; Installed RAM - 32.0GB; 
System type - 64-bit operating system, x64-based 
processor). 

Testing was performed for a triangular 
modulated FMCW waveform (parameters: sampling 
frequency=6KHz; carrier frequency=1.5KHz; 
modulation bandwidth=2400Hz; modulation 
period=.015sec). The waveform parameters were 
chosen for academic validation of signal processing 
techniques. Due to computer processing resources they 
were not meant to represent real-world values. The 
number of samples for each test was chosen to be 512, 
which seemed to be the optimum size for the desktop 

computer. Testing was performed at three different 
Signal-to-Noise (SNR) levels: 10dB, 0dB, and the lowest 
SNR at which the signal could be detected. The noise 
added was white Gaussian noise, which best reflects 
the thermal noise present in the IF section of an 
intercept receiver [PAC09]. Kaiser windowing was used, 
when windowing was applicable. 100 runs were 
performed for each test, for statistical purposes. The 
time-frequency analysis techniques used for each task 
were the Scalogram and the Reassigned Scalogram. 

After each particular run of each test, metrics 
were extracted from the time-frequency representation. 
The different metrics extracted were as follows: 

1) Percent detection: Percent of time signal was 
detected - signal was declared a detection if any 
portion of each of the signal components (4 chirp 
components for triangular modulated FMCW) 
exceeded a set detection threshold (a certain 
percentage of the maximum intensity of the time-
frequency representation). 

Detection threshold percentages were 
determined based on visual detections of low SNR 
signals (lowest SNR at which the signal could be visually 
detected in the time-frequency representation) (see 
Figure 1). 
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(Note – using this methodology, the detection threshold percentages were determined to be 50% for the Scalogram, and 50% for 
the Reassigned Scalogram. These values were automatically set for the plots in Figure 9 of the Results Section in this paper). 

Figure 1: Example plot for detection threshold percentage determination. This plot is an amplitude vs. time (x-z view) 
of a time-frequency analysis technique of a triangular modulated FMCW signal (SNR= -3dB). For visually detected 
low SNR plots (like this one), the percent of max intensity for the peak z-value of each of the signal components (the 
2 legs for each of the 2 triangles of the triangular modulated FMCW) was noted (here 98%, 60%, 95%, 63%), and the 
lowest of these 4 values was recorded (here 60%). This process was then repeated 25 times, and the average of the 
lowest values was calculated, and assigned as the detection threshold percentage for this time-frequency analysis 
technique

For percent detection determination, these 
detection threshold values were included in the time-
frequency plot algorithms so that the detection 
thresholds could be applied automatically during the 

plotting process. From the percent detection plot, the 
signal was declared a detection if any portion of each of 
the signal components was visible (see Figure 2). 

 

Figure 2: Example plot for determination of percent detection (time-frequency). This plot is a frequency vs. time (x-y 
view) of a time-frequency analysis technique of a triangular modulated FMCW signal (SNR= 10dB) with detection 
threshold value automatically set to 60%. From this plot, the signal was declared a (visual) detection because at 
least a portion of each of the 4 signal components (the 2 legs for each of the 2 triangles of the triangular modulated 
FMCW) was visible 
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2) Lowest detectable SNR: The lowest SNR level at 
which at least a portion of each of the signal 
components exceeded the set detection threshold 
listed in the percent detection section above. 

For lowest detectable SNR determination, the 
detection threshold value was included in the time-
frequency plot algorithms so that the detection threshold 

could be applied automatically during the plotting 
process. From the lowest detectable SNR plot, the 
signal was declared a detection if any portion of each of 
the signal components was visible. The lowest SNR level 
for which the signal was declared a detection is the 
lowest detectable SNR (see Figure 3). 

 

Figure 3: Example plot for determining lowest detectable SNR. This plot is an frequency vs. time (x-y view) of a time-
frequency analysis technique of a triangular modulated FMCW signal (SNR= -3dB) with detection threshold value 
automatically set to 60%. From this plot, the signal was declared a (visual) detection because at least a portion of 
each of the 4 signal components (the 2 legs for each of the 2 triangles of the triangular modulated FMCW) was 
visible. Note that the signal portion for the 60% max intensity (just above the ‘x’ in ‘max’) is barely visible, because 
the detection threshold for the time-frequency analysis technique is 60%. For this case, any lower SNR would have 
been a non-detect. Compare to Figure 2, which is the same plot, except that it has an SNR level equal to 10dB 

3) Carrier frequency: The frequency corresponding to the maximum intensity of the time-frequency representation 
(see Figure 4). 

 

Figure 4: Example plot for determination of carrier frequency. Time-frequency analysis technique of a triangular 
modulated FMCW signal (SNR=10dB). From the frequency-intensity (y-z) view, the maximum intensity value is 
manually determined. The frequency corresponding to the max intensity value is the carrier frequency (here 
fc=984.4 Hz) 
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4) Modulation bandwidth (modBW): Distance from 
highest frequency value of signal (at a manual 
measurement threshold of 20% maximum intensity) 
to lowest frequency value of signal (at same 
threshold) in Y-direction (frequency). 

The manual measurement threshold of 20% 
maximum intensity was determined based on manual 
measurement of the modulation bandwidth of the signal 
in the time-frequency representation. This was 
accomplished for 25 test runs for each time-frequency 
analysis technique, for each waveform. During each 
manual measurement, the max intensity of the high and 
low measuring points was recorded. The average of the 
max intensity values for these test runs, for each of the 
time-frequency analysis techniques, for each waveform, 

was 20%. This was adopted as the manual 
measurement threshold value, and is representative of 
what is obtained when performing manual 
measurements. This manual measurment threshold of 
20% maximum intensity was also adapted for 
determining the modulation period and the time-
frequency localization (both are described below). 

For modulation bandwidth determination, the 
manual measurement threshold of 20% maximum 
intensity was included in the time-frequency plot 
algorithms so that the threshold could be applied 
automatically during the plotting process. From the 
modulation bandwidth plot, the modulation bandwidth 
was manually measured (see Figure 5). 

 

Figure 5: Example plot for modulation bandwidth determination.  This plot is a time vs. frequency (x-y view) of a time-
frequency analysis technique of a triangular modulated FMCW signal (SNR=10dB) with the manual measurement 
threshold of 20% maximum intensity automatically set. From this modulation bandwidth plot, the modulation 
bandwidth was measured manually from the highest frequency value of the signal (top white arrow) to the lowest 
frequency value of the signal (bottom white arrow) in the y-direction (frequency) 

5) Modulation period (modPer): Distance from highest 
frequency value of signal (at a manual 
measurement threshold of 20% maximum intensity) 
to lowest frequency value of signal (at same 
threshold) in X-direction (time). 

For modulation period determination, the 
manual measurement threshold of 20% maximum 
intensity was included in the time-frequency plot 
algorithms so that the threshold could be applied 
automatically during the plotting process. From the 
modulation period plot, the modulation bandwidth was 
manually measured (see Figure 6). 
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Figure 6: Example plot for modulation period determination. This plot is a time vs. frequency (x-y view) of a time-
frequency analysis technique of a triangular modulated FMCW signal (SNR=10dB), with the manual measurement 
threshold of 20% maximum intensity automatically set. From this modulation period plot, the modulation period was 
measured manually from the highest frequency value of the signal (top white arrow) to the lowest frequency value of 
the signal (bottom white arrow) in the x-direction (time) 

6) Time-frequency localization: Measure of the 
thickness of a signal component (at the manual 
measurement threshold of 20% maximum intensity) 
on each side of the component) – converted to % of 
entire X-Axis, and % of entire Y-Axis. 

For time-frequency localization determination, 
the manual measurement threshold of 20% maximum 

intensity was included in the time-frequency plot 
algorithms so that the threshold could be applied 
automatically during the plotting process. From the time-
frequency localization plot, the time-frequency 
localization was manually measured (see Figure 7). 

 

 

Figure 7: Example plot for time-frequency localization determination. Time-frequency analysis technique of a 
triangular modulated FMCW signal (SNR=10dB) with the manual measurement threshold of 20% maximum intensity 
automatically set. From this time-frequency localization plot, the time-frequency localization was measured manually 
from the left side of the signal (left white arrow) to the right side of the signal (right white arrow) in both the x-direction 
(time) and the y-direction (frequency). Measurements were made at the center of each of the 4 ‘legs’, and the 
average values were determined. Average time and frequency ‘thickness’ values were then converted to: % of entire 
x-axis and % of entire y-axis 
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7) Chirp rate: (modulation bandwidth)/(modulation 
period) 

The data from all 100 runs for each test was 
used to produce the actual, error, and percent error for 
each of these metrics listed above. 

The metrics from the Scalogram were then 
compared to the metrics from the Reassigned 
Scalogram. By and large, the Reassigned Scalogram 

outperformed the Scalogram, as will be shown in the 
results section. 

VII. Results 

Table 1 presents the overall testmetrics for the 
two time-frequency analysis techniques used in this 
testing (Scalogram versus Reassigned Scalogram). 

Table 1: Overall test metrics (average percent error: carrier frequency, modulation bandwidth, modulation period, 
chirp rate; average: percent detection, lowest detectable snr, plot time, time-frequency localization (as a percent of x 
axis and y axis) for the two time-frequency analysis techniques (Scalogram versus Reassigned Scalogram) 

Parameters Scalogram Reassigned Scalogram 
Carrier Frequency 9.09% 3.45% 

Modulation Bandwidth 9.31% 2.88% 
Modulation Period 0.61% 0.52% 

Chirp Rate 9.57% 5.71% 

Percent Detection 65.30% 72.10% 
Lowest Detectable snr -2.56db -3.07db 

Time-Frequency Localization-X 3.83% 2.14% 
Time-Frequency Localization-Y 3.46% 1.28% 

 

From Table 1, the Reassigned Scalogram 
outperformed the Scalogram in every metrics category. 

 

Figure 9 shows comparative plots of the 
Scalogram (left) vs. the Reassigned Scalogram (right) 
(triangular modulated FMCW signal) at SNRs of 10dB 
(top), 0dB (middle), and -3dB (bottom). 
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Note– using this methodology, the detection threshold 
percentages were determined to be 50% for the 
Scalogram, and 50% for the Reassigned Scalogram.



 

Figure 9: Comparative plots of the triangular modulated FMCW (task 2) low probability of intercept radar signals 
(Scalogram (left-hand side) vs. the Reassigned Scalogram (right-hand side)). The SNR for the top row is 10dB, for 
the middle row is 0dB, and for the bottom row is -3dB. In general, the Reassigned Scalogram signals appear more 
localized (‘thinner’) than do the Scalogram signals. In addition, the Reassigned Scalogram signals appear more 
readable than the Scalogram signals at every SNR level 

VIII. Discussion 

This section will elaborate on the results from 
the previous section. 

From Table 1, the Reassigned Scalogram 
outperformed the Scalogram in every category. For the 
Scalogram, the poorer signal localization (‘thicker’ 
signal), when compared with the Reassigned 
Scalogram’s ‘squeezing’ quality (see Figure 9), can 
account for the Scalogram being outperformed by the 
Reassigned Scalogram in the areas of: average percent 
error of modulation bandwidth, modulation period, chirp 
rate (=modBW/modPer)), time-frequency localization (x 
and y-direction), lowest detectable SNR, carrier 
frequency, and percent detection. Note that average 
percent detection and lowest detectable SNR are both 
based on visual detections in the time-frequency 
representation. Figure 9 shows that the signals in the 
Reassigned Scalogram plots are more readable than 
those in the Scalogram plots, which accounts for the 
Reassigned Scalogram’s better average percent 
detection and lowest detectable SNR. The Scalogram 
might be used in a scenario with a ‘quick and dirty’ 
check to see if a signal is present, without accurate 
extraction of its parameters. The Reassigned Scalogram 
might be used in a scenario where you need accurate 
parameters, in a low SNR environment, in a quick time 
frame. 

IX. Conclusions 

Digital intercept receivers, whose main job is to 
detect and extract parameters from low probability of 
intercept radar signals, are currently moving away from 
Fourier-based analysis and towards classical time-
frequency analysis techniques, such as the Scalogram, 
and Reassigned Scalogram, for the purpose of 
analyzing low probability of intercept radar signals. 
Based on the research performed for this paperit was 

shown that the Reassigned Scalogram by-and-large 
outperformed the Scalogram for analyzing these low 
probability of intercept radar signals - for reasons 
brought out in the discussion section above. More 
accurate characterization metrics could well translate 
into saved equipment and lives. 

Future plans include analysis of additional low 
probability of intercept radar waveforms, using 
additional time-frequency analysis and reassignment 
method techniques. 
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To ensure

 
successful steps to a low carbon economy and total electrification, 

commitments to deep decarbonization in North America require regional power system 
integration. The most efficient solution for regional power integration, enabling competitive 
electricity wholesale is proven by Regional Transmission Organizations (RTO). The RTO concept 
and practices ensure high efficiency and reliability of regional electricity markets and power 
transmission system operations. To improve power integration of regional and inter-regional 
electricity trade using an RTO approach, the last frontiers for organized wholesale markets in 
North America should be identified, addressed and resolved.

 One of important frontiers for competitive regional electricity wholesale in North America is 
presented by Atlantic Canada. An Atlantic RTO (ARTO) here manifests a key upgrade and an 
important component of the Canadian Electricity System addressing its generation mix, 
transmission structure and regulatory framework, and advancing inter-regional East-West and 
North-South power integration. The ARTO would enable best-in-class regulations that strengthen 
existing policies for the electricity sector and should be seen as a compelling high priority in 
leveraging the Clean Grid 2035 target in Canada.   
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Market
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Abstract- To ensure successful steps to a low carbon 
economy and total electrification, commitments to deep 
decarbonization in North America require regional power 
system integration. The most efficient solution for regional 
power integration, enabling competitive electricity wholesale is 
proven by Regional Transmission Organizations (RTO). The 
RTO concept and practices ensure high efficiency and 
reliability of regional electricity markets and power 
transmission system operations. To improve power integration 
of regional and inter-regional electricity trade using an RTO 
approach, the last frontiers for organized wholesale markets in 
North America should be identified, addressed and resolved. 

One of important frontiers for competitive regional 
electricity wholesale in North America is presented by Atlantic 
Canada. An Atlantic RTO (ARTO) here manifests a key 
upgrade and an important component of the Canadian 
Electricity System addressing its generation mix, transmission 
structure and regulatory framework, and advancing inter-
regional East-West and North-South power integration. The 
ARTO would enable best-in-class regulations that strengthen 
existing policies for the electricity sector and should be seen 
as a compelling high priority in leveraging the Clean Grid 2035 
target in Canada. A collaborative framework for the ARTO 
decision-making can be used to identify and financially 
support inter-regional electricity transmission projects and 
outline their governance, cost allocation, and funding 
components. 

The ARTO is positioned as a critically important 
regional integration advancement in Canada’s deep 
decarbonization pathways. Strong connection between Deep 
Decarbonization and Deep Regional/Inter-regional Electricity 
Market Integration concepts and practices reinforces the role 
of the Atlantic RTO in realizing Canada’s 2030 Emissions 
Reduction Plan. It ensures the benefits of electricity market 
integration in Atlantic Canada such as increased diversity of 
generation mix, improved system reliability, increased supply 
security and demand diversity. Prompt deployment and 
operation of the Atlantic RTO would make the region more 
competitive nationally and internationally. 

Timely coordination and cooperation of the 
government, private, academic, and civil electricity sub-
sectors on multiple levels in the Atlantic region is suggested so 
as to achieve the ARTO deployment within the 2025-2035 
timeframe. As a part of the cooperative action, the ARTO 
development and deployment would greatly benefit from the 
existing electricity system operator skillset of the industry in 
New Brunswick and Nova Scotia. The civil electricity sub-
sector should be promptly engaged with deep participation of 
Canada’s First Nations so as to leverage personal, 
organizational, and societal developments in the region. 
 
Author: Green Power Labs Inc., Dartmouth, Canada. 
e-mail: ampavlovski@greenpowerlabs.com 

Keywords: deep decarbonization, deep integration, 
regional/inter-regional power integration, regional 
transmission organization, competitive electricity 
wholesale market, electricity trade, power transmission, 
electricity system, power system, energy gateway. 

Graphic Abstract 

 

I. Introduction: Regional Integration 
as the Way Forward 

a) Regional Power Integration Matters 

ommitments to low carbon economy and 
adaptation to climate change, requiring total 
electrification of our society in the 21st century, 

leveraged the efforts of electricity industry restructuring, 
strengthening power grid transmission, and regional 
/inter-regional electricity market integration [1]. 

Regional power system integration of 
jurisdictions is a complex undertaking dealing with multi-
disciplinary issues, addressing technical, economic, 

C 

G
lo
ba

l 
Jo

ur
na

l 
of
 R

es
ea

rc
h 

in
 E

ng
in
ee

ri
ng

 (
 F

 )
 X

X
IV

 I
ss
ue

 I
 V

er
si
on

 I
 

 Y
ea

r 
20

24

15

© 2024 Global Journals



legal, political, social, and environmental aspects 
involved [2]. 

The levels of regional power integration include 
the following key levels [3]: 

 Interconnection: Initially involves two, and later - 
more jurisdictions, includes long-term bilateral 
power purchase agreements (PPA); 

 Shallow integration: Involves a number of 
neighboring jurisdictions, includes long-term PPAs 
supplemented with short-term electricity markets; 

 Deep integration: Full operation of a multi-
jurisdictional interconnected system, enables 
competition achieved through a range of wholesale 
markets (e.g., day ahead and a series of real-time 
auctions, capacity auctions, ancillary services, 
transmission congestion contracts). Deep 
integration means comprehensive trade agreements 
regulating the business environment including 
competition policy, investor rights, product 
standards, public procurement and intellectual 
property rights [4]. 

Some challenges slowing progress and 
mitigating the full benefits of deeper integration may 
include difficulty aligning jurisdictional and regional 
investment decisions; differences in regulatory 
environments between jurisdictions; insufficient regional 
institutions; dearth of financing; changes in political 
frameworks; and jurisdictional and national sovereignty 
and energy independence concerns. 

However, today regional power system 
integration within a country (e.g., states or provinces) 
and/or internationally is clearly understood as a critical, 
productive and much needed approach, and an 
important strategy to help provide reliable, affordable 
electricity to their economies and citizens [3]. Increased 
electricity cooperation and trade between jurisdictions 
leading to power sector reform and integration can 
enhance energy security, bring economies-of-scale in 
investments optimizing them on a regional basis, 
facilitate financing, enable greater renewable energy 
penetration, reduce emissions, ensure technical and 
regulatory harmonization, and allow for synergistic 
sharing of complementary resources. 

b) Deep Integration means Deep Decarbonization 
As a critical component of climate change 

mitigation, deep decarbonization of electricity will enable 
a more efficient and rapid transition to a zero-carbon 
electricity system, and greatly contribute to deep 
decarbonization of our society [5].  Adopting deep 
integration at regional and inter-regional level will 
decarbonize regional power sectors at the lowest overall 
cost [6]. Improving integration and coordination of 
electricity systems to achieve deep integration levels 
and related deep decarbonization goals opens up key 
opportunities such as the higher potential to integrate 
renewable energy, and economic efficiency gains [7]. 

Reaching short-, medium- and long-term targets for 
GHG emission reduction via clean grid achievements 
requires urgent policy efforts to accomplish deep 
regional integration [8]. 

c) Regional Transmission Organizations Lead 
In North America restructuring of the electricity 

industry to successfully achieve deep regional 
integration benefits were demonstrated by the formation 
of Independent System Operator (ISO), and later - 
Regional Transmission Organization (RTO) solutions [9-
12]. 

ISOs and RTOs are independent nonprofit 
organizations responsible for grid reliability, planning 
and competitive wholesale market operations. Roughly 
two-thirds of the United States and two major provinces 
in Canada (Alberta and Ontario) today are served by 
these organizations. 

RTOs manage centralized regional markets for 
electric energy, ancillary services, capacity, and offer 
financial contracts for hedging congestion risks, while 
not taking a position in these wholesale power markets. 
They also manage the joint transmission assets on 
behalf of a number of transmission-owning electric 
utilities as their members while not owning any of these 
assets. RTO markets are independently monitored for 
market power abuses and manipulation. 

RTOs enable the aggregation of generation 
resources for economic dispatch [9] by having 
generation resources over a number of utility control 
areas cost-optimized and dispatched jointly. 

Federally regulated RTOs are governed by 
boards that are independent of any market participants 
[13]. 

The benefits of regional grid integration 
demonstrated by RTO include: 

 Wholesale markets created: Highly liquid and 
competitive; this includes high competitiveness of 
the auction structure; 

 Regional complementarities in demand: Non-
coincident demand provided benefits to regional 
integration without massive investments in 
transmission upgrades while systems with highly 
coincident demands enabled more robust 
transmission infrastructure to support competition; 

 Efficiencies: Increased efficiencies of low-cost 
baseload units in joint regional dispatch; 

 Environmental effects: More intensive use of lower-
cost resources in regional dispatch. 

A successful example of using RTO for regional 
grid integration in North America is shown by New 
England. The New England States Committee on 
Electricity (NESCOE) representing the collective 
perspective of the six New England Governors in 
regional electricity matters, used ISO New England (ISO-
NE) as a vehicle for government level planning and 
policy coordination. With technical coordination 
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provided by ISO-NE NESCOE advanced the New 
England states’ “common interest in the provision of 
electricity to consumers at the lowest possible prices 
over the long-term, consistent with maintaining reliable 
service and environmental quality” [14]. 

As the initial ISO-NE’s mission and governing 
structure were established in mid-1990ies, New 
England’s existing wholesale electricity markets are 
currently being modernized to support achievement of 
clean energy laws, while maintaining system reliability 
and fostering more affordable electricity for regional 
consumers. Today the New England States are 
committed to pursuing a new, regionally based market 
framework meeting the States’ decarbonization 
mandates and maintaining resource adequacy at the 
lowest cost by using market-based mechanisms [15]. 
An example of the current regional wholesale market 
upgrade is a New England Forward Clean Energy 
Market (FCEM) [16,17], a centralized auction market 
that allows multiple bidders, including states and other 
entities, to purchase a variety of clean energy products 
from suppliers across New England. This includes 
transmission system planning to unlock onshore wind 
resources located far from load centers, to integrate 
significant levels of new offshore wind resources and 
new hydro resources, and to facilitate widespread 
adoption of DERs. 

d) Levering the Atlantic Energy Gateway Initiative 
While Atlantic Canada and the northeastern US 

are bound together by natural economic ties, these 
regions are divided by a border which limits the 
development of transport and energy infrastructure and 
does not support the high degrees of economic 
integration and business co-operation that characterize 
the continent’s key economic regions [18]. 

To address this major issue at a business 
community level, national and international discussions 
addressing this gap were made in 2004 [18-20]. The 
concept of Atlantica: the International Northeast 
Economic Region brought together Atlantic Canada; 
Maine, New Hampshire, Vermont, and upper state New 
York; as well as southeastern Quebec to enable full 
participation of these three areas in the North American 
growth strategy [18, 21]. The Atlantica region was 
defined chiefly by geography, economic trends and 
trade patterns; common problems and experiences; and 
politics. 

To enable a significant competitive advantage 
of Atlantica in the continental and global economies of 
the future, new forms of overarching co-operation were 
requested to ensure that “goods, services and people 
can flow easily and efficiently to the places where the 
most value can be added to them”. 

Specifically, the Atlantica region discussions 
addressed a growing awareness of the importance of 
regional co-operation in energy, the value of electricity 

as a unique tradable commodity produced and 
consumed instantly, and regional power grid issues. An 
innovative mechanism to create a wholesale market was 
proposed based on a “natural benefit” for Atlantica. The 
region was seen as primed for the development of a 
competitive regional market for electricity, and “the 
adoption of identical laws in each participating province 
and state was required with more coordination and 
uniformity among regulatory authorities” [20, 22]. 

This effort was further promoted in the Atlantic 
Gateway and Trade Corridor Strategy, developed jointly 
by the governments of Canada and the provinces of 
Nova Scotia, New Brunswick, Prince Edward Island and 
Newfoundland and Labrador [23-25]. The Atlantic 
Gateway Memorandum of Understanding (MOU) of 
October 2007 directed the development of an Atlantic 
Gateway strategy that would benefit the Atlantic region 
and Canada through economic growth, increasing 
international trade and enhancing Canada’s competitive 
position in the global economy. This included a current 
thrust to grow the energy sector by focusing on 
generating and exporting electricity from renewable 
sources, including hydro, wind, tidal, nuclear and 
biofuels. 

Specifically, to leverage clean electricity, the 
Atlantic Energy Gateway (AEG) initiative was announced 
in March 2009 to enhance regional co-operation 
towards the development of Atlantic Canada's clean 
energy resources [26,27]. With emerging clean 
electricity opportunities in the region from large hydro, 
wind and tidal power, and green hydrogen production 
development, the Atlantic Energy Gateway was clearly 
seen as one of the strategic gateways to prosperity in 
Atlantic Canada and beyond [28-31]. 

The foundations for regional collaboration and 
planning through the AEG initiative by March 2012 
contributed to the following decade of changes defined 
in the Clean Power Roadmap for Atlantic Canada 
[32,33] and further shaped by the Government of 
Canada’s commitment to achieve an emissions-free grid 
(“Clean Grid”) by 2035. By fully decarbonizing Canada’s 
electricity grids, the country is enabling the rest of the 
economy to electrify by 2050 [34-37], and regional grid 
integration in Atlantic Canada is expected to contribute 
to effectively meeting the Clean Grid requirements for 
each of the utilities in the region. 

e) Regional Wholesale Market: Advancing a Strategic 
Step 

Addressing the regional wholesale market 
needs, Nova Scotia demonstrated its leadership in the 
Atlantic region starting its Energy Reform 2024 as a 
potential “prelude” to an Atlantic wholesale market 
operated by an ISO/RTO in the region. 

New legislation introduced on February 27, 
2024, allowed for modernizing Nova Scotia’s electricity 
system and enhancing public utility regulation in the 
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energy sector [38,39]. The new legislation changed the 
way the electricity system in Nova Scotia is structured 
and regulated, making it more accountable, transparent 
and competitive by creating an independent energy 
system operator (“IESO”) responsible for the oversight 
of wholesale market rules, interconnections, system 
planning and procurement. This decision supported 
continuing strong efforts of Nova Scotia’s government to 
ensure provincial ratepayers have clean, reliable and 
affordable electricity. 

Based on this decision, the wholesale market 
needs, the sources and experience with Newfoundland 
and Labrador, and socio-economic studies of a 
proposed DC grid from Sable Island offshore wind area 
to New England will define the requirements to and the 
skills of the IESO. 

As Nova Scotia (and any province in Atlantic 
Canada) is too small to have their stand-alone 
wholesale electricity markets function competitively and 
efficiently in North America, a prompt next step may 
have to be made to advance regional grid integration 
opportunities by establishing a Regional Transmission 
Organization in Atlantic Canada to provide a much 
higher wholesale electricity level to play [20]. Such an 
Atlantic RTO representing the next phase of market 
restructuring in the region will present a critical 
opportunity for becoming a broad, regionally integrated 
wholesale electricity market player operating together 
with NYISO and ISONE in the American Northeast. This 
strategic step can lever the value of inter-regional 
coordination and transmission in decarbonizing the 
electricity industry and contributing to the clean 
electrification of low carbon economies in North 
America. 

II. Materials and Methods 

a) RTO as a Deep Integration Toolset 

The electricity industry has long been 
dominated by monopolies, but most of the historical 
justifications for monopoly no longer apply [13]. 
Regional solutions for transmission grids and wholesale 
electricity markets in North America represented by 
Regional Transmission Organizations (RTO) have been 
demonstrating substantial and well-documented 
benefits to the areas they service, including lower costs, 
improved reliability, and better environmental 
performance. The advantages brought by RTO make it a 
compelling option for the regions not yet served and 
trying to reshape their electricity landscapes; as a result, 
the areas serviced by RTO are continuously growing 
[13, 40]. 

i. RTO History 

Historically, wholesale electricity sales 
developed over time by jurisdictional utilities - regulated 
monopolies given rights to own and operate 
transmission and distribution networks in a given 

geographical area along with the responsibility to serve 
all loads in that same area [41]. These utilities were 
vertically integrated, owning the generation, 
transmission and distribution systems, and were 
responsible for the entire flow of electricity to consumers 
[42, 43]. 

The Energy Policy Act of 1992 (EPAct) [44] laid 
the initial foundation for the eventual deregulation of the 
North American wholesale electricity market. This Act 
called for utility companies to allow external entities fair 
access to the electric transmission systems. The act's 
intent was to allow large customers (and in theory, every 
customer) to choose their electricity supplier and 
subsequently pay for the transmission to deliver it from 
the generation to serve their load [42-44]. 

To satisfy the requirement of providing non-
discriminatory access to transmission and open the 
wholesale electricity market to competition, in April 1996 
the Federal Energy Regulatory Commission (FERC) 
issued two orders that changed the landscape of how 
electricity is generated, transmitted, and distributed 
throughout the North America [10,11]. 

Order No. 888 (the "Open Access" order) 
defined its primary objective to establish and promote 
competition in the generation market, by ensuring fair 
access and market treatment of transmission 
customers. Among the key points outlined by FERC to 
accomplish this goal the Commission required all 
jurisdictional utilities within the U.S. to file an open-
access transmission tariff (OATT) and promoted the 
concept of forming Independent System Operator (ISO) 
organizations at the direction or recommendation of 
FERC to coordinate, control, and monitor the operation 
of the bulk power system, and administer wholesale 
electricity markets within their areas of operations. 

Order No. 889 (the "Standards of Conduct" 
order) defined in detail exactly how all participants in the 
electricity market should interact with transmission 
providers. 

In December 1999 FERC followed up with its 
Order No. 2000, encouraging the voluntary formation of 
Regional Transmission Organizations (RTO) to 
administer the transmission grid and wholesale markets 
on a regional basis in a larger geographic area 
throughout North America (including Canada). 

FERC’s Orders No. 888, 889 and 2000 brought 
strong support from the power industry. As of today, 
there are nine ISO/RTO organizations operating in North 
America [12] and using competitive market mechanisms 
that allow independent power producers and non-utility 
generators to trade power. 

In the U.S., six of these organizations: 
Southwest Power Pool, Inc. (SPP), PJM Interconnection, 
LLC (PJM), New York Independent System Operator, 
Inc. (NYISO), Midcontinent Independent System 
Operator, Inc. (MISO), ISO New England Inc. (ISO-NE), 
California Independent System Operator Corporation 
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(CAISO) are subject to the FERC's jurisdiction under 
sections 203, 205, or 206 of the Federal Power Act. The 
seventh - The Electric Reliability Council of Texas 
(ERCOT) serving as an independent system operator 
within the Texas Interconnection, which is not 
synchronously interconnected with any other 

interconnection in North America, is not subject to the 
FERC’s jurisdiction. 

In Canada there are two ISO organizations: 
Alberta Electric System Operator (AESO) serving the 
province of Alberta, and Independent Electricity System 
Operator serving the province Ontario. 

 

Fig. 1.1: ISO/RTO in North America [12]

Fig. 1.1 indicates what areas in North America 
are covered/serviced by RTO, and what areas (shaded 
in grey) are not serviced. 

The major functions of RTO are administering 
competitive wholesale markets, and transmission 
services operations and planning. 

ISO, RTO, and ISO/RTO acronyms in 
publications are often used interchangeably. The only 
difference between an ISO and an RTO is the size of its 
footprint (e.g., ISO for servicing one jurisdiction vs RTO 
for regional service) and the way it prices its services. 

ii. RTO Market Values 
Wholesale Electricity Markets provide multiple 

benefits to customers and to the grid. A definition of the 
market value is clearly presented by an Independent 
Electricity System Operator covering the province of 
Ontario, Canada [45]: 

• Markets enhance reliability: ‘When system-wide 
problems do arise, RTOs enhance rather than 

detract from reliability. They have superior 
situational awareness over a wider area than is 
possible for a single utility, so when challenging 
weather conditions occur or a large generator 
unexpectedly drops out of service, an RTO will know 
which generation and transmission resources are 
available to respond immediately. Although all 
utilities have contingency plans to maintain service 
during unexpected events, RTOs’ access to a wider 
range of resources over a broader area offers a 
greater level of adaptability to more extensive 
issues, like when a weather event threatens large 
states or multiple states at once” [13]. 

• Markets drive economic growth: By offering 
opportunities for suppliers to earn profits, markets 
drive job creation and economic growth. Markets 
also make the pricing of electricity more transparent. 

• Markets improve grid operability: Since electricity 
suppliers are only paid when they produce 
electricity, markets encourage suppliers to operate 
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within their limits. If suppliers are unable to supply 
electricity at any given time, they lose revenue. 

• Markets level the playing field: By giving new market 
entrants a baseline for their decision-making. 

RTO administer and evolve regional electricity 
markets in order to foster competition among suppliers 
and ensure fair and affordable pricing for ratepayers, 
which in turn drives innovation. As thoughtfully 
mentioned in [13], “Power generation and wholesale 
transmission operations are not natural monopolies; 
they are structurally competitive. The evidence from 
more than 20 years of RTO experience in Texas and the 
East shows that market competition has led to more 
efficient generator operations and better investment 
decisions. Without the guaranteed returns managed by 
monopoly utilities, market participants are more prudent 
in their spending and risk management”. 

“The economic and reliability advantages of 
RTOs are well documented and explain why consumers 
with growing electricity needs are at the forefront of 
promoting RTO expansion. In addition, many 
stakeholders favor RTOs for their environmental 
benefits, including accelerating clean investment that 
both displaces legacy fossil resources and better 
integrates renewable energy resources into the grid” 
[13]. 

iii. RTO Products and Operations 
RTOs have been discreetly described as an “air 

traffic control” system for the electric grid [13]. Indeed, 
“RTOs do not own electric generators or transmission 
wires, nor do they buy or sell electricity. Instead, they 
oversee the flow of electricity over the transmission 
system, ensuring that the amount of electricity 
generated and consumed stays in balance and that no 
component of the grid gets overloaded. Thus, the core 
task performed by RTOs is coordinating electricity 
power flows from producers to consumers in ways that 
minimize costs and respect the limits of the grid, and in 
so doing, help avoid blackouts and other problems.“ 

RTOs benefit from their regional footprint which 
is much broader than a footprint of each utility when 
there is a need to address any external forces on the 
grid outside of an individual utility’s control. This allows 
for enhancing RTO’s ability to coordinate power 
production and consumption in advance of impending 
or unforeseen issues and keep the system working 
smoothly. 

Today’s RTOs operate on a system known as 
“security constrained, bid-based, economic dispatch.” 
“Security constrained” refers to ensuring that power 
flows stay within safe operating levels. “Bid based” 
indicates that the system primarily relies on generator 
owners’ voluntary offers to increase or decrease output. 
“Economic dispatch” indicates that the RTO seeks to 
minimize the overall cost to consumers by prioritizing 

the use of the lowest-cost generation resources 
available. 

The “bid-based economic dispatch” part of the 
RTO system design works to find the cheapest-available 
generators to manage grid congestion. Before the day 
begins, an RTO’s day ahead market enables the 
scheduling of the lowest-cost resources available 
capable of meeting forecasted demand consistent with 
safe, reliable operation of the grid. In real time, the RTO 
will update its economic dispatch every 5-10 minutes 
based on changes in consumption and production on 
the system, issuing instructions to generators to 
increase or decrease their output in consideration of grid 
limits, making the adjustments in the lowest-cost way as 
determined by generator offers into the system. 

In addition to Energy Market with a day-ahead 
auction and a series of real-time auctions, RTOs offer 
other three market elements [46]: 

• Ancillary Services and Operating Reserves Market 
providing flexibility and supporting robust 
transmission operations, 

• Capacity Market addressing resource adequacy 
needs, and 

• Transmission Congestion Contracts Market 
addressing locational price risks. 

iv. RTO Independence and Governance 

a. RTO Board Structure 
Across the country, ISO/RTOs are governed by 

boards of directors whose members vary in number 
from 5 to 10. In general, a nominating committee 
identifies new board members and their appointment is 
ratified by either a vote of the ISO/RTO’s members (e.g., 
PJM, MISO and SPP) or by a vote of the board (e.g., 
ISO-NE, NYISO). In contrast, the board members of the 
California Independent System Operator (CAISO) are 
nominated by the Governor of California and confirmed 
by the California State Senate - see Table 1.1 for details. 
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Table 1.1: ISO/RTO Governing Entities (see Table 1 in [40]) 

 
          Source: Adapted from CAISO Summary of ISO/RTO Governance Structures, October 2014. 

The RTO Board structure defines whether the 
decision-making responsibility is “done centrally” or 
“divided among many individuals.” It also determines 
who will be held accountable when “things go wrong”. 

Today, the governing board of a new RTO may 
consider a mix of stakeholder and independent directors 
in an effort to address these issues provided the rules 
prevent any one stakeholder sector from gaining too 
much influence. 

Jurisdictional (state or province) participation in 
RTOs does require a commitment of resources. 
Typically, a commissioner from each jurisdiction is 
assigned to serve on a market advisory committee. 
Jurisdictional participation also brings benefits as its 
planning, reliability and environmental policies can be 
met at lower costs to consumers when participating in a 
well-designed RTO. 

b. Jurisdictional Policy Autonomy 
Several practical concerns emerge from the 

political differences across jurisdictions participating in 
an RTO. E.g., “politically conservative U.S. states worry 
that joining an RTO with a more politically progressive 
state may result in conservative state consumers 
subsidizing progressive state policies, particularly those 
related to clean energy mandates and other 
environmental goals. Conversely, some in progressive 
states are concerned that their policy goals might be 
hindered if they participate in a regional market with 
more conservative states. Both types of concerns 
amount to the desire that the state retain control over its 
own energy policy choices, especially their preferred 
generation mix” [13]. 

c. Managing the Costs of Market Seams 
A power system seam is a difference in the 

methods, rules, or designs of power system operations 
that can create transaction costs or externalities when 
crossing market boundaries [201]. 

RTOs dedicate significant resources to solving 
seams issues. The five key inefficiencies associated with 
power market seams within an RTO were summarized in 
[13] as follows: 

1. Ineffective interregional transmission planning 
2. Generator-interconnection delays due to information 

-sharing requirements 
3. Reduced resource adequacy capabilities 
4. Difficulty in managing unintended power flows 
5. Inefficient trading across lines connecting two 

markets 
Currently, increasing market efficiency can be 

achieved by intertie optimization [47]. Intertie 
optimization adjusts power transfers between two 
markets—that is, on lines connecting the two markets—
in ways that maximize the use of the lowest-cost energy 
available in either market, or in ways that are always 
consistent with safe operating levels on the grid. 

Now, with a better understanding of RTO 
principles, let’s look attentively at RTO experiences in 
the U.S. 

b) Experiences of Regional Transmission Organizations 

i. RTOs in the American Northeast 
Regional Transmission Organizations (RTO) in 

the American Northeast: NYISO and ISO-NE administer 
the region’s wholesale markets, plan the transmission 
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system, and operate the power system through 
collaboration and innovation to ensure reliable and 
competitively priced wholesale electricity is always 
available [48]. 

For over 20 years the RTOs have been 
consistently demonstrating that “competitive electric 
markets continue to provide the most powerful and 
least-cost vehicle available” [49]. These wholesale 
electricity markets are used as an important regional 
development tool to attract necessary investments to 
facilitate the transition of the grid in the coming 
decades. 

With public policies in the Northeast 
increasingly prioritizing clean energy production and a 
rapid transition away from fossil fuels, the RTOs address 
policy-based, societal, or extreme weather challenges 
through maintaining adequate supply necessary to meet 
growing consumer demand for electricity, and 
strengthening electric system reliability as the top 
priority. 

Responding to public policies in their regions 
that are driving rapid change in the electric system, and 
impacting how electricity is produced, transmitted, and 
consumed, the RTOs in the Northeast have been 
successfully addressing critical strategic issues 
including: 

• Higher projected demand driven by Electrification 
programs and economic development initiatives, 

• Expected changes in electricity peaking driven by 
electrification of space heating and transportation, 

• Interconnection processes balancing generation 
developer flexibility with the need to manage the 
process to more stringent timeframes, 

• Timely construction of new supply and transmission 
to support reliability of the grid, 

• Increased dependence on variable renewable 
resources and batteries, and 

• New emission-free resources needed to meet the 
regional goals. 

Through necessary studies supporting and 
contributing to the power grid evolution towards the grid 
of the future the RTOs are continuously exploring the 
next steps for their 2035, 2040 and 2050 targets in 
competitive wholesale markets, transmission, reliability, 
operations, extreme weather events, and new 
technologies. 

Specifically, ambitious market targets to reduce 
GHG emissions from economic activity throughout the 
economy are being considered (e.g., [50] including 
Forward Clean Energy Market (“FCEM”), compensating 
non-emitting resources via the development of a 
centralized, forward market for clean energy, with the 
corresponding costs allocated to electricity consumers; 
Net Carbon Pricing (“NCP”), pricing carbon emissions 
from generators and returning the carbon price 

revenues to electricity consumers; and Hybrid 
approaches combining FCEM and NCP. 

Examples of innovative efforts in the Clean 
Energy Transition helping the RTOs adapt to evolving 
technologies and system conditions [48] include 
Inverter-Based Resource Integration and Modeling 
capturing the unique performance characteristics of 
inverter-based resources (e.g., solar and wind), and 
Integrated Market Simulator to better and more cost-
effectively quantify the potential outcomes of future 
market design changes or potential changes in system 
supply and demand conditions. 

ii. The RTO West Concept 
Positive experiences in the West are presented 

by real time power markets: the Western Energy 
Imbalance Market (WEIM) operated by California ISO 
(CAISO), launched in 2014 for participating utilities 
outside of the CAISO region [51] (see Fig. 2.1 below), 
and a similar Western Energy Imbalance Service market 
(WEIS) operated by the Southwest Power Pool (SPP), 
launched in 2021 for other utilities in the West [52]. The 
current work being done to improve both the WEIM and 
WEIS by introducing day-ahead markets has strongly 
driven the concept of a West-wide RTO (or possibly two 
RTOs [13]) within the next few years. 
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Fig. 2.1: Western Energy Imbalance Market (WEIM) administered by CAISO

A part of this concept is related to improving 
regional resource adequacy and transmission with 
planning efforts in the western United States. 

Besides the CAISO and SPP efforts towards an 
RTO West, related initiatives were presented by the 

Western Resource Adequacy Plan (WRAP), the Western 
Transmission Expansion Coalition (WestTEC), and the 
West-Wide Governance Pathways Initiative (WWGPI). 

 

Fig. 2.2: SPP Proposal: Western Energy Services and Markets+

Specifically, most competitive today offering to 
provide an RTO in the Western Interconnection is 
presented by Markets+, a conceptual bundle of 
services proposed by SPP. Markets+ would centralize 
day-ahead and real-time unit commitment and dispatch 
and pave the way for the reliable integration of a rapidly 
growing fleet of renewable generation [53]. SPP filed its 
Markets+ tariff (the proposed market rules) with FERC 

in April 2024, and a decision by FERC is expected later 
this year. In June 2024, SPP proposed changes to its 
RTO tariff to enable full membership in the RTO for 
utilities in the Western Interconnection. Several small- 
and medium-sized utilities in the West have expressed 
interest in joining SPP as soon as early 2026. 

As summarized in [13], “Establishing core RTO 
functions, namely those around organized markets and 
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regional transmission planning and cost allocation, is a 
proven, equitable approach that has been shown to 
advance the core electricity objectives of both 
progressive and conservative states: lower costs, 
greater reliability, and environmental benefits. If the 
states in the West are able to embrace the idea of an 
RTO (or two) and work toward implementation, they will 
be on the most promising path for establishing a more 
comprehensive, efficient, and dynamic system of 
wholesale electric competition in the region”. 

iii. Southeast Problems 
The Southeast stands apart from the rest of the 

nation for its lack of any kind of regional competitive 
wholesale electricity market independent of incumbent 
vertically integrated utilities [54,60]. While two-thirds of 
electricity consumers in the United States live in a region 
with organized competitive wholesale power markets 
operated by a Regional Transmission Organization or 
Independent System Operator (RTO/ISO), and with 
much of the West being currently part of real-time 
Energy Imbalance Markets administered by CAISO and 

SPP and moving promptly to an RTO solution, the 
Southeast largely retains the decades-old vertically 
integrated utility model, with each utility separately 
operating its own generating resources and 
transmission system. 

While utilities in the Southeast are 
interconnected and there is limited trading of wholesale 
electricity between them, they each continue to rely 
almost exclusively on their own generation resources to 
meet customer needs. 

Continuing with business as usual means the 
risk of generation overbuild is high and increasingly 
expensive [55]. To bring public attention to values and 
merits of an RTO in the Southeast, approaches to 
competitive pricing across the Southeast had been 
presented [55-57]. The analysis forecast the 
considerable positive impacts of a seven-state 
wholesale electricity market being set up in 2025, 
spanning Alabama, Florida, Georgia, Mississippi, North 
Carolina, South Carolina and Tennessee [58]. 

 

Fig. 2.2: Competitive Southeastern RTO economic savings scenario [58]

Seeing potential RTO benefits, Southeastern 
states started exploring ways to bring competition to the 
region’s wholesale markets; e.g., the South Carolina 
legislature passed and the Governor signed Act No. 187 
of 2020, which created an Electricity Market Reform 
Measures Study to consider establishing or joining a 
broader regional wholesale market such as an RTO or 
energy imbalance market [59]. 

However, in February 2021 a group of utilities 
including Duke, Dominion Energy South Carolina, 
Southern Company, Associated Cooperative and the 
Tennessee Valley Authority, submitted filings to FERC 
asking to approve a Southeast Energy Exchange Market 
(SEEM) – a regional energy market in the Southeast U.S. 
that uses a centralized intra-hour energy exchange to 
create bilateral trade among its trading participants 
every 15 minutes. SEEM presented a real-time market 

including Dominion Energy South Carolina, Duke Energy 
Carolinas, Southern Co. and 21 other participants 
[66,67]. 
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Fig. 2.3: Southeast Energy Exchange Market (SEEM) [54]

In its filings to FERC SEEM was described not 
as an RTO/ISO, nor was it analogous to the EIM 
administered by CAISO or SPP. It just bore few 
similarities to other structural options for wholesale 

energy markets, and took only very small competitive 
steps away from the vertically integrated status quo 
compared to the integrated RTO practice (see Fig. 2.4): 

 

Fig. 2.4: Structural Options for Regional Wholesale Markets [54]

According to the prompt and clear SEEM critics, 
“With few non-utility generators able to operate in the 
region today and no clear path for them to join SEEM, 
the end result of the process is this: if no utility is offering 
excess generation, no utility is seeking additional 
generation, and no transmission capacity is sitting idle, 

no deal – and no savings for customers, even if in a 
competitive market such opportunities would be 
revealed. …That this approach to power trading would 
serve utility interests above all” [60]. The critics argued 
that the benefits of SEEM are “paltry compared to a full 
organized market and that the proposal lacks the 
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independence and robustness needed to deliver 
benefits to consumers” [61]. 

In March 2021 a number of public interest 
organizations filed a protest asking the FERC not to 
approve SEEM [62,63]. However, after the SEEM 
applicants’ response to two FERC’s extensive deficiency 
letters and the FERC deadlocked 2-2 commissioners 
vote SEEM was allowed to take effect due to rules 
regarding tie votes by the agency as it “became 
effective by operation of law” because of the “absence 
of Commission action on or before October 11, 2021” 
[64-66]. While SEEM started its operations in November 
2022 [67], in July 2023 a federal appeals court agreed 
with the critics, invalidating SEEM on the grounds that 
it violates federal regulations that require open access to 
such markets [61]. It addressed the key issue: while 
SEEM would be convenient for utilities, its limited 
structure would have provided little to no benefits to 
consumers. SEEM’s participation requirements also 
unfairly discriminate against non-utilities that do or may 
have ongoing bilateral trading relationships with SEEM 
members but are ineligible to participate in the SEEM 
exchange. Following an appeals court ruling, the 
Federal Energy Regulatory Commission is reconsidering 
its approval of the Southeast Energy Exchange Market 
[68, 69]. At the same time, several states in the 
Southeast already started exploring full RTO 
membership. 

Now having summarized RTO experiences in 
the U.S. in the end of 2024, let’s review is today’s 
contribution into regional integration in North America 
enabling its deep decarbonization. 

c) Regional Power Integration for Deep 
Decarbonization 

i. Leading on Deep Decarbonization Pathways 
Deep Decarbonization Pathways (DDPs) are 

seen today as "sector-by-sector blueprints of changes 
over time in physical infrastructure such as power 
plants, vehicles, buildings, and industrial equipment—
that inform decision makers about the technology 
requirements and costs of different options for reducing 
emissions” [70]. 

All deep decarbonization pathways incorporate 
“three pillars” of energy system transformation: energy 
efficiency and conservation, decarbonizing electricity 
and fuels, and switching end uses to low-carbon 
supplies. They present the process of improving 
infrastructure over time by replacing inefficient and 
carbon-intensive technologies with efficient and low-
carbon technologies that provide the same (or better) 
energy services. 

Canada’s deep decarbonization pathways [71] 
present best-in-class regulations that strengthen existing 
policies for the electricity, buildings and transport 
sectors, including enhanced electric grid flexibility and 
storage to handle more intermittent renewables. Fuel 

switching to decarbonized electricity is the single most 
significant pathway toward achieving deep emissions 
reduction globally. However, to minimize both climate 
and economic risks, in Canada “we need to become 
global leaders in decarbonization policy and innovation 
in these sectors, not laggards” [71]. Canadian Electricity 
System playing a critical and very important role within 
the context of Deep Decarbonization, presents a critical 
priority in shaping its pathways. 

ii. Optimizing Canadian Electricity System 
a. Realities of Canadian Electricity System 

An excerpt from a report prepared for Electricity 
Canada [72] defines Canadian Electricity System today 
as follows: 

“The Canadian electricity sector is unique in 
generation mix, geography, and regulatory structure 
when compared with other North American jurisdictions. 
Regulation of the sector takes place at the provincial 
level with limited regulation of transmission lines that 
cross provincial boundaries. Except for Alberta, vertically 
integrated utilities develop the provincial transmission 
grid and generation resource mix to benefit the province 
and ratepayers as much as possible. In Alberta, 
transmission and distribution functions are provided by 
unbundled utilities and generation is provided in a 
competitive, energy-only market. 

Given the provincial boundaries in Canada, the 
abundance of vertically integrated utilities, and the 
nature of regulation, transmission in provinces has 
largely been focused on North to South corridors 
connecting resources to load centers within each 
province, and from provincial load centers to US load 
centers on the other side of the border. Some 
connectivity exists between provinces; however, these 
connections are generally small relative to the size of the 
markets being connected. In addition, most extra-
provincial interconnections have focused on 
international trade with the US as opposed to a trans-
Canadian network. This is again a function of Canadian 
geography in that Canadian load centers are often 
much closer to US load centers on the other side of the 
international border than they are to other Canadian 
load centers in neighboring provinces. 

Most Canadian provinces operate nearly as 
islands, with limited connectivity amongst Western 
Provinces (BC, Alberta, Saskatchewan, and Manitoba) 
and similarly limited connectivity between the Eastern 
Provinces (Ontario, Quebec, and Atlantic Canada). 

Canada’s generation mix is also unique with 
roughly 60% of electricity generation coming from 
hydroelectric sources. B.C., Manitoba, Quebec, 
Newfoundland and Labrador, and Yukon all generate 
over 80% of their electricity from hydropower, while 
Alberta, Saskatchewan, and Nova Scotia primarily 
generate their electricity from fossil fuels.” 
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b. Investments in the Grid a Priority 
Reaching net-zero grid emission by 2035 and 

net-zero economy-wide emissions by 2050 to realize 
Canada’s decarbonization ambitions requires initial 
investments focused on the electricity sector. 
Interconnected regions will play a crucial role in 
achieving net-zero in Canada. To ensure deep 
decarbonization transition, it is imperative that 
investments in the planned renewable generation and 
storage are optimized across jurisdictions using 
transmission upgrades. Addressing the uniqueness of 
the Canadian electricity system, its geography and 
provincial regulatory structure, a set of general 
recommendations in a report [72] commissioned by 
Electricity Canada in 2022 was as follows: (1) develop a 
clear inter-provincial planning process involving 
provinces, the federal government, and the First 
Nations; (2) establish a fair and reasonable cost 
allocation methodology to be used across Canada; and 
(3) to continue to explore Canada – U.S. transmission 
development that can provide financial benefits to 
Canada. 

While Canada’s electricity sector is backed by 
zero emission dispatchable hydroelectric and nuclear 
resources playing a central role in the country’s current 
transition to a low emission economy, making next steps 
in deep decarbonization objectives requires major 
investments in new electricity infrastructure across the 
country. 

As of 2022, while investment conditions at an 
aggregate level were perceived as favourable, they were 
patchy across provinces and technologies. Overall 
conditions for investment are relatively positive for 
nuclear power generation and for newer technologies 
such as smart grid and energy consumption 
management, but less so for renewable and 
hydrocarbon power generation [73]. Also, while public 
policy factors overall had a neutral impact on investment 
decisions, provincial regulatory frameworks for the 

electricity sector were viewed as having a somewhat 
negative impact. This highlighted the need for a 
strategic and coordinated approach to developing 
electrification policies, both within and between 
provinces, as well as strengthening regulatory 
conditions within all parts of the electricity sector value 
chain. 

c. Recommended Framework for Inter-Regional Grid 
Infrastructure 
To lead on Canada’s Deep Decarbonization 

Pathways, a collaborative framework to identify and 
financially support inter-regional electricity transmission 
projects was recommended by the Canada Electricity 
Advisory Council in 2024 [74] to outline their 
governance, cost allocation, and funding components. 
The European Union’s Projects of Common Interest 
(PCIs) framework [75, 76] was proposed as a starting 
model. 

iii. Strengthening Inter-Regional Ties 
a. Inter-Regional Power Sector Integration in the 

Northeast 
An inter-regional integration approach for the 

North American Northeast (New York, New England in 
the Unites States and the Canadian provinces of 
Ontario, Québec and Atlantic Canada) leading deep 
decarbonization efforts in the power sector at the lowest 
overall cost was strongly promoted (e.g., [6]). Gains 
from such an inter-regional approach were seen critical 
due to the large amount of hydropower and reservoirs in 
Canada, which could be used to balance non-
dispatchable renewable generation. The related aspects 
highlighted potential increase of transmission capacities 
between sub-regions, and coordination of capacity 
constraints (e.g., planning for available regional capacity 
instead of relying exclusively on the local generation 
capacity to meet peak demand, thus avoiding 
unnecessary peak capacity “duplication”). 

 

Fig. 3.1: Map of the region overseen by the Northeast Power Coordinating Council (NPCC)
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With the electricity sector playing a central role 
in decarbonization, better coordination in planning and 
operating the Northeast electricity sector could greatly 
facilitate GHG emission reduction through the dual 
challenge of electrifying many energy needs and 
decarbonizing electricity production. However, “Despite 
putting forward several ambitious GHG reduction and 
renewable deployment targets, policy efforts by 
subnational jurisdictions across the Northeast are falling 
short, and prospects for meeting renewable penetration 
levels required by long-term targets appear dim” [8]. 

To ensure significantly more attention to 
adjusting and upgrading electricity sector integration 
strategies across the region focused on variable 
renewable generation challenges, increased 
coordination and collaboration among adjacent 
jurisdictions is seen as immediate and critical. This 
involves different integration aspects such as physical 
infrastructure (e.g., interties - connections allowing 
electricity to flow between power systems), institutional 
and regulatory cooperation and harmonization (e.g., 
shared regulation, market design, and systems 
operation rules), and commercial integration (e.g., level 
of trade). 

According to [8], to achieve such coordination 
and collaboration, significant institutional, political and 
social barriers must be overcome: 

• Institutional barriers imply a need for subnational 
jurisdictions to give special attention to regulatory 
discrepancies across jurisdictions (e.g., market 
access or price levels). This is necessary to ensure 
that regional collaboration leads to a streamlining of 
efforts to harmonize and facilitate integration of 
grids across subnational jurisdiction borders. 

• Political barriers often take the form of combining 
renewable deployment efforts with local industrial 
policy and job creation objectives. 

• Social barriers materialize through opposition to 
projects (e.g. wind farms, dams, transmission lines). 
A viable path to regional integration must consider 
both the legitimate concerns in local areas and the 
regional goals to accelerate renewable energy 
deployment. 

Strengthening regional collaboration through 
additional dialogue, sharing of information and data, 
and further technical and economic studies on the gains 
of and approaches to greater integration was seen as a 
largely recognized next step toward addressing these 
barriers.” 

This approach aligns with a broader vision of 
the U.S. inter-regional transmission expansion and 
coordination of planning and dispatch for renewable-
energy integration [5, 77, 197, 202]. 

b. Two-way Electricity Trade Vision 
Related studies promoting the benefits of inter-

regional coordination in the Northeast showed a clear 

move from historical electricity export from Quebec to a 
“two-way electricity trade” vision. 

An example of expanded inter-regional 
coordination with Hydro-Québec (HQ) for deep 
decarbonization in the Northeastern U.S. is presented in 
a related Deep Decarbonization Pathways study [78]. 
HQ for many years has been playing an important role in 
Northeast as a key electricity exporter, and there is a 
significant new resource potential for onshore wind and 
hydro at relatively low cost within close geographic 
proximity to the American Northeast. The existing 
transmission capacity benefits both the Northeast and 
Québec as it allows south to north exports at certain 
times during the year in combination with the 
predominantly north to south flow, keeping transmission 
utilization rates high. The HQ system, with its large 
reservoir capacity, has the latent flexibility to provide 
balancing on both a daily and seasonal scale. 

The economic benefits of expanded 
coordination derive primarily from operating HQ’s 
system as a “regional battery” with extensive south-
north as well as north-south flows. This takes greater 
advantage of the flexibility of the HQ reservoir system 
and is an expected departure from the longstanding 
business model of “fixed schedule” HQ electricity 
exports. 

The inter-regional system modeling indicated 
the daily pattern becoming more dynamic, with exports 
ramping down during sunrise and ramping up during 
sunset. This pattern reflects the high levels of solar PV 
generation in the American Northeast, with HQ importing 
electricity from the Northeast during daylight hours, 
particularly during the spring and summer, decreasing 
HQ hydro generation and increasing reservoir storage. 

Another related study [77] concluded that in a 
low-carbon North American Northeast’s future, it is 
optimal to shift the utilization of the existing hydro and 
transmission assets away from facilitating one-way 
export of electricity from Canada to the U.S. and toward 
a two-way trading of electricity to balance intermittent 
U.S. wind and solar generation. 

For Northeastern U.S. states, a solution based 
on existing technology was proposed for the use of 
hydropower reservoirs in neighboring Quebec: 

• The optimal use of U.S.-Canadian transmission lines 
will change drastically the role of Quebec hydro as a 
generation resource in Northeastern power systems 
as Northeastern states decarbonize their power 
systems. 

• Expanding transmission enables Quebec hydro to 
play a greater balancing role in future low carbon 
power systems in the Northeast. The role of Quebec 
hydro as a storage resource suggests that building 
additional transmission is a complement to 
deploying clean energy in the Northeast, rather than 
a substitute. 
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• The Northeast state goals for zero-emission 
electricity will be achieved at a lower cost if 
transmission with Quebec is expanded. 

c. Inter-Regional Transmission Expansion 
The current Canadian transmission system is 

much more focused on international transmission as 
opposed to interprovincial transmission, and the value 
of interprovincial transmission expansion has been 
underrepresented in historical cost-benefit analyses 
[79]. 

Expanding interprovincial transmission in 
Western Canada shows the most benefits in the 
reliability categories (risk mitigation, resource adequacy, 
and resilience) compared to the traditional benefit 
categories (production cost, emissions avoided, capital 
cost). 

The levels of reliability benefits have to be 
promptly explored/modelled for the inter-provincial and 
inter-regional connections between Western and Eastern 
Canada (e.g., Manitoba and Ontario) and between the 
Eastern and Quebec interconnections (e.g., Ontario and 
Quebec, and Quebec and New Brunswick), and within 
Atlantic Canada. 

d. Slower Pace of Regional Integration in Canada 
However, in Canada, contrary to leading 

regions in the U.S. (such as New York and New 
England) or in the European Union (such as the Nordic 
Region [80-82]), integration or harmonization reforms so 
far have been slow. Understanding of the historic 
evolution of electricity markets across Canada showed 
the economic and environmental costs resulting from 
the poor integration level in the country [83]. 

To address the slower pace of integration in the 
North American Northwest, key policymakers and 
stakeholders in eastern Canada, New York and New 
England were interviewed in 2020 to determine whether 
there is sufficient institutional and key stakeholder 
support in the region for an extended multistakeholder, 
multi-jurisdictional collaborative process dedicated to 
developing a comprehensive blueprint for such 
coordination and grid integration [84]. 

The results confirmed strong support for a 
broad-based collaborative effort to promote increased 
electric grid integration and coordination, and to obtain 
all the economic and environmental benefits that such 
integration and coordination is likely to yield. However, 
the inter-regional collaborative “cannot begin, much less 
succeed”, unless three “must have” preconditions are 
met: support of the affected provincial and state 
governments, access to adequate data to support 
essential analytical and modeling activities, and 
sufficient resources to sustain the overall effort. 

iv. Enabling Market Opportunities 
a. Market Structures Vary 

Electricity market structures in Canada widely 
vary in vertical integration level, in ownership (from 

public to private), and in competition level in generation 
and retail [7]. Having each of the provinces’ regulatory 
bodies, by mandate, ignore what is going on in other 
provinces “creates uneven and self-centered provincial 
electricity markets that are not designed to collaborate 
and, consequently, are poorly positioned to support an 
efficient deep decarbonization of the economy”. 

Improving integration and coordination of 
provincially managed electricity systems in Canada 
opens “key opportunities:   economic efficiency gains, 
the potential to integrate renewable energy, and 
improved regulation to support innovation” that can be 
seized through a more integrated electricity sector. 

Proposed strategies inducing regional market 
integration include: “(1) enhancement of bilateral 
provincial projects through renewed federal support; (2) 
a bottom-up movement to provincial convergence, 
following a Nordic approach to collaboration [80-82]; (3) 
a negotiated free trade agreement in electricity, under 
the already established Canadian Free Trade 
Agreement, capitalizing on the existing “Regulatory 
Reconciliation and Cooperation” process; and finally (4) 
a federally led, healthcare-type process where key 
principles would be imposed on provinces to build the 
more integrated power system of tomorrow” [7]. 

b. Benefits and Challenges of Electricity Market 
Integration 
Generic benefits of regional electricity market 

integration were shown as follows [85]: 

• Improving reliability and pooling reserves; 
• Reduced investment in generating capacity; 
• Improving load factors and increasing demand 

diversity; 
• Economies of scale in new construction; 
• Diversity of generation mix and supply security; 
• Economic exchange; 
• Environmental dispatch and new plant siting; 
• Better coordination of maintenance schedules. 

Major regulatory challenges experienced 
included [86]: 

 Possibility to trade interconnection capacity day-
ahead and intraday; 

 Technical features (e.g. technical losses) properly 
modelled in the allocation process; 

 Gate closure time as close to real time as possible; 
 Integration of electricity balancing markets. 

Important regional integration obstacles in 
Canada were recognized as follows [85]: 

• Structure of political and electoral incentives in the 
provinces and the federal government 

• Redistribution of the gains from a partial or 
complete integration 

• Lack of recognition of the environmental benefits 
resulting from integration 
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c. Today’s Realities of Inter-Regional Trade: RTO vs 
Regulated Monopoly 
An important reason for slower decision-making 

on regional and inter-regional power integration in 
Canada is defined by the critical wholesale electricity 
market differences in deregulated and regulated 
monopoly jurisdictions. 

Internal market pricing in a deregulated 
jurisdiction is defined by an RTO-administered 
wholesale electricity market at marginal cost, and in 
regulated monopoly jurisdiction - at average cost. 

In inter-regional electricity trade the regulated 
monopoly always exports toward the deregulated 
jurisdiction pricing at marginal cost which may induce 
productive inefficiencies of the regulated monopoly. If 
both jurisdictions are deregulated, "integrated 
deregulation" in inter-regional electricity trade yields a 
decrease in overall consumption, which also brings 
GHG emission reduction [87]. 

An example of the market differences slowing 
regional and inter-regional integration is presented by 
ISO new England with its RTO-administered deregulated 
market, and New Brunswick and Nova Scotia as 
regulated monopoly utilities. 

d. RTO Opportunities in Atlantic Canada 
The electricity system will play a key role in 

achieving greenhouse gas emissions reduction targets 
of the Atlantic provinces (New Brunswick, Nova Scotia, 
Prince Edward Island and Newfoundland and Labrador) 
through decarbonization of energy supply and enabling 
electrification of buildings and transportation. 

Some implications on the electricity system 
upgrade in the region, with an emphasis on the potential 
economic benefits of increased regional coordination, 
include the following aspects [88]: 

• In-region renewable electricity generation: the 
Maritimes will require significant construction of in-
region renewable energy to provide zero-carbon 
energy and decarbonize the electric power supply 
regardless of regional coordination measures to 
import dispatchable, clean energy from 
Newfoundland and Labrador, or/and from Quebec. 

• Dispatchability needed for Deep Decarbonization: 
achieving very deep levels of decarbonization will 
require firm, dispatchable low-carbon energy and 
capacity to ensure reliability, which will be possible/ 
necessary only with broader regional coordination. 

• Low carbon dispatchable energy has significant and 
growing value: “imported hydropower or other 
dispatchable, clean energy can meet the need for 
zero-carbon electricity and the need for firm 
capacity for system reliability, acts as a hedge 
against significant uncertainty in commercial 
development of low-carbon baseload and shows 
significant value under a wide variety of 

uncertainties, in particular in scenarios examining 
2030 coal retirement”. 

A clear curve of regional collaboration efforts 
and steps in Atlantic Canada was summarized in the 
presentation “Regional collaboration and infrastructure 
optimization in energy modelling” in 2024 [89]. It shows 
that an RTO in Atlantic Canada has been waited for, is 
required and much needed. Before looking attentively 
into deep integration opportunities that may allow 
Atlantic Canada to promptly and strongly contribute to 
deep decarbonization of the country, let’s review the 
current situation with and upgrade of electricity 
wholesale efforts in Canada. 

III. Expected Results and Outcomes 

a) Upgrading Electricity Wholesale in Canada 
i. Alberta and Ontario: Leading Competitive 

Wholesale 
Canadian power industry paid serious attention 

to the development and deployment of competitive 
wholesale electricity markets in the U.S., and followed 
the rules and achievements established by FERC. The 
most industrialized provinces of the country – Alberta 
and Ontario – followed the experiences in the U.S., 
leading wholesale electricity market deployment in 
Canada in Western and Eastern interconnections. 

a. Upgrading Operations 

Alberta: Electricity policy in the province changed in 
1996, with the province restructuring its electricity 
market away from traditional regulation to a market-
based system [90]. The Alberta Electric System 
Operator (AESO) started operating in 2003 planning and 
operating the wholesale market and managing/planning 
the related power grid [91]. The market now includes an 
increasingly diverse infrastructure for multiple electricity 
buyers and sellers. AESO operates "independently of 
any industry affiliations and owns no transmission or 
market assets” [92]. 

Alberta’s power system is undergoing the 
greatest transformation in its history, driven by new 
technologies, government policy and a societal shift 
toward cleaner forms of energy, and the AESO is 
playing a leadership role in enabling this transformation 
[93]. 

AESO is a member of the ISO/RTO Council 
(IRC), Western Electricity Coordinating Council (WECC), 
Western Power Pool (WPP) and North American 
Reliability Corporation (NERC). 

Ontario: The Independent Electricity System Operator 
(IESO) was established in April 1999 as the Independent 
Electricity Market Operator (IMO) under the government 
of Ontario in preparation for deregulation of the 
province's electrical supply and transmission system 
[94]. The IMO was renamed to the IESO in January 
2005. It is the Crown corporation responsible for 
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operating the electricity market and directing the 
operation of the bulk electrical system in the province. 

As a key service across the electricity sector the 
IESO manages the wholesale market in the province, 
including planning for the province's future energy 
needs, and designing a more efficient electricity 
marketplace to support sector evolution [95]. The IESO 
identifies system needs and planned actions from 2025 
to 2050 that are needed to ensure the reliability, 
affordability and sustainability of Ontario’s electricity 
system [96]. The IESO is a member of the ISO/RTO 
Council, NERC and Northeast Power Coordinating 
Council (NPCC). 

b. Restructuring Energy Markets 
The electricity sector is in a time of fundamental 

change. Every jurisdiction, regardless of its framework, 
is experiencing reliability and affordability challenges 
that are becoming more significant as the pace of 
change increases [97]. 

AESO and IESO as the leading Canadian 
electricity wholesale market operators clearly defined the 
next steps in addressing these changes through 
restructuring energy markets. 

As Alberta’s current electricity system is being 
impacted by transformational change, the AESO Net-
Zero Emissions Pathways Report (Net-Zero Report) 
[98,99] and the AESO 2023 Reliability Requirements 
Roadmap (Reliability Roadmap) [100,101] noted key 
operational and reliability challenges that are having 
implications on the sustainability of the electricity market 
as currently designed in Alberta. 

The need for more structural change to the 
market design and provincial electricity policy is being 
driven, among other emerging trends, by technological 
shifts changing where and what type of resources power 
the grid: 

– Alberta is experiencing a significant change in its 
generation fleet with the reduction in carbon-
emitting generation sources and the increasing 
pace of development of variable renewable 
generation resources (i.e., wind and solar). The 
integration of these resources is important to 
support a carbon-neutral future. However, these 
resources must be operated with an accompanying 
mix of controllable resources. 

– Increasingly, supply is not providing attributes that 
are required to maintain reliability without the need 
for additional ancillary services and/or technical 
requirements. 

AESO’s approach to restructuring energy 
markets to address this change including the AESO’s 
study, observations and recommendations was 
presented to the Alberta government in January 2024 
[102]. 

A key recommendation of AESO addresses the 
ability to procure contracts for controllable/dispatchable 

technologies 1

c. Accommodating DER Aggregations 

 focused on the objectives of Reliability, 
Affordability, Decarbonization by 2050, and Reasonable 
Implementation. A set of different dispatchable 
technologies supporting these objectives and 
demonstrating the current and future role and potential, 
in AESO’s opinion, includes carbon-abated natural gas 
power, full-scale nuclear, small modular reactors, 
hydrogen-fueled generation, hydroelectric power, and 
energy storage resources. Specifically, the reliability 
objective involves defining and establishing sound 
technical requirements for all technologies, especially a 
new and growing class of inverter-based resources 
(e.g., wind turbines, solar arrays, and batteries). 

While AESO worked promptly in 2024 on the 
Restructured Energy Market design development and 
engagement (see [103, 104]), IESO also completed its 
Market Renewal Program [105]. The mission of the 
Market Renewal Program is to deliver a more efficient, 
stable marketplace with competitive and transparent 
mechanisms that meet system and participant needs at 
lowest cost. The Market Renewal Program (MRP) is 
modernizing Ontario's electricity markets to address 
inefficiencies and will be a building block to embrace the 
continued transition to new and diverse resources [106]. 
MRP will make improvements to the current electricity 
market design, by improving how electricity is supplied, 
scheduled and priced by IESO, leading to system 
efficiencies and supporting the grid of the future. This 
project will deliver significant value to the system and 
Ontario consumers – an expected $700 million in 
benefits in the first 10 years alone. 

In parallel and in coordination with restructuring 
their energy markets, IESO and AESO have been 
collaborating with their stakeholders to understand the 
ways to accommodate DER aggregations (DERA) in 
their markets. 

In response to FERC’s Order 2222 [107], 
ISO/RTO across the US are developing and 
implementing wholesale participation models for DERs 
that inform potential enhancements in IEASO and AESO. 
This includes: 

• Opportunities to enable new and more diverse DER 
aggregations (DERAs) to better reflect existing and 
emerging DER potential in the province 

• Potential to enable greater flexibility of aggregated 
demand-side resources 

• Addressing barriers to participation for small 
resources (e.g., metering/telemetry processes and 
requirements) 

The key areas include DERA participation (e.g., 
participation and aggregation models will be established 

                                                             
1 When referring to different types of supply, the terms dispatchable 
and controllable are used by AESO interchangeably to represent 
technologies that can be dispatched and controlled in real time. 
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for DERs, maximum and minimum size thresholds 
needed for individual DERs and/or DERAs, etc.), eligible 
wholesale market services (e.g., energy, operating 
reserves and capacity) and metering and settlement for 
DERAs [108]. 

IESO sees DERs as emerging major players in 
the electricity sector in Ontario with at least 5000 MW* of 
DERs that IESO has visibility to as a result of markets, 
procurements, programs and initiatives have already 
been deployed in Ontario. IESO sees potential for 
substantial growth [109] with additional DERs being 
deployed to support customer and policy-driven 
electrification and decarbonization goals, and has been 

determining cost-effective ways to enhance the value 
DERs can provide to Ontario’s electricity system by 
expanding participation in the wholesale markets. 

As an example, the IESO’s Market Vision and 
Design Project [110] as a key focus area of DER 
integration activities explored with stakeholders 
“foundational” participation models for DER integration 
into wholesale markets as well as enhanced models to 
form future DER integration [111]. IESO also plans by 
2026 to design in detail and implement the foundational 
wholesale participation models including market rule/ 
manual amendments and process/tool updates [112]. 

Table 4.1: Key Features of Foundational and Enhanced Models [112] 

 
 

Another example is collaboration of AESO with 
its stakeholders on the development of proposed 
Amendments to ISO rules related to the Operating 
Reserve (“OR”) Market Review (“OR Market Review Rule 
Amendments”) related to DER/DERA. By May 31, 2023, 
AESO received comments from its Stakeholders in 
response to its March 29, 2023 Letter of Notice for 
Development of Operating Reserves Market Review 
Rule Amendments [113], and by July 31, 2023 provided 
its feedback to the stakeholders. 

ii. British Columbia: Moving to Deep Integration 
BC Hydro, a Crown Corporation of the province 

of British Columbia, participates in wholesale energy 
market activities in the Western Interconnection of North 
America via Powerex Corp., a wholly-owned subsidiary 
of BC Hydro [114]. The surplus capabilities of the BC 
Hydro generating system and Powerex’s portfolio of 
transmission service rights enable Powerex to buy, sell 
and shape power deliveries to BC Hydro customers 
across the Western Electric Coordinating Council 
(WECC) region. 

Powerex began its participation in the real-time 
Energy Imbalance Market (EIM) administered by 
California Independent System Operator (CAISO) on 
April 4, 2018, pursuant to Commission-approved 
agreements that recognize its status as a Canadian EIM 
entity [115]. Powerex has been participating in the EIM 
in the same format as many other EIM entities in the 
market managed by CAISO. This includes [116]: 

 Flexible Generation - voluntary bids and offers from 
residual BC Hydro flexible generation; 

 Generation and Load Imbalances - deviations from 
hourly base schedules; 

 Transmission rights - set aside ahead of the hour to 
support EIM transfers. 

In November 2022 after its careful review of the 
two competing alternatives for a fully-integrated RTO 
solution demonstrating deep integration in the Western 
interconnection: SPP’s Markets+ and CAISO’s Energy 
Day Ahead Market/Energy Imbalance Market (EDAM/ 
EIM), Powerex concluded that SPP’s Markets+ is the 
market platform that will provide Powerex with the 
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greatest economic, environmental and reliability benefits 
[117, 118]. Powerex announced that “it will not only 
participate in the funding of the development of 
Markets+, but it will also join Markets+ at inception, 
subject to applicable approval processes”. 

The following elements of the Markets+ Draft 
Service Offering were “particularly important to 
Powerex’s decision to pursue Markets+: 

• A durable and inclusive governance framework that 
is in palace from the outset, supported by an 
experienced and neutral market operator, and the 
independence of a Markets+ Independent Panel 
and the SPP Independent Board; 

• An approach to GHG tracking that is expected to 
accurately apply GHG emissions costs to energy 
generated in, or imported into, jurisdictions with 
GFHG pricing programs, and in a manner that 
meets the full intent and spirit of the underlying 
environmental policy; 

• A common resource adequacy requirement that will 
not only protect reliability, but do so in an equitable 
manner, leveraging the Western Resource 
Adequacy Program (WRAP); 

• A transmission proposal that will maximize the 
transmission capability available to Markets+ while 
minimizing impacts on third-party transmission 
revenue and equitably allocating congestion 
revenue to OATT customers, and  

• Application of industry best practices in price 
formation, consistent with FERC policy, ensuring 
that market prices accurately reflect grid conditions, 
which drives lower retail rates for consumers over 
the long-term while supporting reliability”. 

On Mar 25, 2024, SPP’s Board of Directors and 
its members have approved the initial tariff for its 
Markets+ service offering in the Western Inter-
connection, clearing the way for its filing at FERC [119].  
As of April 2, 2024, Markets+ is expected to go live in 
early 2027, pending FERC approval of the tariff [120]. 

iii. Manitoba and Saskatchewan: Building RTO 
Alliances 

Both Manitoba Hydro and SaskPower made 
important steps toward strengthening wholesale 
markets in North America via alliances with leading 
RTOs in the U.S. 

agreement starting in 2027 with the Southwest Power 
Pool (SPP) increasing its ability to sell and buy bulk 
power at the wholesale power market for the central 
United States managed by SPP [121]. SaskPower is 
SPP’s first international member, and their membership 
represents both organizations’ continued efforts to 
increase reliability through interregional coordination 
[122]. SPP and SaskPower have operated as adjacent 
entities since October 2015 when SPP’s service territory 

expanded to the North Dakota-Saskatchewan border, 
coordinating their reliability and transmission functions. 
SaskPower’s participation in the SPP represents a 
commitment by both organizations to strengthen 
wholesale market opportunities across their borders. 

2001 through the execution of a Coordination 
Agreement [123]. With an installed capacity of close to 
5700 MW of hydro power generation Manitoba Hydro 
operated as a strong contributor to clean electricity 
resources supplying its U.S. customers with power and 
energy via the wholesale market managed by MISO. In 
addition to participating in MISO as the Coordinating 
Owner, Manitoba Hydro also participates in the MISO 
Capacity, Ancillary Services, Energy and Financial 
Transmission Rights markets through which it delivers to 
the MISO footprint approximately 1000 MW of capacity 
and 10 TWh of energy on an annual basis. 

iv. Quebec Selling to Wholesale Markets in Northeast 
a. One Utility, One Interconnection 

Hydro-Québec is a vertically integrated 
provincially-owned power utility established by the 
government of Quebec. Hydro-Québec's electricity 
transmission system is managed by its division - Hydro-
Québec TransÉnergie (HQT). Quebec Interconnection 
covering the province of Quebec and operated by HQT 
is not synchronized with Eastern Interconnection or any 
other interconnections in North America [124]. 
TransÉnergie uses HVDC technology (back-to-back 
converters) to export or import electricity to other 
transmission grids in the neighbouring Eastern 
Interconnection. 

HQ and the Quebec government have been 
working successfully (and not without hardships) to 
increase electricity exports to the U.S. via existing and 
proposed new transmission lines [125]. Major electricity 
supply provided by HQT to ISO/RTO wholesale markets 
in North America includes IESO (Ontario), ISO NE (New 
England) and NYISO (New York). Today, with the 
American Northeast committed to rapidly scale variable 
renewables, inter-regional collaboration between 
Quebec and the Northeastern U.S. is underway that may 
“fundamentally reconsider the role of hydropower on the 
grid” [126, 127]. 

Inter-regional efforts and opportunities for 
Quebec are proposed by leading universities in Quebec 
and well documented, e.g., [6-8, 83, 85, 87, 128-132]. 

b. The “Battery” of Northeastern America 
According to Quebec’s Framework Policy on 

Electrification and the Fight Against Climate Change 
[133, 134], “the provincial government is aiming to use 
our considerable hydroelectric resources to make 
Québec the “battery” of northeastern America. This 
involves the ability to use electricity exports to contribute 
to the fight against climate change beyond Québec’s 
borders and the potential to attract even more 
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Saskatchewan: In 2022, SaskPower signed a 20-year 

Manitoba: Manitoba Hydro joined MISO in September 



companies that want to take advantage of this clean, 
competitive energy”. 

“By 2030, the government has set its sights on 
increasing electricity exports to neighbouring markets 
under long-term contracts. It will propose energy 
alliances to neighbouring provinces and states in the 
American Northeast in order to promote Québec’s 
resources and increase electricity exports. These energy 
alliances will make the American Northeast a greener, 
more competitive region.” 

According to Hydro Quebec Action Plan 2035 
[135], the utility plans to integrate 8,000 to 9,000 MW of 
new generation assets into the Hydro-Québec grid. As 
hydropower is the best option for firming up intermittent 
wind power In Québec, from 3,800 to 4,200 MW of new 
hydropower will be added by increasing the capacity of 
the existing generating stations and building new 
hydropower facilities, including a pumped-storage 
facility. 

Transmission infrastructure will be deployed to 
connect additional generating facilities and promising 
new projects for Québec. By 2035, Hydro-Québec plans 
to invest a total of $50 billion to install 5,000 kilometers 
of transmission lines to increase the capacity of our 
transmission system in order to maximize access to new 
generation. About half of which will be high voltage (735 
kilovolts and 315 kilovolts) and the other half 
intermediate voltage (between 69 kilovolts and 315 
kilovolts) for regional development and local loads 
[136]. Hydro-Québec plans to launch a major 
undertaking to upgrade 735-kV lines: the backbone of 
Québec's transmission system. The first phase will 
include the optimization of the existing system and the 
construction of almost 850km of new 735-kV or 315-kV 
lines, as well as 5 strategic new substations in 3 areas. 
This infrastructure will allow new generation to be 
integrated into the grid, transmit additional energy 
across Québec and increase grid reliability and 
resilience to increasingly intense weather phenomena 
[137, 138]. 

As the Reliability Coordinator for the Quebec’s 
electricity system, Hydro-Québec on October 1, 2024 
updated all the data and information it needs to monitor 
the transmission system of Québec and meet its 
operational obligations, including to perform Operational 
Planning Analyses, Real-time monitoring, and Real-time 
Assessments, as Reliability Coordinator (RC), Balancing 
Authority (BA) and Transmission Operator (TOP), under 
the established by NERC reliability standards [139]. 

c. Amping Up Electricity Regulation 
On June 6, 2024 the Government of Québec 

tabled Bill 69, An Act to ensure the responsible 
governance of energy resources and to amend various 
legislative provisions, in the National Assembly [140]. 
The bill is essentially aimed at speeding up green 
energy production in the province, with the ambition of 

making Québec the first carbon-neutral jurisdiction in 
North America. Although electricity appears to be at the 
centre of Bill 69, some changes are also aimed at 
natural gas and other sectors of the energy supply chain 
of Québec. According to current strategies and plans, 
Quebec needs to double its energy production to 
support initiatives that will allow it to reach its climate 
targets [141]. 

Specifically, Bill 69’s proposed amendments 
would [142]: 

• Enable Hydro-Québec to enter into renewable 
electric power supply contracts without being 
subject to tendering obligations, as well as give 
Hydro-Québec the ability to sell certain production 
infrastructure; 

• Allow private producers to sell and distribute electric 
power to other private entities located on a site 
adjacent to their production site; and 

• Introduce a new governance model. 
Bill 69, which aims to set up a legal framework 

to support the province’s energy transition [143], is 
expected to be adopted by the end of 2024. 

Keeping in mind the current wholesale 
electricity updates in all the provinces in Western 
Canada, Ontario and Quebec, the regional wholesale 
market reasons and solutions for Atlantic Canada 
contributing to deep decarbonization via Canada’s 
Clean Grid are proposed in the following chapter. 

b) Atlantic RTO as the Energy Gateway Solution 

i. Atlantic Energy Gateway 
In March 2009 Atlantic Canada made a next 

step in expanding regional clean electricity collaboration 
announcing the Atlantic Energy Gateway (AEG) to 
enhance the development of Atlantic Canada's clean 
energy resources. AEG represented a collaborative 
approach coordinated by the Federal Government 
(Natural Resources Canada and the Atlantic Canada 
Opportunities Agency), with participation from the 
governments of the four Atlantic Provinces, four of the 
major regional utilities, and the Region’s two system 
operators [26, 27]. 

With emerging clean electricity opportunities in 
the region ranging from large hydro to wind and tidal 
power in clean electricity generation and green 
hydrogen production in clean consumption, the Atlantic 
Energy Gateway was seen as one of the strategic 
gateways to prosperity in Atlantic Canada and beyond 
[28-31]. 

In early 2011 energy ministers of the Atlantic 
provinces agreed to speed up regional co-operation 
efforts, identify priority opportunities and maximize 
benefits for the region [144]. By March 2012 strong 
advances were made in better understanding of the 
ways to move in regional clean electricity collaboration. 
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On September 10, 2012, the federal and 
provincial ministers announced the results of studies 
undertaken under the AEG. The research identified 
significant potential benefits of regional collaboration, 
including development and operating cost efficiencies, 
greater diversity in clean energy supplies, enhanced 
stability for ratepayers and lower greenhouse gas 
emissions in the Atlantic region. The research involved 
significant engagement of the power utilities in the four 
Atlantic provinces [27]. 

Specifically, the following understanding below 
was shared and agreed upon within the AEG initiative. 

a. Market Opportunities 
The AEG team completed a review of provincial 

and state clean and renewable energy policies 
supporting clean and renewable energy targets [145]. 
The review highlighted that the Atlantic provinces will 
only cooperate, and truly “buy-in”, if there is mutual 
gain. Greater interprovincial power cooperation was 
seen necessary for a successful export to New England. 

The review highlighted a need for a Regional 
System Operator that could provide coordinated 
balancing and load following services for the region. A 
regional system operator could provide a more efficient 
and economic structure to facilitate interprovincial power 
flows. In addition to streamlining the tariff system, a 
regional system operator that had independence from 
individual provinces’ political decision-making could 
improve market access for independent producers. 

b. Regional Electricity System Operations 
The AEG initiative’s review of Regional 

Electricity System Operations in Atlantic Canada was 
focused on the operations and requirements of a 
regional transmission system [26]. The review also 
included a description of the regulatory systems in place 
in the Atlantic Provinces, and also other relevant 
regulators including the U.S. Federal Energy Regulatory 
Commission (FERC), North American Electric Reliability 
Corporation (NERC), Northeast Power Coordinating 
Council (NPCC) and Canada’s National Energy Board 
(NEB), regulating international power lines, and energy 
imports and exports in Canada. 

It was indicated that “increasing regional 
electricity and clean renewable energy cooperation 
could achieve potential efficiencies and cost benefits to 
consumers and industry, and expand economic 
opportunities and benefits for the region. 
Implementation considerations and some areas that 
could be reviewed in exploring increased coordination 
are: 

i. Existing generation and transmission structures and 
policies; 

ii. Examining opportunities for regional planning for 
expanded renewable energy 

iii. Sources to maximise market competitiveness; 

iv. Planning for future system operations on a regional 
basis; and 

v. Harmonizing certain regulatory functions, while 
ensuring the Atlantic region maintains its close 
regulatory, reliability, and business relationships 
with the Northeast USA and related agencies. 

Increasing cooperation and coordination by the 
Atlantic Provinces’ electricity sectors could become the 
start of an Atlantic Canada power market that is more 
competitive, both locally and internationally.” 

c. Regional Transmission Upgrade Options 
As a tighter integration of the regional Atlantic 

Canada electrical system was expected to lead to 
increased opportunities for inter-provincial energy trade, 
a resource assessment of the integrated regional 
system was done through the development of a 
representative model of the system [146]. The model 
was used to evaluate the current operation of the 
system and develop scenarios for increasing amounts 
of renewable and non-emitting energy sources for 
domestic and export electricity uses. Various potentially 
desirable transmission upgrade options and the key 
interfaces between New Brunswick and Nova Scotia, 
and New Brunswick and Prince Edward Island were 
identified to determine their approximate transfer 
capabilities and the costs to upgrade transmission 
facilities. 

d. Common Unit Commitment and Dispatch 
Functionality 
The AEG initiative supported the development 

and testing of a regional system model, database, and 
skill set a common unit commitment and dispatch 
function for balancing electricity supply and demand in 
Atlantic Canada to be used for future studies [147]. This 
was a model upgrade from the New Brunswick System 
Operator balancing at that time New Brunswick, 
Northern Maine and Prince Edward Island systems as 
one balancing area. The results of the common unit 
commitment and dispatch functionality review were 
intended to inform policy makers on the 
appropriateness of pursuing a common system 
balancing function. 

e. Clean Electricity Resources 
The AEG Resource Development Modeling 

Study was focused on regional integrated resource 
planning (IRP) of future electric generating resources 
rather than IRP done separately by each of the Atlantic 
utilities for their medium and long term future generation 
development for the period of 2015 through 2040 [148]. 
The objective of the study was to model a more 
integrated view of the region and determine the 
economic and environmental benefits compared to the 
individual provincial models. 
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f. Renewable Generation Supply Chain 
Opportunities in Atlantic Canada 
The Atlantic Energy Gateway initiative examined 

a range of issues associated with opportunities for 
Atlantic Canadian firms in the supply chain for various 
renewable generation technologies, including onshore 
wind, offshore wind, tidal energy, biomass energy, and 
systems to power remote on- and off-grid communities 
[149]. 

A summary of Renewable Generation Supply 
Chain Opportunities included the following (see excerpts 
from [149] below: 

 The supply chain for onshore wind is currently 
robust, but still offers a number of service-related 
opportunities to Atlantic Canada, including crane 
services for installations, operations and 
maintenance, and logistics services. 

 Supply chain development for offshore wind and 
tidal power, had been limited in the region due to 
the nascent state of these technologies. However, 
should these technologies reach commercialization, 
the resulting supply chains, which have much in 
common, will offer significant opportunities to the 
economies of Atlantic Canada as Atlantic Canada is 
well positioned in both geography and industrial 
infrastructure to contribute substantially to these 
supply chains as they mature. 

 A healthy biomass supply chain is already 
established in Atlantic Canada, but opportunity 
exists to expand this supply chain. Thermal energy 
applications, especially exports, present the 
greatest opportunity for growth, but electric 
generation appears to offer less potential. 

 Potential supply chain opportunities also exist 
related to the development of systems to power on- 
and off-grid applications that displace diesel 
generation with renewable resources. Local firms 
involved in wind/hydrogen demonstration projects 
may benefit from forming partnerships to develop a 
standardized control system that would allow for 
turnkey replication of these wind/hydrogen facilities. 
The off-grid use of biomass for district heating 
and/or cogeneration was also analyzed and may 
offer further supply chain opportunities through 
greater application in district heating and remote 
communities. 

g. Research, Development and Demonstration 
The AEG initiative reviewed a complete picture 

of the clean and renewable energy RD&D activities in 
Atlantic Canada, both in terms of types of technologies 
being pursued, and the intellectual and institutional 
resources present in the region, to help direct future 
strategies [150]. The AEG RD&D review presented 
summaries of the current state of clean and renewable 
energy used in each of the four Atlantic Provinces, and 
of their research and development capacity. Potential 

areas of regional cooperation were presented, along 
with policy considerations intended to support the 
AEG’s clean and renewable energy development 
initiatives. 

ii. Looking into a Clean Electricity Future in Atlantic 
Canada 

a. Leveraging the Pan-Canadian Framework on 
Clean Growth and Climate Change 
The next step in enhancing clean energy 

opportunities in the Atlantic region was made by the 
Pan-Canadian Framework on Clean Growth and Climate 
Change (PCF), a collective plan to grow the economy 
while reducing emissions and adapt to a changing 
climate [151]. In December 2016, the PCF, published 
the outline of a collaborative action plan to meet or 
exceed Canada’s 2030 target of a 30 percent reduction 
below 2005 levels of greenhouse gas (GHG) emissions. 
Specific actions to transform regional electricity systems 
supported by PCF included: (1) increasing the amount 
of electricity generated from renewable and low-emitting 
sources; (2) connecting clean power with places that 
need it; (3) modernizing electricity systems; and (4) 
reducing reliance on diesel working with Indigenous 
Peoples and northern and remote communities. 

Within PCF the federal government committed 
to investing in infrastructure through a number of 
national programs, negotiated agreements with 
provinces and through the Canada Infrastructure Bank, 
a federal Crown corporation using federal support to 
attract private sector and institutional investment to new 
revenue generating infrastructure projects that are in the 
public interest.  Specifically, the Green Infrastructure 
stream, through Integrated Bilateral Agreements (IBA), 
allocated investments in the Atlantic provinces with a 
minimum of 45% of a province’s IBA Green 
Infrastructure stream allocation supporting greenhouse 
gas emission mitigation projects, such as new 
renewable electricity and transmission projects. 

To update a regional infrastructure perspective, 
a regional study was conducted to identify promising 
electricity infrastructure projects in Atlantic Canada. 
Specifically, the governments, and their respective 
electric utilities, of Nova Scotia, New Brunswick, Prince 
Edward Island, Newfoundland & Labrador and the 
Atlantic Canada Opportunities Agency collaborated on a 
regional economic dispatch simulation model to 
examine promising electricity infrastructure projects to 
meet a set of carbon-constrained future scenarios. 

The regional power grid infrastructure was 
looked at in terms of current and future diverse clean 
energy supply led by large hydro and nuclear. 

Major hydro advances included the 
Newfoundland and Labrador Muskrat Falls Project, 
including its associated transmission projects, to make 
Newfoundland and Labrador’s electricity generation 
98% renewable and provide Nova Scotia with 20 percent 
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of the energy and capacity from the Muskrat Falls 824 
MW generating station. 

Considerations were given to electricity from 
Churchill Falls, a 5,428 MW hydro generating station 
operated in Labrador, that will be available for the 
Atlantic regional trade operations after a long-term 
power purchase agreement (PPA) with Hydro-Quebec 
expires August 31, 2041. The Government of 
Newfoundland and Labrador also saw the 2,250 MW 
Gull Island renewable energy project on the lower 
Churchill River as a potential future development 
opportunity. 

In terms of nuclear, New Brunswick Power 
explored the possible use of Small Modular Reactors at 
the existing Point Lepreau Nuclear, a 660 MW 
Generating Station. 

Modelling potential futures for the regional 
electric system showed that regional electricity 
transmission reinforcement is required enable the 
introduction of more sources of renewable energy, and 
that developing new non-emitting “dispatchable” 
resources is needed to provide firm capacity. It was 
confirmed that coordinated regional action can achieve 
deep GHG emissions reductions required. At that time, 
decision was made to further explore the Regional 
Hybrid Portfolio Scenario to identify optimal incremental 
changes to the regional system [88]. This includes 
investigating an appropriate amount of dispatchable firm 
generation capacity, and/or storage and demand-side 
management systems, and transmission reinforcement 
to support more sources of variable renewable 
generation for further GHG reduction. 

 

Fig. 5.1: Regional coordination scenarios: electric load zones and transmission capacities [88]

b. Advancing a Clean Power Roadmap for Atlantic 
Canada 
Building on a long history of collaboration, in 

March 2019, the Atlantic Provinces and the federal 
government agreed to develop a Clean Power Roadmap 
for Atlantic Canada. The Roadmap was intended to 
outline a collective vision for how the Atlantic provinces 
may collaborate over the coming decades to build a 
clean power superhighway across the region [32]. 

Specifically, a shared vision of an 
interconnected clean power grid was agreed to serve as 
the foundation for a competitive, electrified economy 
across the region. “The integrated grid would provide 
Atlantic Canadians with an affordable and reliable 
supply of clean power, underpinned by a regionally 
integrated, modern electricity system that better 
optimizes supply and demand through smart grid 
technology and energy storage. It could lead to more 
efficient investment and management of costs; more 

choices and economies of scale in building new sites; 
better coordination of system maintenance, and 
increased reliability” [32]. 

The transition planned for Atlantic Canada’s 
power system was seen as significant, opening “new, 
untapped environmental and economic potential” [33]. 

A strengthened Atlantic Regional Transmission 
Loop approach was proposed as the backbone of the 
regional grid that would connect existing and new power 
supplies across the region to places that need it, along 
with smarter distribution networks that optimize supply 
and demand while maintaining reliability. 

The initial Atlantic Loop concept was modified in 
October 2023 [152] with a focus on expanding “Clean, 
Reliable and Affordable Electricity Grids in New 
Brunswick and Nova Scotia” [153, 154].  As part of the 
first track of collaborative work, priority projects required 
to meet the 2030 timeline included the building of the 
Salisbury-Onslow Reliability Tie connecting Nova Scotia 
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and New Brunswick. Under the second track of work, 
the parties agreed to confirm and advance areas of 
critical importance and cooperation on the path to net-
zero electricity by 2035, including the continued 
advancement of Small Modular Reactors, which is 
specific in New Brunswick, and offshore wind, which is 
specific in Nova Scotia. This also included further 
exploring regional transmission and energy exchange 
opportunities in partnership with neighboring utilities, in 
Quebec, Newfoundland and Labrador, and Prince 
Edward Island. 

According to Nova Scotia’s 2030 Clean Power 
Plan [155], “NS-NB Regional Transmission Nova 
Scotia’s electricity system is only weakly connected to 
the North American grid, through New Brunswick. A new 
345kV line to NB is needed to manage renewables, 
boost reliability and resiliency. This NS-NB Reliability Tie 
will run from Onslow to Salisbury, enabling 500MW+ of 
imports/exports. This project is expected to be online in 
2028. Extending this line to Point Lepreau would enable 
greater access to NB, New England, and Quebec. This 
new line and extension can be completed by 2029 at a 
total cost of ~$1.4B, far less than the Atlantic Loop. This 
supports regional population growth; enhances 
reliability; and enables more energy trading. 
Interprovincial & Federal talks are underway to support 
these transmission investments.” 

c. Atlantic Canada’s Economy: Commitments and 
Opportunities 
Atlantic governments and businesses have 

been significantly investing in the development of clean 
technologies to support the net-zero transition: 
Clean Generation: 

  
Project includes the hydroelectric generating facility 
on the lower Churchill River in Labrador, 
transmission infrastructure linking the facility to the 
Churchill Falls facility upstream, and the Labrador-
Island Link (LIL) transmission line. Construction of 
the 824 MW Muskrat Falls facility began in 2013 and 
was commissioned in November 2021 [156]. The 
Labrador-Island Link was commissioned in April 
2023 [157]. The station at Muskrat Falls has a 
capacity of over 824 MW and provides 4.5 TWh of 
electricity per year. [158, 159] 

The Muskrat Falls Hydroelectric Project 
provides an opportunity to consider Phase Two of 
the Lower Churchill Project that would consist of the 
development of the 2,250 MW Gull Island 
generation facility and associated transmission to 
markets. 

Advanced Transmission 

• Completion of HVDC Power Transmission Lines 
Labrador - Island Link (LIL) is a 1,100 km 900-

megawatt (MW) high voltage direct current (HVDC) 

transmission line that carries electricity from a 
generating facility at Muskrat Falls to the island of 
Newfoundland [160]. 

Maritime Link involves a 500 MW (+/- 200 kV) 
high-voltage direct current (HVDC) transmission line, as 
well as a 230 kV HVAC (high-voltage alternating current) 
transmission line [161] that carry electricity from 
Newfoundland to Cape Breton, Nova Scotia. Maritime 
Link was commissioned in 2017 [162]. 

• Deployment of Utility-Scale Battery Storage 
Demonstration of Atlantic Canada’s leadership 

in growing utility-scale battery storage [163] includes: 

energy storage system used as a part of the 42 MW 
Burchill Wind Project in Saint John, New Brunswick. 

The battery is the largest in New Brunswick. It 
consists of a 5.8 megawatt/11.6 megawatt-hour lithium-
ion battery that can deliver 5.8 megawatts of energy to 
the Saint John Energy grid for a two-hour period on a full 
charge [164]. 

 
new battery energy storage in 2023 [165]. 

 
the Smart Renewables and Electrification Pathways 
Program to Nova Scotia Power for three grid locations at 
White Rock, Bridge Water and Spider Lake, Nova Scotia 
to install and integrate battery energy storage and grid 
modernization assets and operating systems totalling 
150 MW, 600 MWh in these locations. The Nova Scotia 
Utility and Review Board approval of three 50-megawatt 
four-hour duration lithium ion batteries in June 2024. 
The batteries are supposed to be operational by 2026 
[166]. According to Nova Scotia Power Inc., these 
projects are expected to provide the required firm 
capacity, renewable integration, frequency and voltage 
support, and reliability services, to support the transition 
off coal and continue greening the Nova Scotia 
electricity system while maintaining a healthy and 
resilient grid. The utility sees utility-scale battery storage 
as "poised to play a key role in Nova Scotia's energy 
transition." 

Expectation of clean electricity/clean grid 
opportunities in the region, according to [167], means 
that: 

• “Future economic opportunities associated with 
clean technologies will depend on the direction of 
government regulation, resource availability and 
investment costs. 

• Onshore wind investment is expected to grow 
strongly over the next decade. Economic 
opportunities are limited as most major wind farm 
components are imported. 

• Offshore wind projects could create larger local 
benefits, compared to onshore wind projects, as a 
much bigger share of the work can be completed 
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• Muskrat Falls Hydro: The Muskrat Falls Hydroelectric 

Saint John Energy, New Brunswick: A utility-scale battery 

NB Power, New Brunswick: Procurement for 50 MW of 

Nova Scotia Power: Funding has been committed under 



locally. Efforts are underway to adapt the current 
regulatory environment to accommodate the 
management of offshore wind projects. 

• New hydroelectricity projects in our region are 
largely limited to Newfoundland and Labrador. 
These projects would generate large economic 
benefits if they move forward, but challenges remain 
to lessen risks around costs and regional 
integration. 

The following clean energy developments are 
currently considered in the region: 
Clean Generation 

 
 

Clean Power Roadmap for Atlantic Canada has already 
recognized the opportunities for both onshore and 
offshore wind power [168], and Nova Scotia’s provincial 
government has set a target to license 5 GW of offshore 
generation capacity by 2030 [169]. It is considered that 
offshore wind for Atlantic Canada could be “what oil was 
to Texas or hydro power to Quebec” [170]. 

In April 2022 the governments of Canada, 
Newfoundland and Labrador and Nova Scotia 
committed to expand the mandates of the Offshore 
Boards in Newfoundland and Labrador and in Nova 
Scotia to include the regulation of offshore renewable 
energy development, such as offshore wind [171]. An 
Act to amend the Canada—Newfoundland and 
Labrador Atlantic Accord Implementation Act and the 
Canada-Nova Scotia Offshore Petroleum Resources 
Accord Implementation Act and to make consequential 
amendments to other Acts (Bill C-49 [172]) passed third 
reading in the House of Commons in May 2024 and in 
the Senate on October 1, 2024, and received royal 
assent on October 3, 2024. This legislation enables the 
development of the offshore wind industry in the region. 

The Draft Regional Assessment Report for 
Offshore Wind Development in Nova Scotia was 
presented to Indigenous Peoples and the public for 
review and comments on October 31, 2024 [198-200]. 
 

 

Fig. 5.2: A map of potential development areas for offshore wind on the Scotian Shelf [200]

Advanced Transmission 
According to Nova Scotia Regional Energy and 

Resource Table Framework for Collaboration on the 
Path to Net-Zero [173], as of August 29, 2024, focused 

collaboration in the short-term included the following 
vision: 

• Work planned to advance the Point Lepreau–
Salisbury-Onslow Transmission Line as part of a 
modified Atlantic Loop connecting Nova Scotia and 
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Offshore Wind Generation in Nova Scotia and 
Newfoundland and Labrador: The federal-provincial 



New Brunswick, with a target in-service date of 
2029.  

• Explore regional transmission and energy exchange 
opportunities in partnership with utilities in New 
Brunswick, Quebec, Newfoundland and Labrador, 
and Prince Edward Island. 

As well, socio-economic studies of a New 
England - Maritimes Offshore Energy Corridor [174] are 
being considered. This Corridor presents a new HVDC 
transmission intertie between Nova Scotia and New 
England to connect two distinct offshore wind resource 
areas with the two load centers in each respective 
region, highlighting the economic and environmental 
benefits. 
Consumption 

development of a green hydrogen sector, positioning 
itself as a leader in clean economic growth and 
environmental stewardship [175]. 

In alignment with its environmental and climate 
change goals, the Province is exploring the vast 
potential of offshore wind energy to produce green 
hydrogen and its derivatives such as green ammonia. 

Nova Scotia is being engaged in ongoing 
discussions with Natural Resources Canada regarding 
Nova Scotia’s role in meeting Canada’s export 
ambitions under the Canada-Germany Hydrogen 
Alliance [176-178]. The province is also reviewing the 
environmental assessments for the EverWind Point 
Tupper Green Hydrogen/Ammonia Project – Phase 1 
[179] and the Bear Head Energy Green Hydrogen and 
Ammonia Production, Storage and Loading Facility 
projects [180]. The approval of each project is 
contingent on each proponent fulfilling a series of terms 
and conditions to ensure the environment and human 
health remain protected. 

d. Nova Scotia’s Energy Reform 2024 
New legislation introduced on February 27, 

2024, allowed for modernizing Nova Scotia’s electricity 
system and enhancing public utility regulation in the 
energy sector [38, 39]. Supporting continuing strong 
efforts of Nova Scotia’s government to ensure provincial 
ratepayers have clean, reliable and affordable electricity, 
the new legislation is changing the way the electricity 
system in Nova Scotia is structured and regulated, 
making it more accountable, transparent and 
competitive. Nova Scotia’s government refers to a 
similar approach to managing and regulating the 
electricity system in other Canadian provinces [39]. The 
legislation reflects most significant recommendations of 
the Clean Electricity Solutions Task Force report of 
January 31, 2024 [181]. 

According to a legislation summary, The Energy 
Reform (2024) Act (the “ERA”) includes the following 
[182]: 

1. The ERA creates two new statutes: More Access to 
Energy Act (“MAEA”) and Energy and Regulatory 
Boards Act (“ERBA”). The ERA also repeals 
the Utility and Review Board Act and amends 
the Public Utilities Act, Electricity Act and other 
legislation. 

2. The MAEA will create an independent energy 
system operator (“IESO”), which will be responsible 
for the electricity grid system operator functions, 
including oversight of wholesale market rules, 
interconnections, system planning and 
procurement. The IESO is to be a non-profit 
corporation, with management and control being 
vested in a Board of Directors initially appointed by 
the Governor in Council, and later in accordance 
with its by-laws. The Nova Scotia Department of 
Natural Resources and Renewables expects the 
IESO to be fully operational by late 2025. 

The MAEA provides that the IESO is to pursue 
the following objects: 

• Enter into agreements with transmitters giving the 
IESO the authority to direct the operations of their 
transmission systems; 

• Direct the operation of the IESO-controlled grid; 
• Establish and enforce criteria and standards relating 

to the reliability of the integrated electricity system; 
• Maintain the adequacy and reliability of the bulk 

electricity system; 
• Enter into interconnection agreements with 

transmitters; and 
• Facilitate the operation of a competitive electricity 

market. 

In support of the above-noted objects, the IESO 
is to perform the following functions: 

• Carry out competitive procurements, including for 
electricity supply, capacity, energy storage, ancillary 
services and “hybrid peaking resources”, or as 
prescribed by regulation or considered appropriate 
in accordance with the Province’s 2030 Clean 
Power Plan; 

• Issue administrative penalties in accordance with 
market rules and procedures; and 

• Carry out transmission interconnection studies. 

Under the MAEA, a license will be required to 
own or operate a transmission system, direct the 
operation of transmission systems in the province, 
provide electricity or ancillary services or engage in an 
“electricity-related activity”. 

3. The ERBA will split the existing Nova Scotia Utility 
and Review Board (“NSUARB”) into two new 
boards. The newly formed Energy Board (“EB”) will 
be tasked with the regulation of energy. 

The ERBA requires the EB to consider a broad 
array of factors when exercising its authority including: 
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Green Hydrogen and Clean Ammonia Production in Nova 
Scotia: Nova Scotia is actively pursuing the 



• Competition and innovation in the provision of 
energy resources in the province; 

• Development of a competitive electricity market; 
• Safe, secure, reliable and economical energy supply 

in the province; and 
• Sustainable development (as defined in 

the Environment Act [183] and sustainable 
prosperity as defined in the Environmental Goals 
and Climate Change Reduction Act [184]. 

iii. Atlantic RTO – the Next Step 
With existing regional solutions for transmission 

grids and wholesale electricity markets represented by 
Regional Transmission Organizations (RTO) in North 
America demonstrating lower costs, improved reliability, 
and better environmental performance, an RTO concept 
applied to the Atlantic Canada region (the Atlantic RTO, 
or ARTO) is seen as a compelling high priority in 
leveraging the Clean Grid 2035 target in Canada. 

The New York Independent System Operator 
(NYISO) and Independent System Operator New 
England (ISO-NE), the Regional Transmission 
Organizations (RTO) in the American Northeast, have 
been consistently demonstrating that “competitive 
electric markets continue to provide the most powerful 
and least-cost vehicle available” [49]. These RTOs have 
been used in their regions as an important regional 
development tool facilitating the transition to the clean 
grid. The historical ties of Atlantic Canada (specifically, 
the Maritimes) and New England present an important 
opportunity to learn the ISO-NE lessons, vision and 
continuous advancements to promptly build a leading 
North American RTO in Atlantic Canada leveraging an 
inter-regional integration approach of the second 
quarter of the 21st century. 

The Atlantic RTO should be seen today as a key 
advancement in Canada’s deep decarbonization 
pathways presenting best-in-class regulations that 
strengthen existing policies for the electricity sector. 
The Canadian Net-Zero Emissions Accountability Act of 
June 2021 shaped Canada’s commitment to achieve 
net-zero emissions by 2050 [185]. 

Building on the actions in Canada’s 
strengthened climate plan [186] and the Pan-Canadian 
Framework [187], the 2030 Emissions Reduction Plan 
[188] reflects the Canadian input to reduce emissions 
by 40-45 per cent from 2005 levels by 2030 (see the 
Emission Reduction Plan Progress Report [189] 
published by the Government of Canada in December 
2023). 

Strong connection between Deep 
Decarbonization and Deep Regional/Inter-regional 
Electricity Market Integration concepts and practices 
reinforces the role of the Atlantic RTO in realizing the 
2030 Emissions Reduction Plan, and ensures the 
benefits of electricity market integration in Atlantic 

Canada such as improved reliability, increased demand 
diversity, diversity of generation mix and supply security. 

The proposed Atlantic RTO is clearly seen as a 
key upgrade and an important component of the 
Canadian Electricity System addressing its generation 
mix, geographical structure and regulatory framework, 
and advancing inter-regional East-West and North-
South power integration. 

A special reason for supporting the Atlantic RTO 
by all the provinces of Atlantic Canada is the necessary 
and critical avoidance of the current realities of 
“electricity islands” in the region. 

Strengthening regional grid through high 
voltage alternate current (AC) transmission between 
Nova Scotia and New Brunswick, and direct current 
(DC) transmission between Nova Scotia and New 
England, and having ARTO administer a wholesale 
electricity market will allow the region to benefit from an 
attractive set of flexible power opportunities at 
competitive wholesale level in: 

• Generation - to better sell hydro power of 
Newfoundland and Labrador, and offshore wind 
power of Nova Scotia; 

• Consumption – to better buy commercial power 
needed in Prince Edward Island, and industrial 
power (e.g., for green hydrogen) needed in Nova 
Scotia, and 

• Bi-directional power (both generation and 
consumption) in Nova Scotia and New Brunswick – 
to address the needs of Atlantic Canada and New 
England. 

The Atlantic RTO is seen as a strategic step in 
the evolution of the Atlantic Energy Gateway initiative 
demonstrating a new and more advanced regional 
leadership example in Canada. As prompt deployment 
and operation of the Atlantic RTO will make the region 
more competitive nationally and internationally, 
increasing cooperation and coordination by the Atlantic 
Provinces’ electricity sectors is currently strongly 
required. According to a recommendation of the 
Canada Electricity Advisory Council’s “Powering 
Canada: A Blueprint for Success” report in May 2024 
[74], a collaborative framework for the ARTO decision-
making can be used to identify and financially support 
inter-regional electricity transmission projects and 
outline their governance, cost allocation, and funding 
components. 

Timely coordination and cooperation of the 
government, private, academic, and civil electricity sub-
sectors on multiple levels in the Atlantic region should 
be promoted to achieve the ARTO deployment within 
the 2025-2035 timeframe. This would allow for a 
cooperative action to “mobilize quickly and skillfully all of 
the resources necessary” [190]. As a part of this 
cooperative action, the ARTO development and 
deployment would greatly benefit from the skillset of the 
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industry in New Brunswick (with its New Brunswick 
System Operator created on October 1, 2004 and 
amalgamated with the NB Power Corporation on 
October 1, 2013 [191], as well as its current 
Transmission and System Operator [192]) and Nova 
Scotia (through its new Independent Energy System 
Operator (IESO) [38,39] as well as the skills of the Nova 
Scotia Power System Operator (NSPSO) [193]). 

Also, the civil sub-sector (represented by the 
organizations that act in the public's interest but are not 
motivated by government or profit) that has not yet been 
fully involved, should be promptly engaged to leverage 
personal, organizational, and societal developments in 
the region [194]. Deep participation of Canada’s 
indigenous peoples, or First Nations, as a part of the 
civil electricity sub-sector, makes compelling sense. This 
engagement would ensure electricity buyers/end users 
contribution to establishing a competitive wholesale 
electricity market in Atlantic Canada. 

IV. Conclusions and Recommendations 

1.
 

To ensure successful steps to a low carbon 
economy and total electrification, commitments to 
deep decarbonization in North America require 
regional power system integration.

 
Regional 

integration ensures a critical, productive and timely 
approach and strategy to provide reliable and 
affordable electricity anywhere, anytime. It

 
can 

leverage economies, enhance energy security, and 
reduce greenhouse gas emissions.

 

2.
 

The most efficient solution for regional power 
integration, enabling competitive electricity 
wholesale is proven by Regional Transmission 
Organizations (RTO).

 
The RTO concept and 

practices ensure high efficiency and reliability of 
regional electricity markets and power transmission 
system operations. Advanced results of regional 
integration have been continuously demonstrated 
by New York Independent System Operator (NYISO) 
and Independent System Operator New England 
(ISO-NE) - the leading RTO in the American 
Northeast, and may be used to learn from their 
experience.

 

3.
 

To improve power integration of regional and inter-
regional electricity trade using an RTO approach, 
the last frontiers for organized wholesale markets in 
North America should be identified, addressed and 
resolved.

 

In the U.S., the key RTO frontiers being currently 
publicly discussed are the American West and 
Southeast regions:

 

- The current work is being done in the West on 
establishing a more comprehensive, efficient, and 
dynamic system of wholesale electric competition in 
the region. This work has strongly driven an 

advanced concept of a West-wide RTO (or two 
RTOs) within the next few years. 

- In the Southeast, the initial approach of large utilities 
to create real-time bilateral trade via an energy 
exchange market demonstrated only very small 
competitive steps away from the vertically integrated 
status quo compared to the integrated RTO 
practice. This approach (e.g., Southeast Energy 
Exchange Market (SEEM)) was not accepted by 
non-utility generating companies. Today, several 
states in the Southeast already started exploring full 
RTO membership. 

In Canada, all provincial jurisdictions in western 
Canada as well as Ontario participate in or manage 
competitive wholesale electricity markets, and Quebec 
is considering the next steps in inter-regional integration. 
Atlantic Canada is the last RTO frontier for competitive 
regional electricity wholesale in the country that requires 
detailed public discussion. 
4. An Atlantic RTO (ARTO) proposed here manifests a 

key upgrade and an important component of the 
Canadian Electricity System addressing its 
generation mix, transmission structure and 
regulatory framework, and advancing inter-regional 
East-West and North-South power integration. The 
ARTO would enable best-in-class regulations that 
strengthen existing policies for the electricity sector, 
and should be seen as a compelling high priority in 
leveraging the Clean Grid 2035 target in Canada. 

5. The Atlantic RTO is seen as a strategic step in the 
evolution of the Atlantic Energy Gateway (AEG) 
initiative demonstrating a new and more advanced 
regional leadership example in Canada. Announced 
in 2009, the AEG initiative by March 2012 made 
strong advances in better understanding of the 
ways to move in regional clean electricity 
collaboration. This included regional electricity 
market opportunities, regional electricity system 
operations, regional transmission upgrade options, 
clean electricity resources, renewable generation 
supply chain opportunities in Atlantic Canada, and 
research, development and demonstration needs. 
The results of the AEG initiative were further 
promoted in the Clean Power Roadmap for Atlantic 
Canada (2022), outlining a collective vision for how 
the Atlantic provinces may collaborate over the 
coming decades to build a clean power 
superhighway across the region. 

6. A collaborative framework for the ARTO decision-
making should be used to increase cooperation and 
coordination by the Atlantic Provinces’ electricity 
sectors. This would identify and financially support 
inter-regional electricity transmission projects and 
outline their governance, cost allocation, and 
funding components. According to Canada 
Electricity Advisory Council’s report of May 2024: 
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“Powering Canada: A Blueprint for Success” 
[ARTO42], constructing a Framework for Inter-
Regional Grid Infrastructure is recommended to 
support inter-regional electricity transmission 
projects.

7. The ARTO is positioned as a critically important 
regional integration advancement in Canada’s deep 
decarbonization pathways. Strong connection 
between Deep Decarbonization and Deep 
Regional/Inter-regional Electricity Market Integration 
concepts and practices reinforces the role of the 
Atlantic RTO in realizing Canada’s 2030 Emissions 
Reduction Plan. It ensures the benefits of electricity 
market integration in Atlantic Canada such as 
increased diversity of generation mix, improved 
system reliability, increased supply security and 
demand diversity. Prompt deployment and 
operation of the Atlantic RTO would make the region 
more competitive nationally and internationally.

8. Timely coordination and cooperation of the 
government, private, academic, and civil electricity 
sub-sectors on multiple levels in the Atlantic region 
is suggested so as to achieve the ARTO 
deployment within the 2025-2035 timeframe. To 
ensure that this coordination on multiple levels is in 
place, that the planned work is moving at 
accelerated pace, and the Atlantic RTO 
development and deployment milestones are met 
on time, socio-psychological tools for dedicated 
groups across all the four sectors should be used.

9. As a part of the cooperative action, the ARTO 
development and deployment would greatly benefit 
from the existing electricity system operator skillset of 
the industry in New Brunswick and Nova Scotia. 
Including New Brunswick Power Transmission and 
System Operator, Nova Scotia Power System 
Operator, and Nova Scotia’s new Independent 
Energy System Operator.

10. The civil electricity sub-sector should be promptly 
engaged with deep participation of Canada’s First 
Nations so as to leverage personal, organizational, 
and societal developments in the region, and to 
ensure that electricity buyers/end users contribute to 
establishing a competitive wholesale electricity 
market in Atlantic Canada.
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Numerical Analysis and HTL Variation of 
CH3NH3SnI3 based Perovskite Solar Cell   

using SCAPS-1D
Md. Rakibul Islam α, Md. Mehedi Hasan Rumel σ & Khorshed Alam ρ

Abstract- Perovskite solar cells have shown success in 
photovoltaics, but further improvements are needed. Lead-
based organic-inorganic hybrid perovskites have potential, but 
toxicity issues prevent commercialization. Scientists are 
working on an eco-friendly, lead-free organic perovskite 
material. This study proposes a lead-free perovskite solar cell 
with CH3NH3SnI3 absorber layer, Cu2O as the best HTL 
output, FTO as TCO, and ZnO as ETL. SCAPS software is 
used for optimization and performance optimization. Different 
solar cell parameters, such as absorber layer thickness, 
doping concentration of the absorber layer, defect density of 
the absorber layer, and HTL and ETL thickness, were 
examined in order to determine the ideal solar cell device. With 
VOC= 0.98 V, Jsc= 31.93 mA/cm2, and FF= 84.34%, the 
maximum power conversion efficiency of 27.66% is achieved. 
These modeling results could be useful in the development of 
low-cost, highly effective perovskite solar cells. 
Keywords: perovskite solar cell, SCAPS-1D, 
CH3NH3SnI3, HTL variation, ETL layer, absorbed layer. 

I. Introduction 

s the world is developing day by day the energy 
consumption is also increasing. We need much 
electricity than before but our sources are limited. 

Fossil fuel is limited and decreasing. Besides Fossil fuel 
based conventional power generation system emits a 
large number of greenhouse gases (CFC) which creates 
contamination of the environment. Sources of renewable 
energy can be the substitute remedy to generate power. 
Sun is where all energy comes from resources. Solar 
panel technology is one of the greatest techno-logy in 
renewable energy technology. 

Various kinds of solar cells are employed to 
produce energy. Some of them are, silicon solar cell 
with crystals, Amorphous Silicon Photovoltaic, Cd-Te 
photovoltaic cell, CIGS Photovoltaic cell, Multi-junction 
Photovoltaic cell, Tandem Photovoltaic cell, Perovskite 
Solar Cell etc. Perovskite Solar Cell is one of the largest 
technologies in the world. Many researchers are doing 
their research to raise the efficiency of this Photovoltaic 
cell. 
 
 
 
 
Author α σ: Institute of Energy, University of Dhaka, Dhaka, Bangladesh. 
e-mail: mdrakibul-2021316267@ie.du.ac.bd 
Author ρ: Industrial Engineering, Lamar University, Beaumont, USA. 

II. Literature Review 

Solar cell technology can be categorized into 
three generations. The initial cohort photovoltaic cells 
are wafer-oriented for example crystalline silicon 
photovoltaic cell. The solar cells of the second 
generation are organic solar cells that are based on thin 
films and belong to the third generation [1]. Perovskite 
solar cells are very efficient for future solar cell 
technology. Perovskite material can be efficiently used in 
solar cell, supercapacitor etc. The Perovskite solar cells 
have an efficiency of greater than 20%. [2], [3]. No other 
kind of photovoltaic device has shown the startling rate 
of device efficiency growth in the past. Though the 
efficiency is increasing, it is quite challenging to achieve 
this efficiency in large scale industrial applications. The 
durability of this technology over the long term continues 
to be a concern [4]. 

Perovskite solar cell technology can be 
constructed using both organic based solar cell and 
Inorganic based solar cell. Organic - inorganic hybrid 
perovskite material is showing better efficiency than the 
inorganic perovskite material is recent researchers. 
Research efforts in hybrid organic-inorganic perovskites 
have intensified significantly. This emerging solar cell 
technology has shown rapid progress, with frequent 
advancements in power conversion efficiency 
percentages [5]. Notably, a study conducted in 2009 
focused on a cell utilizing CH3NH3SnBr3, demonstrating 
a high photo-voltage of 0.96 V and an efficiency value of 
3.8% [6]. 

Two years later, in 2011, a perovskite cell with 
nanocrystals sized at 2-3 nm (CH3NH3SnI3) achieved a 
solar electric efficiency of 6.54% [7]. By the year 2023, 
significant progress was observed, with energy 
conversion efficiencies reaching an impressive 16.2% 
[8]. In that same year, optimizing the treatment 
conditions for the Tio2 layer resulted in a Power 
Conversion Efficiency (PCE) of 19.3% [9],[10]. After 
nearly five years of dedicated research, the efficiency 
surpassed 22% [3]. In recent research, the PCE of 
perovskite Solar cells are employing a variety of 
materials in an expanding manner and advanced 
technology. 
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III. Methodology 

We employ utilizing numerical simulation with 
SCAPS-1D aims to improve the efficiency of a lead-free 
planar heterostructure perovskite solar cell with an n-i-p 
configuration. The device comprises an intrinsic layer 
made of methyl ammonium tin iodide (MASnI3) serving 
as both the i-layer and p-layer, while Spiro-OMeTAD is 
used for the p-layer. The n-layer is composed of SnO2. 
The goal is to optimize the design and parameters 
through simulation, enhancing the overall performance 
of the solar cell. [11]. 

A software program called SCAPS is used to 
simulate the electrical and optical characteristics of solar 
cells. It’s frequently used to evaluate and improve many 

kinds of solar cell devices, such as silicon, organic 
material, and perovskites-based ones. [13] 

There are multiple steps in the SCAPS 
simulation, and the particular techniques used can 
change depending on the kind of solar cell under study. 
Here's a broad rundown. 

a) Numerical Modeling 
The design is a standard CH3NH3SnI3, based 

on PV cell structure. Figure 1, shows the cell is 
composed of an absorber layer, an n-type (ZnO), which 
represents an ETL layer, placed at the bottom, and the 
top of the p-type (Spiro-OMeTAD/P3HT/Cu2O), which 
represents an HTL layer. [12] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 1:

 

Schematic representation device architecture (Glass/TCO/ETL/Perovskite/HTL/Au)

b)

 

Parameters

 

Thickness, band-gap energy, electron affinities, 
effective density, effective VB density, effective density, 
electron mobility, hole mobility, effective density, donor 
concentration, and acceptor concentration are among 
the electrical properties. It is possible to alter these 
electrical characteristics. The following tables provide 
information on the electrical parameters in the SCAPS1-
D program. [14]
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Table 1: Electrical Parameters of solar cells

Parameters FTO 
[15] 

ZnO 
[16] 

CH3NH3SnI3 
[17] 

Cu2O 
[18] 

Spiro- 
OMeTAD[19] P3HT[20] 

Thickness/nm 400 100 1.700 200 200 200 
Band-Gap 

Energy Eg/ev 3.5 3.300 1.3 2.170 3.170 1.7 

Electron 
affinity/ev 4 4 4.17 3.200 2.050 3.5 

Relative 
permittivity er 

9 9 10 10.000 3.000 3 

Effective-CB density 
Nc/cm-3 

2.2E+18 2.0E+18 1.000E+18 2.50E+20 2.200E+18 2.00E+21 

Effective-VB density 
Nv/cm-3 

1.8E+19 1.8E+19 1.000E+19 2.50E+20 1.800E+19 2.00E+21 

Electron 
Mobility un/cm2/V.s 

2.00E+1 1.00E+2 1.600E+0 2.000E+2 2.000E-4 1.800E-3 

Hole mobility 
un/cm2/V.s 

1.00E+1 2.50E+1 1.600E+0 8.600E+3 2.000E-4 1.860E-2 

Donar concentration 
Nd/cm-3 

2.00E+19 1.00E+18 1.000E+0 0 0 0.000E+0 

Acceptor 
Concentration 

Na/cm-3 
0.000E+0 0.000E+0 1.000E+17 1.00E+19 12.000E+19 1.00E+18 

 

Interface layer properties, SCAPS-1D allows users to run simulations to analyze how these properties affect 
device performance metrics like efficiency, open-circuit voltage, short-circuit current, and fill factor. 

Table 2: Defect Parameters of interface and absorber [21]

Characteristics HTL/Absorber Absorber/ETL 
Defect type Neutral Neutral 

Capture cross section 
electrons (cm²) 

1.00E-19 1.00E-19 

Capture cross section holes (cm²) 1.00E-19 1.00E-19 

Energetic distribution Gaussian Gaussian 
Reference for defect energy level Et Above the highest EV Above the highest EV 

Energy with respect to 
reference (Ev) 

0.6 0.6 

Total density (integrated 
Over all energies) (1/cm^2) 

1.00E+10 1.00E+10 

 

IV. Result Analysis 

a) Impact of the Perovskite Absorbing Layer Thickness 
The implementation of device's performance is 

significantly influenced by the absorber layer. The 
previously published data reveals that the photovoltaic 
parameters such as Jsc, Voc, The thickness of the 
absorber layer affects FF and PCE [22]. The thickness 
of the absorber layer was changed from 0.1 μm to 2.0 
μm in order to obtain its portion in the device simulation. 
Figure 1 illustrates how the absorber layer's thickness 
influences the variation of photovoltaic parameters. For 
FTO/ZnO/CH3NH3SnI3/Cu2O/Au, it has been found that 
Voc drops as absorber layer thickness increases. 
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Figure 2: Variation of Solar Cell Parameters with thickness of absorber layer

Voc stays constant for the FTO/ZnO/CH3NH3SnI3/ 
P3HT/Au configuration, while it changes for the FTO/ 
ZnO/CH3NH3SnI3/Spiro-OMeTAD/Au configuration. For 
all devices, the current from a short circuit (Jsc) rises as 
the degree of thickness of the absorber grows. The 
three devices' fill factor rises to 0.3 μm before becoming 
saturated. For the FTO/ZnO/CH3NH3SnI3/Cu2O/Au 
Configuration, the maximum PCE is found to be 25% 
when the absorber layer thickness is 1.7 μm, VOC = 1V, 
Jsc = 31mA/cm2, and FF = 86%. Diffusion length of the 
absorber layer is limited, which explains why PCE 
decreased with adjusted thickness. 

b) Effect of the Thickness Variation HTL Layer 
The demonstration of a CH3NH3SnI3 perovskite 

SC is also significantly impacted by the thickness of its 
Hole Transport (HTL) Layer. The performance of the 
solar cell is determined by varying the thickness of HTL 
between 50 and 250 nm. Voc, FF, Jsc, and PCE are 
seen to stay constant as HTL thickness increases. 
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Figure 3: Changes in Solar Cell Parameters according to HTL Layer Thickness

For a variety of reasons, the solar cells' 
efficiency may not necessarily be greatly affected by the 
HTL thickness. With little recombination, HTL is intended 
to effectively transfer holes created in the perovskite 
layer to the electrode [23]. Changing the thickness of 
the HTL might not significantly increase charge 
transmission if it is already efficient in this area. It is 
evident from the figure that Cu2O outperforms P3HT and 
spiro-OMeTAD in terms of output. Cu2O has a higher 
hole mobility than P3HT and spiro-OMeTAD, which 
explains why. 

c) Impact of the ETL Layer's Thickness Variation 
The breadth of the Electron Transport Layer 

(ETL) of the CH3NH3SnI3 perovskite solar cell based can 
have a substantial impact on the functionality of the 
gadget. In this system, modification in ETL thickness 
can impact the CH3NH3SnI3 perovskite solar cell. The 
ideal ETL thickness was determined in this study by 
varying the breadth of ETL between .05 μm and .15 μm. 
[24] It is observed that the ETL's thickness affects the 
solar cell's PCE and short-circuit current (Jsc), but not its 
voltage or flux (FF). With an increase in ETL thickness, 
Jsc and PCE both rise to 100 nm before becoming 
saturated. ETL is tailored to have a thickness of 100 nm. 
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Figure 4: Changes in solar cell parameters according to ETL layer thickness

d) Impact of the Absorber Layer's Accept or Density 
(NA) 

Amount of doping present in the exploiter has a 
significant impact on photovoltaic efficiency. The 
response of the suggested PSC for various HTLs with 
variable doping densities in exploiter layer is examined 
in this numerical analysis. Figure 4 (a) displays the VOC, 
JSC, FF, and efficiency of the planned PSC depending on 
the doping of the absorber concentration. The absorber 
layer's doping density has been adjusted between 1 × 
1013 and 1 × 1018 cm−3. Up until 1 × 1015 cm−3, Voc and 
Jsc were nearly constant; after that, Voc increased and 
Jsc decreased for all configurations. Furthermore, fill 
factor increases as absorber layer doping concentration 
rises. On the other hand, PCE rises to 1017 cm-3 before 
falling. After a given amount of doping, PCE decreases 
because it either produces additional defects or traps 
places where recombination might occur [25]. For all 
configurations, the absorber layer's ideal concentration 
of doping is 1017 cm-3. 
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Figure 5: Variation of Solar Cell Parameters with shallow uniform acceptor density (NA) in absorption Layer

e) Impact of Absorber Layer Defect Density (Nt) (cm-3) 
Figure 5 depicts the fluctuation of PV 

characteristics in conjunction with the defect density 
(cm-3). To achieve optimal efficiency, it is crucial to 
comprehend how defect densities affect device 
performance, as recombination and generation take 
place within the layer designed for absorption. The 
primary cause of flaws an impacted device performance 
is a decrease in the quality of doping levels and the 
technique of doping within the absorber layer. Because, 
perovskite layer has many different defect energy levels, 
the Gaussian distribution provides an ideal way to 
explain the absorber layer's fault densities. The relevant 
Gaussian distribution equations of the acceptor and 
donor states are as follows: 

• g DE = GMd exp [2 𝐴𝐴d2/(E-Epkd)2] 
• gAE is equal to GMa exp [(E-Epka)2/2 𝐴𝐴d2] 

Where GMd and GMa are the real flaws 
densities, 𝐴𝐴d and Έa are the typical energy deviations of 
the acceptor and Gaussian levels, g1D € = G1 Md exp 
[[26]. 
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Figure 6: Changes in Solar Cell Specifications with Defect Density (Nt) (cm-3) of absorber layer

The acceptor location of peak energy is 
obtained positively from Ev and the donor Position of 
peak energy is measured. positively from Ec, resulting in 
EPKD and Epka. Low quality perovskite layers, as 
shown by the plots, have a significant amount of defects 
densities, an elevated recombination rate of Tin (SnO2), 
a decrease in the charge carriers' diffusion length, and 
eventually a decrease in the carriers' life duration. Above 
all, features have a big impact on how well the gadget 
performs. By altering the density of defects originating 
from 1012 cm-3 to 1017 cm-3, we were able to compute the 
PV parameters. For Cu2O, Spiro-OMeTAD, and P3HT, 
the corresponding efficiency values are 11.26%, 11.10%, 
and 7% if the defect density is higher than 1017 cm-3. The 
model predicts that there will be a minimum of 1014 cm-3 
flaws in the absorber layer. 

f) Band Diagram 
Understanding the QE of a perovskite PV based 

on CH3NH3SnI3 requires an understanding of its band 
diagram. The band diagram shows how e- and h+ flow 
throughout the solar cell as well as the various materials' 
energy levels. The band diagram for the FTO/ZnO/ 
CH3NH3SnI3/Cu2O/Au combination is displayed in Figure 
6. Light will first hit the TCO, then travel through the ETL 
and land on the absorber layer [27]. Since ETL has a 
bandgap of 3.3 eV, it can absorb more sunlight. 
Electrons excited by photons having energies above the 
absorber layer's band gap, will move from the HOMO to 

the LUMO, leaving holes on the HOMO. Excitons or e-h 
pairs will result from this. The layer separating the 
absorber from the ETL will separate excitons. The 
openings will go to HTL. The charge carriers will be 
transported to the external circuit by two electrodes. 
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Figure 7: Band-Diagram

The band diagram illustrates the valence band 
and conduction band's energy levels for each material in 
the solar cell. It displays the perovskite layer's energy 
levels in the instance of CH3NH3SnI3. For effective 
charge separation and collection, these energy levels 
must line up. Charge Generation: Electron-hole pairs, or 
excitons, are produced when photons are absorbed by 
the perovskite layer. The separation of these excitons 
may be seen in the band diagram, where holes stay in 
the VB and electrons migrate to the CB. 

Carrier Transport: The band diagram shows the energy 
barriers and routes that electrons and holes take to 
move across the various layers of the solar cell. This 

makes it easier to understand how efficiently carriers, 
like as e- and h+, can get to the electrodes to produce 
the current. 

g) Quantum Efficiency 
The ability of a solar cell, especially perovskite 

solar cells, to convert incident photons into electrical 
current is measured by its QE. It is frequently written 
according to wavelength, showing the cell's 
effectiveness at various light wavelengths [28]. The QE 
spectrum sheds light on the performance of the solar 
cell throughout the solar spectrum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Quantum efficiency 
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In the context of solar cells, quantum efficiency 
(QE) is the proportion of incoming photons overall to 
charge carrier number (electrons or holes) produced by 
absorbed photons. One kind of perovskite material used 
in solar cells is CH3NH3SnI3. 

V. Conclusion 

Using the SCAPS-1D software, a Sn-based 
perovskite solar cell was built and simulated for this 
work. Several HTLs were experimented with in this work 
to determine the ideal configuration. For Cu2O, the 
highest efficiency was discovered. Furthermore, the 
absorber layer, HTL, and ETL thicknesses was adjusted 
to determine how the device's output changed. When 
the absorber layer's thicknesses, HTL, and ETL were .2 
μm, .15 μm, and .17 μm correspondingly, the highest 
efficiency was measured. Additionally, Doping 
concentration and defect density in the absorber layer 
were adjusted, and It was found that the maximum 
efficiency was attained at 1017 cm-3 doping 
concentrations and 1014 cm-3 defect densities, 
respectively. Maximum power conversion efficiency of 
27.66% is displayed by the optimum configuration of 
FTL/ZnO/CH3NH3SnI3/Cu2O/Au, with VOC = 1.0086 V, JSC

= 31.59 mA/cm2, and FF = 86.22%. The output of this 
lead-free organic inorganic Sn-formed PSC exhibits 
extremely encouraging findings, suggesting that the 
device can be manufactured in the future.
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Abstract- This paper presents the overview of Fault Current 
Limiters, its evolution with timeline, types and alternate 
options. The study can help the user give more insight to 
various types and alternate options for selection of fault 
current limiter. The paper reveals that FCL is crucial for limiting 
fault current and enhancing power system stability, reliability 
and safety. 
Keywords: fault current limiters, resistive FCL, inductive 
FCL, superconducting FCL, solid state FCL, hybrid FCL, 
power system stability. 

I. Introduction 

n the early days of electricity distribution, fault currents 
were not a major concern because the electrical 
networks were relatively small and the generation 

capacities were limited. The traditional protection 
devices such as fuses and circuit breakers were used to 
manage fault conditions. These devices were adequate 
for the smaller grids of the time but were not designed to 
handle the high fault currents that would come with the 
growth of larger interconnected grids. 

As electrical grids expanded and the demand 
for energy grew, the size and complexity of power 
networks grew significantly which resulted in the need 
for a more reliable and effective method to manage and 
control fault currents became evident. 

To address the growing challenge of managing 
fault currents, Fault Current Limiters (FCLs) emerged as 
a vital technology to address increasing fault current 
levels in modern power systems. FCLs were developed 
to provide a solution that would protect critical 
infrastructure and improve the safety and reliability of 
power distribution networks and enabling the use of 
equipment with lower interrupting ratings. FCLs limit the 
peak fault current that could occur during a fault event, 
reducing the stress on system components and 
preventing potential damage. 

Fault Current Limiters have evolved from early 
20th century to present times, transitioning from 
traditional circuit breakers and fuses to sophisticated 
devices that utilize superconducting materials, solid 
state and hybrid technology. 
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Basic Principle of How Fault Current Limiters Work: 
Normal Operation: Under normal conditions, FCLs have 
very low impedance and do not significantly affect the 
operation of the power system. 

Fault Condition: When a fault (e.g., short circuit, 
overload) occurs, the FCL quickly increases its 
impedance. This limits the magnitude of the fault 
current, protecting downstream equipment. 

Post-Fault Recovery: After the fault is cleared, the FCL 
typically returns to its low-impedance state, restoring 
normal operation. 

II. Evolution with Timeline 

The evolution of Fault Current Limiters (FCLs) 
has been marked by technological advancements 
aimed at improving power system protection and 
management of fault currents. Here's a timeline outlining 
key milestones in the development of FCLs: 
Early 20th Century: Current Limiting Fuses: 

1900s: Current Limiting Fuses became the first widely 
used devices to limit fault current in power systems. 
They worked by melting under high current conditions to 
interrupt the circuit, providing simple and cost-effective 
protection. 
1920s–1950s: Use of Circuit Breakers and Reactors: 

1920s: Air Circuit Breakers (ACBs) and oil circuit 
breakers became popular as power systems expanded. 
They provided fault interruption but didn’t limit the fault 
current, leading to the search for better solutions. 

1930s: Series Reactors began to be used to limit fault 
current by adding impedance to the circuit, though they 
caused voltage drops and energy losses. 

1950s: The development of vacuum and SF6 circuit 
breakers improved the ability to handle higher fault 
currents but didn’t limit fault magnitude. 
1960s: Introduction of Resistive Fault Current Limiters: 

1960s: The first Resistive Fault Current Limiters (R-FCLs) 
were developed to reduce fault currents by adding 
resistance during fault conditions. These devices, 
however, faced challenges with heat dissipation and 
size. 

1970s: Growth of Power Systems and Emerging Fault 
Limitation Needs: 
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1970s: With the rapid expansion of electrical grids, 
particularly in industrialized nations, fault current levels 
increased significantly. This spurred interest in more 
advanced methods of fault current limitation. 

1970s: Current Limiting Reactors gained more use, but 
their drawbacks (e.g., voltage drop during normal 
operation and power loss) led to further research into 
alternatives. 

1980s: Early Development of Superconducting Fault 
Current Limiters (SFCLs): 
1980s: The concept of Superconducting Fault Current 
Limiters (SFCLs) was introduced. These devices offered 
high current-limiting potential with low impedance during 
normal operation. The challenge, however, was the 
need for cryogenic cooling systems, making them costly 
and complex. 
1990s: Practical Prototypes of SFCLs and Hybrid FCLs: 

1990s: Advancements in high-temperature super-
conductors (HTS) made SFCLs more feasible, though 
they were still largely in the prototype stage. The 
potential of superconductors to limit fault current with 
little to no loss during normal operation garnered 
significant interest. 

1990s: Hybrid Fault Current Limiters that combined 
resistive elements with other technologies began to 
emerge. These offered more efficient solutions with 
better cost-effectiveness compared to purely resistive or 
superconducting options. 

2000s: Commercialization of Advanced Fault Current 
Limiters: 
Early 2000s: Commercialization of resistive FCLs and 
early SFCL products began, particularly in high-power 
industrial and grid applications. These devices were still 
expensive but proved effective in limiting fault currents in 
critical systems. 

2003: The first Superconducting FCL was successfully 
installed in a medium-voltage grid in Europe, marking a 
significant milestone in the application of SFCLs in 
practical power systems. 

Mid-2000s: Hybrid FCLs became more refined, 
combining various elements like resistance, inductance, 
and even solid-state devices to improve fault current 
limiting in a more cost-efficient manner. 

2010s: Expansion of FCL Applications and Further SFCL 
Development: 

2010s: Increased deployment of SFCLs in medium and 
high-voltage applications, particularly in Europe, Japan, 
and the U.S., where the need to limit fault current in 
expanding grids became critical. 

2012: An SFCL was installed in Germany in a 10kV grid, 
which became a showcase for the future of fault current 
limitation in smart grids. 

2015: Solid-State FCLs (SSFCLs) using semiconductor 
technology began to be developed. These devices 
promised ultra-fast response times and were aimed at 
smart grids and renewable energy systems, where fault 
current control is more critical. 
2020s: Focus on Smart Grids and Renewable 
Integration: 

2020s: With the global push toward renewable energy 
and smart grid technologies, the demand for advanced 
FCLs increased. The need for fault current limitation 
became particularly relevant in renewable energy 
systems where the variability of power sources can lead 
to challenging fault conditions. 

2021–Present: SFCLs continue to advance with 
improvements in cooling technology, making them more 
feasible for broader adoption. Hybrid and Solid-State 
FCLs are gaining attention for their faster response 
times, smaller sizes, and ability to handle fault 
conditions in modern grids. 

III. Types and Comparison 

There are different types of FCLs, including 
resistive, inductive, superconducting, and non-
superconducting varieties. The superconducting fault 
current limiters (SFCLs) are especially notable for their 
low impedance during normal operation, but rapidly 
switch to high impedance during fault conditions, 
minimizing the impact of high fault currents. Non-
superconducting FCLs, like reactors or solid-state 
devices, also play significant roles in limiting short-circuit 
currents, but often with trade-offs in efficiency or 
response time. 

a) Superconducting Fault Current Limiter (SFCL) 
Working Principle- SFCLs use superconducting 
materials, which exhibit zero resistance and negligible 
impedance under normal conditions. It exploit the 
extremely rapid loss of superconductivity (called 
"quenching") above a critical combination of 
temperature, current density, and magnetic field. 

When a fault occurs, the superconductor 
quenches, its resistance rises sharply and current is 
diverted to a parallel circuit with the desired higher 
impedance, limiting the fault current. 

Types- Resistive SFCLs: The superconducting material 
itself limits the current and Inductive SFCLs: 
Superconductors are used in an inductive coupling 
arrangement. 

Advantages- Very fast response time (within 
milliseconds), High current-limiting capability and 
Minimal losses under normal conditions 

Disadvantages- High cost due to the need for cryogenic 
cooling systems to maintain the superconducting state 
and Complex maintenance. 
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Applications- Widely used in high-voltage grids, 
especially in substations and transmission networks, 
Systems with very high fault currents, often used in 
critical infrastructure where downtime is not an option 
and Low impedance during normal operation, very 
effective at limiting high fault currents. 

Cost: High- SFCLs are among the most expensive types 
of FCLs due to the cost of high-temperature 
superconducting (HTS) materials and the cryogenic 
cooling systems required. 

b) Resistive Fault Current Limiter (RFCL) 
Working Principle: In a RFCL, the current passes directly 
through the superconductor. When it quenches, the 
sharp rise in resistance reduces the fault current from 
what it would otherwise be (the prospective fault 
current). A resistive FCL can be either DC or AC. If it is 
AC, then there will be a steady power dissipation from 
AC losses (superconducting hysteresis losses) which 
must be removed by the cryogenic system. An AC FCL 
is usually made from wire wound non-inductively; 
otherwise the inductance of the device would create an 
extra constant power loss on the system. 

Advantages- Simple design and relatively low cost, Easy 
to install, lower maintenance and No need for cryogenic 
cooling or complex components. 

Disadvantages- Causes power losses due to the 
introduction of resistance, Limited current-limiting 
capability compared to SFCLs and Generates heat 
during operation, which may require cooling systems. 
Applications- Suitable for low to medium voltage 
systems where high performance isn't critical and 
Suitable for systems that require moderate fault current 
limitation with a lower budget. 

Cost: Low to Medium- Typically, resistive FCLs are 
among the more affordable types, with lower upfront 
and maintenance costs compared to more complex 
systems. 

c) Inductive Fault Current Limiter (IFCL) 
Working Principle: Inductive FCLs come in many 
variants, but the basic concept is a transformer with a 
resistive FCL as the secondary. In normal operation, 
there is no resistance in the secondary and so the 
inductance of the device is low. A fault current quenches 
the superconductor, the secondary becomes resistive 
and the inductance of the whole device rises. The 
advantage of this design is that there is no heat ingress 
through current leads into the superconductor, and so 
the cryogenic power load may be lower. However, the 
large amount of iron required means that inductive FCLs 
are much bigger and heavier than resistive FCLs. 

The quench process is a two-step process. 
First, a small region quenches directly in response to a 
high current density. This section rapidly heats by Joule 

heating, and the increase in temperature quenches 
adjacent regions. 

Advantages- Reliable, robust design and can handle 
continuous operation and No need for external power or 
cooling. 

Disadvantages- Slower response time compared to 
other FCL types, Causes voltage drops and power 
losses during normal operation, large footprint and 
Bulky design, requiring more space. 

Applications- Mainly used in industrial systems, 
substations, or high-power equipment, Often used in 
high-current industrial applications or substations where 
fault current is high, but cost is still a concern. 

Cost: Medium- Series reactors are somewhat more 
expensive than resistive FCLs due to the need for heavy-
duty materials like copper or aluminum windings and 
insulation. 

d) Solid-State Fault Current Limiter (SSFCL) 

Working Principle: SSFCLs use power electronic devices 
(like thyristors or insulated-gate bipolar transistors, 
IGBTs) to limit the current. These devices control the 
flow of electricity electronically and can react very 
quickly to faults. 

Advantages- Very fast response time (within 
microseconds), No moving parts, minimal maintenance, 
High flexibility, control and Can handle large fault 
currents. 

Disadvantages- Expensive due to semiconductor 
components, complex to design and integrate and 
Power losses during operation. 

Applications- Used in modern grids, smart grids, and 
systems where fast response to faults is critical (e.g., 
renewable energy systems). 

Cost: Medium to High- Solid-state FCLs use 
semiconductor technology, which makes them faster 
but also more expensive compared to traditional 
resistive or inductive FCLs. 

e) Hybrid Fault Current Limiter (HFCL) 
Working Principle: Hybrid FCLs combine two or more 
FCL technologies (e.g., superconducting and resistive, 
or superconducting and solid-state) to create a more 
effective current-limiting solution. 

Advantages- Combines the benefits of different 
technologies (e.g., fast response time and low losses), 
Greater fault-handling capability and Provides a good 
compromise between cost, performance, and 
complexity. 

Disadvantages- Higher cost and complexity compared 
to single-type FCLs and More complex than single-
technology FCLs, potentially higher maintenance costs 
and challenges. 
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Applications- Used in high-voltage grids where more 
sophisticated solutions are needed and Used in 
systems that need a flexible, adaptable approach to 
fault current limitation without the full cost of SFCLs. 

Cost: Medium to High- Hybrid FCLs combine elements 
of resistive, inductive, or superconducting technologies, 
offering a balance between performance and cost. 

f) Summary of Technical Comparison 

Table 1 

Parameter Resistive FCL 
(RFCL) 

Inductive FCL 
(IFCL) 

Superconducting 
FCL (SFCL) 

Solid-State FCL 
(SSFCL) 

Hybrid FCL 
(Saturable 

Core) 
Fault Response 

Speed 
Medium Slow Fast Very fast Fast 

Energy Loss in 
Normal Operation 

Moderate Moderate Very low (zero 
resistance) 

Moderate to high Very low 
(saturated core) 

Footprint/Size Large Large Compact Compact Medium 

Cost Moderate Low 
High 

(superconductors + 
cooling) 

High (power 
electronics) Moderate 

Complexity Low Low High (cooling 
systems required) 

High (control 
systems) 

Moderate 

Maintenance Low to 
moderate 

Low High (due to cooling 
systems) 

Moderate to high 
(complex systems) 

Moderate 

Operational 
Temperature 

Room 
temperature 

Room 
temperature 

Cryogenic cooling 
required 

Room temperature Room 
temperature 

Applications 
Industrial, 
distribution 

grids 

Transmission, 
distribution grids 

High-voltage grids, 
renewable systems 

Industrial, smart 
grids, renewables 

Transmission, 
smart grids, 
renewables 

Advantages 
Low cost, 

simple design 

Reliable, can 
handle high 

currents 

Low impedance, 
very effective at 

high fault currents 

Fast response, no 
moving parts 

Balances cost 
and performance 

Disadvantages 

Heat 
generation, 
limited to 
moderate 

applications 

Voltage drop, 
large size, and 

weight 

Very expensive, 
requires cryogenic 

cooling 

High cost due to 
semiconductor 

technology 

More complex, 
potentially higher 

maintenance 

 
Low-budget systems: Resistive FCLs or Inductive FCLs 
are generally preferred. 

High-performance systems: SFCLs and Solid-State 
FCLs are suited but are significantly more expensive. 

Medium-budget or versatile systems: Hybrid FCLs offer 
a good balance between cost and performance. 

IV. Alternatives Options 

Some of the alternative options are as described below: 

a) Current-Limiting Reactors 

How It Works: Reactors are inductive elements placed in 
series with the electrical network to introduce additional 
impedance during fault conditions, thereby limiting the 
fault current. 

Advantages: Simple and cost-effective; reactors are 
widely used in transmission and distribution systems. 

Drawbacks: Reactors increase impedance during 
normal operation, leading to voltage drops and power 
losses. They may also require significant space. 

 

b) Current-Limiting Fuses 

How It Works: Current-limiting fuses interrupt fault 
currents by melting when the current exceeds a certain 
threshold. These fuses are commonly used in medium- 
and low-voltage systems. 

Advantages: Cost-effective, reliable, and compact; they 
operate quickly during fault conditions. 

Drawbacks: Fuses need to be replaced after operation, 
which can lead to downtime. They are not reusable and 
are less suited for high-current, high-voltage 
applications. 

c) High-Impedance Transformers 

How It Works: Transformers with higher impedance 
inherently limit the current flowing through them, thus 
reducing fault current levels downstream. 
Advantages: Passive and reliable; commonly used in 
distribution systems. 

Drawbacks: High impedance can lead to voltage 
regulation issues and losses during normal operation. 
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d) Splitting the System into Smaller Sections 
How It Works: By dividing the network into smaller 
sections or zones, fault currents can be reduced in any 
one part of the system. This method is often paired with 
advanced protection schemes to isolate faults quickly. 

Advantages: Helps to manage fault levels by reducing 
the overall capacity of each section. 

Drawbacks: This solution may require additional circuit 
breakers and protection devices, increasing costs and 
complexity. 

e) Reducing Short-Circuit Levels by Network 
Reconfiguration 

How It Works: Changing the topology of the network 
(e.g., by opening or closing switches) can reduce the 
fault level in certain parts of the system. For example, 
closing a normally open tie switch can reroute power 
and reduce the impact of a fault in another part of the 
system. 

Advantages: Dynamic and flexible; allows for adaptive 
fault current management without new equipment. 

Drawbacks: Requires advanced control systems and 
may lead to load imbalances or other operational 
issues. 

f) Digital Protection Relays with Advanced Coordination 
How It Works: Modern digital relays can be programmed 
to respond dynamically to fault conditions, adjusting the 
protection settings based on the location and severity of 
the fault. They can also coordinate with other protection 
devices to limit the fault current impact. 

Advantages: Flexible, and can improve system 
resilience. 

Drawbacks: Requires advanced control systems and 
careful coordination of protection settings. 

g) Fault-Tolerant Equipment Design 
How It Works: Upgrading the design of critical 
equipment (e.g., cables, transformers, switchgear) to 
withstand higher fault currents can eliminate the need 
for current-limiting devices. 

Advantages: Increases the fault tolerance of the system, 
potentially reducing the need for active fault 
management. 

Drawbacks: Can be costly and requires careful design 
to ensure fault currents do not exceed equipment 
ratings. 

While FCLs are highly effective in limiting fault 
current, other methods such as current-limiting reactors, 
reconfiguring the network, or upgrading equipment can 
achieve similar results, depending on the specific needs 
and limitations of the electrical system. The best 
approach often involves a combination of methods 
based on a detailed fault analysis, economic 
considerations, and operational flexibility. 

V. Conclusion 

Fault Current Limiters have in last few decades 
found increasing attention than before due to increase in 
size and complexity of modern power network systems 
as a result of higher energy demand. FCLs are 
implemented in power generation, transmission, and 
distribution systems to enhance grid stability, reliability, 
safety and enable the use of equipment with lower 
interrupting ratings. FCLs limit the peak fault current that 
could occur during a fault event, reducing the stress on 
system components and preventing potential damage. 
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copyright terms where copyright may remain with authors/employers/institutions as well. Contact your editor after 
acceptance to choose your copyright policy. You may follow this form for copyright transfers. 

Appealing Decisions 

Unless specified in the notification, the Editorial Board’s decision on publication of the paper is final and cannot be 
appealed before making the major change in the manuscript. 

Acknowledgments 

Contributors to the research other than authors credited should be mentioned in Acknowledgments. The source of funding 
for the research can be included. Suppliers of resources may be mentioned along with their addresses. 

Declaration of funding sources 

Global Journals is in partnership with various universities, laboratories, and other institutions worldwide in the research 
domain. Authors are requested to disclose their source of funding during every stage of their research, such as making 
analysis, performing laboratory operations, computing data, and using institutional resources, from writing an article to its 
submission. This will also help authors to get reimbursements by requesting an open access publication letter from Global 
Journals and submitting to the respective funding source. 

Preparing your Manuscript 

Authors can submit papers and articles in an acceptable file format: MS Word (doc, docx), LaTeX (.tex, .zip or .rar including 
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Manuscript Style Instruction (Optional) 

• Microsoft Word Document Setting Instructions. 
• Font type of all text should be Swis721 Lt BT. 
• Page size: 8.27" x 11'”, left margin: 0.65, right margin: 0.65, bottom margin: 0.75. 
• Paper title should be in one column of font size 24. 
• Author name in font size of 11 in one column. 
• Abstract: font size 9 with the word “Abstract” in bold italics. 
• Main text: font size 10 with two justified columns. 
• Two columns with equal column width of 3.38 and spacing of 0.2. 
• First character must be three lines drop-capped. 
• The paragraph before spacing of 1 pt and after of 0 pt. 
• Line spacing of 1 pt. 
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• The names of first main headings (Heading 1) must be in Roman font, capital letters, and font size of 10. 
• The names of second main headings (Heading 2) must not include numbers and must be in italics with a font size of 10. 

Structure and Format of Manuscript 

The recommended size of an original research paper is under 15,000 words and review papers under 7,000 words. 
Research articles should be less than 10,000 words. Research papers are usually longer than review papers. Review papers 
are reports of significant research (typically less than 7,000 words, including tables, figures, and references) 

A research paper must include: 

a) A title which should be relevant to the theme of the paper. 
b) A summary, known as an abstract (less than 150 words), containing the major results and conclusions.  
c) Up to 10 keywords that precisely identify the paper’s subject, purpose, and focus. 
d) An introduction, giving fundamental background objectives. 
e) Resources and techniques with sufficient complete experimental details (wherever possible by reference) to permit 

repetition, sources of information must be given, and numerical methods must be specified by reference. 
f) Results which should be presented concisely by well-designed tables and figures. 
g) Suitable statistical data should also be given. 
h) All data must have been gathered with attention to numerical detail in the planning stage. 

Design has been recognized to be essential to experiments for a considerable time, and the editor has decided that any 
paper that appears not to have adequate numerical treatments of the data will be returned unrefereed. 

i) Discussion should cover implications and consequences and not just recapitulate the results; conclusions should also 
be summarized. 

j) There should be brief acknowledgments. 
k) There ought to be references in the conventional format. Global Journals recommends APA format. 

Authors should carefully consider the preparation of papers to ensure that they communicate effectively. Papers are much 
more likely to be accepted if they are carefully designed and laid out, contain few or no errors, are summarizing, and follow 
instructions. They will also be published with much fewer delays than those that require much technical and editorial 
correction. 

The Editorial Board reserves the right to make literary corrections and suggestions to improve brevity. 
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Format Structure 

It is necessary that authors take care in submitting a manuscript that is written in simple language and adheres to 
published guidelines. 

All manuscripts submitted to Global Journals should include: 

Title 

The title page must carry an informative title that reflects the content, a running title (less than 45 characters together with 
spaces), names of the authors and co-authors, and the place(s) where the work was carried out. 

Author details 

The full postal address of any related author(s) must be specified. 

Abstract 

The abstract is the foundation of the research paper. It should be clear and concise and must contain the objective of the 
paper and inferences drawn. It is advised to not include big mathematical equations or complicated jargon. 

Many researchers searching for information online will use search engines such as Google, Yahoo or others. By optimizing 
your paper for search engines, you will amplify the chance of someone finding it. In turn, this will make it more likely to be 
viewed and cited in further works. Global Journals has compiled these guidelines to facilitate you to maximize the web-
friendliness of the most public part of your paper. 

Keywords 

A major lynchpin of research work for the writing of research papers is the keyword search, which one will employ to find 
both library and internet resources. Up to eleven keywords or very brief phrases have to be given to help data retrieval, 
mining, and indexing. 

One must be persistent and creative in using keywords. An effective keyword search requires a strategy: planning of a list 
of possible keywords and phrases to try. 

Choice of the main keywords is the first tool of writing a research paper. Research paper writing is an art. Keyword search 
should be as strategic as possible. 

One should start brainstorming lists of potential keywords before even beginning searching. Think about the most 
important concepts related to research work. Ask, “What words would a source have to include to be truly valuable in a 
research paper?” Then consider synonyms for the important words. 

It may take the discovery of only one important paper to steer in the right keyword direction because, in most databases, 
the keywords under which a research paper is abstracted are listed with the paper. 

Numerical Methods 

Numerical methods used should be transparent and, where appropriate, supported by references. 

Abbreviations 

Authors must list all the abbreviations used in the paper at the end of the paper or in a separate table before using them. 

Formulas and equations 

Authors are advised to submit any mathematical equation using either MathJax, KaTeX, or LaTeX, or in a very high-quality 
image. 
 
Tables, Figures, and Figure Legends 

Tables: Tables should be cautiously designed, uncrowned, and include only essential data. Each must have an Arabic 
number, e.g., Table 4, a self-explanatory caption, and be on a separate sheet. Authors must submit tables in an editable 
format and not as images. References to these tables (if any) must be mentioned accurately. 
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Figures 

Figures are supposed to be submitted as separate files. Always include a citation in the text for each figure using Arabic 
numbers, e.g., Fig. 4. Artwork must be submitted online in vector electronic form or by emailing it. 

Preparation of Eletronic Figures for Publication 

Although low-quality images are sufficient for review purposes, print publication requires high-quality images to prevent 
the final product being blurred or fuzzy. Submit (possibly by e-mail) EPS (line art) or TIFF (halftone/ photographs) files only. 
MS PowerPoint and Word Graphics are unsuitable for printed pictures. Avoid using pixel-oriented software. Scans (TIFF 
only) should have a resolution of at least 350 dpi (halftone) or 700 to 1100 dpi (line drawings). Please give the data for 
figures in black and white or submit a Color Work Agreement form. EPS files must be saved with fonts embedded (and with 
a TIFF preview, if possible). 

For scanned images, the scanning resolution at final image size ought to be as follows to ensure good reproduction: line 
art: >650 dpi; halftones (including gel photographs): >350 dpi; figures containing both halftone and line images: >650 dpi. 

Color charges: Authors are advised to pay the full cost for the reproduction of their color artwork. Hence, please note that 
if there is color artwork in your manuscript when it is accepted for publication, we would require you to complete and 
return a Color Work Agreement form before your paper can be published. Also, you can email your editor to remove the 
color fee after acceptance of the paper. 

Tips for writing A Good Quality Engineering Research Paper 

Techniques for writing a good quality engineering research paper: 

1. Choosing the topic: In most cases, the topic is selected by the interests of the author, but it can also be suggested by the 
guides. You can have several topics, and then judge which you are most comfortable with. This may be done by asking 
several questions of yourself, like "Will I be able to carry out a search in this area? Will I find all necessary resources to 
accomplish the search? Will I be able to find all information in this field area?" If the answer to this type of question is 
"yes," then you ought to choose that topic. In most cases, you may have to conduct surveys and visit several places. Also, 
you might have to do a lot of work to find all the rises and falls of the various data on that subject. Sometimes, detailed 
information plays a vital role, instead of short information. Evaluators are human: The first thing to remember is that 
evaluators are also human beings. They are not only meant for rejecting a paper. They are here to evaluate your paper. So 
present your best aspect. 

2. Think like evaluators: If you are in confusion or getting demotivated because your paper may not be accepted by the 
evaluators, then think, and try to evaluate your paper like an evaluator. Try to understand what an evaluator wants in your 
research paper, and you will automatically have your answer. Make blueprints of paper: The outline is the plan or 
framework that will help you to arrange your thoughts. It will make your paper logical. But remember that all points of your 
outline must be related to the topic you have chosen. 

3. Ask your guides: If you are having any difficulty with your research, then do not hesitate to share your difficulty with 
your guide (if you have one). They will surely help you out and resolve your doubts. If you can't clarify what exactly you 
require for your work, then ask your supervisor to help you with an alternative. He or she might also provide you with a list 
of essential readings. 

4. Use of computer is recommended: As you are doing research in the field of research engineering then this point is quite 
obvious. Use right software: Always use good quality software packages. If you are not capable of judging good software, 
then you can lose the quality of your paper unknowingly. There are various programs available to help you which you can 
get through the internet. 

5. Use the internet for help: An excellent start for your paper is using Google. It is a wondrous search engine, where you 
can have your doubts resolved. You may also read some answers for the frequent question of how to write your research 
paper or find a model research paper. You can download books from the internet. If you have all the required books, place 
importance on reading, selecting, and analyzing the specified information. Then sketch out your research paper. Use big 
pictures: You may use encyclopedias like Wikipedia to get pictures with the best resolution. At Global Journals, you should 
strictly follow here. 
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6. Bookmarks are useful: When you read any book or magazine, you generally use bookmarks, right? It is a good habit 
which helps to not lose your continuity. You should always use bookmarks while searching on the internet also, which will 
make your search easier. 

7. Revise what you wrote: When you write anything, always read it, summarize it, and then finalize it. 

8. Make every effort: Make every effort to mention what you are going to write in your paper. That means always have a 
good start. Try to mention everything in the introduction—what is the need for a particular research paper. Polish your 
work with good writing skills and always give an evaluator what he wants. Make backups: When you are going to do any 
important thing like making a research paper, you should always have backup copies of it either on your computer or on 
paper. This protects you from losing any portion of your important data. 

9. Produce good diagrams of your own: Always try to include good charts or diagrams in your paper to improve quality. 
Using several unnecessary diagrams will degrade the quality of your paper by creating a hodgepodge. So always try to 
include diagrams which were made by you to improve the readability of your paper. Use of direct quotes: When you do 
research relevant to literature, history, or current affairs, then use of quotes becomes essential, but if the study is relevant 
to science, use of quotes is not preferable. 

10. Use proper verb tense: Use proper verb tenses in your paper. Use past tense to present those events that have 
happened. Use present tense to indicate events that are going on. Use future tense to indicate events that will happen in 
the future. Use of wrong tenses will confuse the evaluator. Avoid sentences that are incomplete. 

11. Pick a good study spot: Always try to pick a spot for your research which is quiet. Not every spot is good for studying. 

12. Know what you know: Always try to know what you know by making objectives, otherwise you will be confused and 
unable to achieve your target. 

13. Use good grammar: Always use good grammar and words that will have a positive impact on the evaluator; use of 
good vocabulary does not mean using tough words which the evaluator has to find in a dictionary. Do not fragment 
sentences. Eliminate one-word sentences. Do not ever use a big word when a smaller one would suffice. 

Verbs have to be in agreement with their subjects. In a research paper, do not start sentences with conjunctions or finish 
them with prepositions. When writing formally, it is advisable to never split an infinitive because someone will (wrongly) 
complain. Avoid clichés like a disease. Always shun irritating alliteration. Use language which is simple and straightforward. 
Put together a neat summary. 

14. Arrangement of information: Each section of the main body should start with an opening sentence, and there should 
be a changeover at the end of the section. Give only valid and powerful arguments for your topic. You may also maintain 
your arguments with records. 

15. Never start at the last minute: Always allow enough time for research work. Leaving everything to the last minute will 
degrade your paper and spoil your work. 

16. Multitasking in research is not good: Doing several things at the same time is a bad habit in the case of research 
activity. Research is an area where everything has a particular time slot. Divide your research work into parts, and do a 
particular part in a particular time slot. 

17. Never copy others' work: Never copy others' work and give it your name because if the evaluator has seen it anywhere, 
you will be in trouble. Take proper rest and food: No matter how many hours you spend on your research activity, if you 
are not taking care of your health, then all your efforts will have been in vain. For quality research, take proper rest and 
food. 

18. Go to seminars: Attend seminars if the topic is relevant to your research area. Utilize all your resources. 

19. Refresh your mind after intervals: Try to give your mind a rest by listening to soft music or sleeping in intervals. This 
will also improve your memory. Acquire colleagues: Always try to acquire colleagues. No matter how sharp you are, if you 
acquire colleagues, they can give you ideas which will be helpful to your research. 

20. Think technically: Always think technically. If anything happens, search for its reasons, benefits, and demerits. Think 
and then print: When you go to print your paper, check that tables are not split, headings are not detached from their 
descriptions, and page sequence is maintained. 
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21. Adding unnecessary information: Do not add unnecessary information like "I have used MS Excel to draw graphs." 
Irrelevant and inappropriate material is superfluous. Foreign terminology and phrases are not apropos. One should never 
take a broad view. Analogy is like feathers on a snake. Use words properly, regardless of how others use them. Remove 
quotations. Puns are for kids, not grunt readers. Never oversimplify: When adding material to your research paper, never 
go for oversimplification; this will definitely irritate the evaluator. Be specific. Never use rhythmic redundancies. 
Contractions shouldn't be used in a research paper. Comparisons are as terrible as clichés. Give up ampersands, 
abbreviations, and so on. Remove commas that are not necessary. Parenthetical words should be between brackets or 
commas. Understatement is always the best way to put forward earth-shaking thoughts. Give a detailed literary review. 
22. Report concluded results: Use concluded results. From raw data, filter the results, and then conclude your studies 
based on measurements and observations taken. An appropriate number of decimal places should be used. Parenthetical 
remarks are prohibited here. Proofread carefully at the final stage. At the end, give an outline to your arguments. Spot 
perspectives of further study of the subject. Justify your conclusion at the bottom sufficiently, which will probably include 
examples. 
23. Upon conclusion: Once you have concluded your research, the next most important step is to present your findings. 
Presentation is extremely important as it is the definite medium though which your research is going to be in print for the 
rest of the crowd. Care should be taken to categorize your thoughts well and present them in a logical and neat manner. A 
good quality research paper format is essential because it serves to highlight your research paper and bring to light all 
necessary aspects of your research. 

Informal Guidelines of Research Paper Writing 

Key points to remember: 

• Submit all work in its final form. 
• Write your paper in the form which is presented in the guidelines using the template. 
• Please note the criteria peer reviewers will use for grading the final paper. 

Final points: 

One purpose of organizing a research paper is to let people interpret your efforts selectively. The journal requires the 
following sections, submitted in the order listed, with each section starting on a new page: 

The introduction: This will be compiled from reference matter and reflect the design processes or outline of basis that 
directed you to make a study. As you carry out the process of study, the method and process section will be constructed 
like that. The results segment will show related statistics in nearly sequential order and direct reviewers to similar 
intellectual paths throughout the data that you gathered to carry out your study. 

The discussion section: 

This will provide understanding of the data and projections as to the implications of the results. The use of good quality 
references throughout the paper will give the effort trustworthiness by representing an alertness to prior workings. 

Writing a research paper is not an easy job, no matter how trouble-free the actual research or concept. Practice, excellent 
preparation, and controlled record-keeping are the only means to make straightforward progression. 

General style: 

Specific editorial column necessities for compliance of a manuscript will always take over from directions in these general 
guidelines. 

To make a paper clear: Adhere to recommended page limits. 
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Mistakes to avoid:

• Insertion of a title at the foot of a page with subsequent text on the next page.
• Separating a table, chart, or figure—confine each to a single page.
• Submitting a manuscript with pages out of sequence.
• In every section of your document, use standard writing style, including articles ("a" and "the").
• Keep paying attention to the topic of the paper.



 

  
  
  
  
  

•

 

Use paragraphs to split each significant point (excluding the abstract).

 

•

 

Align the primary line of each section.

 

•

 

Present your points in sound order.

 

•

 

Use present tense to report well-accepted matters.

 

•

 

Use past tense to describe specific results.

 

•

 

Do not use familiar wording; don't address the reviewer directly. Don't use slang or superlatives.

 

•

 

Avoid use of extra pictures—include only those figures essential to presenting results.

 

Title page:

 

Choose a revealing title. It should be short and include the name(s) and address(es) of all authors. It should not have 
acronyms or abbreviations or exceed two printed lines.

 

Abstract: This summary should be two hundred words or less. It should clearly and briefly explain the key findings reported 
in the manuscript and must have precise statistics. It should not have acronyms or abbreviations. It should be logical in 
itself. Do not cite references at this point.

 

An abstract is a brief, distinct paragraph summary of finished work or work in development. In a minute or less, a reviewer 
can be taught the foundation behind the study, common approaches to the problem, relevant results, and significant 
conclusions or new questions.

 

Write your summary when your paper is completed because how can you write the summary of anything which is not yet 
written? Wealth of terminology is very essential in abstract. Use comprehensive sentences, and do not sacrifice readability 
for brevity; you can maintain it succinctly by phrasing sentences so that they provide more than a lone rationale. The 
author can at this moment go straight to shortening the outcome. Sum up the study with the subsequent elements in any 
summary. Try to limit the initial two items to no more than one line each.

 

Reason for writing the article—theory, overall issue, purpose.

 

•

 

Fundamental goal.

 

•

 

To-the-point depiction of the research.

 

•

 

Consequences, including definite statistics—if the consequences are quantitative in nature, account for this; results of 
any numerical analysis should be reported. Significant conclusions or questions that emerge from the research.

 

Approach:

 

o

 

Single section and succinct.

 

o

 

An outline of the job done is always written in past tense.

 

o

 

Concentrate on shortening results—limit background information to a verdict or two.

 

o

 

Exact spelling, clarity of sentences and phrases, and appropriate reporting of quantities (proper units, important 
statistics) are just as significant in an abstract as they are anywhere else.

 

Introduction:

 

The introduction should "introduce" the manuscript. The reviewer should be presented with sufficient background 
information to be capable of comprehending and calculating the purpose of your study without having to refer to other 
works. The basis for the study should be offered. Give the most important references, but avoid making a comprehensive 
appraisal of the topic. Describe the problem visibly. If the problem is not acknowledged in a logical, reasonable way, the 
reviewer will give no attention

 

to your results. Speak in common terms about techniques used to explain the problem, if 
needed, but do not present any particulars about the protocols here.

 

 

 

 

The following approach can create a valuable beginning:

o Explain the value (significance) of the study.
o Defend the model—why did you employ this particular system or method? What is its compensation? Remark upon 

its appropriateness from an abstract point of view as well as pointing out sensible reasons for using it.
o Present a justification. State your particular theory(-ies) or aim(s), and describe the logic that led you to choose 

them.
o Briefly explain the study's tentative purpose and how it meets the declared objectives.
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Approach:

 

Use past tense except for when referring to recognized facts. After all, the manuscript will be submitted after the entire job 
is done. Sort out your thoughts; manufacture one key point for every section. If you make the four points listed above, you 
will need at least four paragraphs. Present surrounding information only when it is necessary to support a situation. The 
reviewer does not desire to read everything you know about a topic. Shape the theory specifically—do not take a broad 
view.

 

As always, give awareness to spelling, simplicity, and correctness of sentences and phrases.

 

Procedures (methods and materials):

 

This part is supposed to be the easiest to carve if you have good skills. A soundly written procedures segment allows a 
capable scientist to replicate your results. Present precise information about your supplies. The suppliers and clarity of 
reagents can be helpful bits of information. Present methods in sequential order, but linked methodologies can be grouped 
as a segment. Be concise when relating the protocols. Attempt to give the least amount of information that would permit 
another capable scientist to replicate your outcome, but be cautious that vital information is integrated. The use of 
subheadings is suggested and ought to be synchronized with the results section.

 

When a technique is used that has been well-described in another section, mention the specific item describing the way, 
but draw the basic principle while stating the situation. The purpose is to show all particular resources and broad 
procedures so that another person may use some or all of the

 

methods in one more study or referee the scientific value of 
your work. It is not to be a step-by-step report of the whole thing you did, nor is a methods section a set of orders.

 

Materials:

 

Materials may be reported in part of a section or else they may be recognized along with your measures.

 

Methods:

 

o

 

Report the method and not the particulars of each process that engaged the same methodology.

 

o

 

Describe the method entirely.

 

o

 

To be succinct, present methods under headings dedicated to specific dealings or groups of measures.

 

o

 

Simplify—detail how procedures were completed, not how they were performed on a particular day.

 

o

 

If well-known procedures were used, account for the procedure by name, possibly with a reference, and that's all.

 

Approach:

 

It is embarrassing to use vigorous voice when documenting methods without using first person, which would focus the 
reviewer's interest on the researcher rather than the job. As a result, when writing up the methods, most authors use third 
person passive voice.

 

Use standard style in this and every other part of the paper—avoid familiar lists, and use full sentences.

 

What to keep away from:

 

o

 

Resources and methods are not a set of information.

 

o

 

Skip all descriptive information and surroundings—save it for the argument.

 

o

 

Leave out information that is immaterial to a third party.

 

 

 

 

 

Results:

The principle of a results segment is to present and demonstrate your conclusion. Create this part as entirely objective 
details of the outcome, and save all understanding for the discussion.

The page length of this segment is set by the sum and types of data to be reported. Use statistics and tables, if suitable, to 
present consequences most efficiently.

You must clearly differentiate material which would usually be incorporated in a study editorial from any unprocessed data 
or additional appendix matter that would not be available. In fact, such matters should not be submitted at all except if 
requested by the instructor.
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Content:

 

o

 

Sum up your conclusions in text and demonstrate them, if suitable, with figures and tables.

 

o

 

In the manuscript, explain each of your consequences, and point the reader to remarks that are most appropriate.

 

o

 

Present a background, such as by describing the question that was addressed by creation of an exacting study.

 

o

 

Explain results of control experiments and give remarks that are not accessible in a prescribed figure or table, if 
appropriate.

 

o

 

Examine your data, then prepare the analyzed (transformed) data in the form of a figure (graph), table, or 
manuscript.

 

What to stay away from:

 

o

 

Do not discuss or infer your outcome, report surrounding information, or try to explain anything.

 

o

 

Do not include raw data or intermediate calculations in a research manuscript.

 

o

 

Do not present similar data more than once.

 

o

 

A manuscript should complement any figures or tables, not duplicate information.

 

o

 

Never confuse figures with tables—there is a difference. 

 

Approach:

 

As always, use past tense when you submit your results, and put the whole thing in a reasonable order.

 

Put figures and tables, appropriately numbered, in order at the end of the report.

 

If you desire, you may place your figures and tables properly within the text of your results section.

 

Figures and tables:

 

If you put figures and tables at the end of some details, make certain that they are visibly distinguished from any attached 
appendix materials, such as raw facts. Whatever the position, each table must be titled, numbered one after the other, and 
include a heading. All figures and tables must be divided from the text.

 

Discussion:

 

The discussion is expected to be the trickiest segment to write. A lot of papers submitted to the journal are discarded 
based on problems with the discussion. There is no rule for how long an argument should be.

 

Position your understanding of the outcome visibly to lead the reviewer through your conclusions, and then finish the 
paper with a summing up of the implications of the study. The purpose here is to offer an understanding of your results 
and support all of your conclusions, using facts from your research and generally accepted information, if suitable. The 
implication of results should be fully described.

 

Infer your data in the conversation in suitable depth. This means that when you clarify an observable fact, you must explain 
mechanisms that may account for the observation. If your results vary from your prospect, make clear why that may have 
happened. If your results agree, then explain the theory that the proof supported. It is never suitable to just state that the 
data approved the prospect, and let it drop at that. Make a decision as to whether each premise is supported or discarded 
or if you cannot make a conclusion with assurance. Do not just dismiss a study or part of a study as "uncertain."

 

 

 

 

Research papers are not acknowledged if the work is imperfect. Draw what conclusions you can based upon the results 
that you have, and take care of the study as a finished work.

o You may propose future guidelines, such as how an experiment might be personalized to accomplish a new idea.
o Give details of all of your remarks as much as possible, focusing on mechanisms.
o Make a decision as to whether the tentative design sufficiently addressed the theory and whether or not it was 

correctly restricted. Try to present substitute explanations if they are sensible alternatives.
o One piece of research will not counter an overall question, so maintain the large picture in mind. Where do you go 

next? The best studies unlock new avenues of study. What questions remain?
o Recommendations for detailed papers will offer supplementary suggestions.
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Approach:

 

When you refer to information, differentiate data generated by your own studies from other available information. Present 
work done by specific persons (including you) in past tense.

 

Describe generally acknowledged facts and

 

main beliefs in present tense.

 

The Administration Rules

 

Administration Rules to Be Strictly Followed before Submitting Your Research Paper to Global Journals Inc.

 

Please read the following rules and regulations carefully before submitting your research paper to Global Journals Inc. to 
avoid rejection.

 

Segment draft and final research paper:

 

You have to strictly follow the template of a research paper, failing which your 
paper may get rejected. You are expected to write each part of the paper wholly on your own. The peer reviewers need to 
identify your own perspective of the concepts in your own terms. Please do not extract straight from any other source, and 
do not rephrase someone else's analysis. Do not allow anyone else to proofread your manuscript.

 

Written material:

 

You may discuss this with your guides and key sources. Do not copy anyone else's paper, even if this is 
only imitation, otherwise it will be rejected on the grounds of plagiarism, which is illegal. Various methods to avoid 
plagiarism are strictly applied by us to every paper, and, if found guilty, you may be blacklisted, which could affect your 
career adversely. To guard yourself and others from possible illegal use, please do not permit anyone to use or even read 
your paper and file.
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CRITERION FOR GRADING A RESEARCH PAPER (COMPILATION)
BY GLOBAL JOURNALS 

Please note that following table is only a Grading of "Paper Compilation" and not on "Performed/Stated Research" whose grading 

solely depends on Individual Assigned Peer Reviewer and Editorial Board Member. These can be available only on request and after 

decision of Paper. This report will be the property of Global Journals.

Topics Grades

A-B C-D E-F

Abstract

Clear and concise with 

appropriate content, Correct 

format. 200 words or below 

Unclear summary and no 

specific data, Incorrect form

Above 200 words 

No specific data with ambiguous 

information

Above 250 words

Introduction

Containing all background

details with clear goal and 

appropriate details, flow 

specification, no grammar

and spelling mistake, well 

organized sentence and 

paragraph, reference cited

Unclear and confusing data, 

appropriate format, grammar 

and spelling errors with

unorganized matter

Out of place depth and content, 

hazy format

Methods and

Procedures

Clear and to the point with 

well arranged paragraph, 

precision and accuracy of 

facts and figures, well 

organized subheads

Difficult to comprehend with 

embarrassed text, too much 

explanation but completed 

Incorrect and unorganized 

structure with hazy meaning

Result

Well organized, Clear and 

specific, Correct units with 

precision, correct data, well 

structuring of paragraph, no 

grammar and spelling 

mistake

Complete and embarrassed 

text, difficult to comprehend

Irregular format with wrong facts 

and figures

Discussion

Well organized, meaningful

specification, sound 

conclusion, logical and 

concise explanation, highly 

structured paragraph 

reference cited 

Wordy, unclear conclusion, 

spurious

Conclusion is not cited, 

unorganized, difficult to 

comprehend 

References

Complete and correct 

format, well organized

Beside the point, Incomplete Wrong format and structuring
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