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Abstract—The Texas electric power crisis that occurred in
February 2021 has drawn great attention internationally due
to its severity and for not having been foreseen. In this rapid
communication, we classify the 2021 Texas electric power crisis
as an energy insufficiency-caused power crisis, which alerts of a
new blackout mechanism. Different from capacity insufficiencycaused power crises in the past, the Texas electric power crisis
of 2021 directly resulted from the long-duration extreme cold
weather as well as fundamentally from the insufficiency of
sustainable supply capability of energy. We begin this paper with
a brief retrospect of the event and its consequences. Definitions
of energy/capacity insufficiency-caused power crises are given, as
well as an overview of the supply and demand during the event,
based on realistic operation data. Quantitative simulations are
then conducted to reveal the underlying reasons for the power
crisis and reveal how to better prepare for the future. Finally,
several insights and suggestions on handling the new mode of
blackout in the future are proposed and discussed.
Index Terms—Blackout, capacity insufficiency, energy insufficiency, power crisis, Texas electric power crisis 2021.

I. I NTRODUCTION

I

N February 2021, the Texas electric power crisis swept
across the state of Texas, U.S., the direct cause of which
as stated in the official post-accident analysis was an extreme
cold weather event [1]. According to the Electric Reliability
Council of Texas (ERCOT), the independent system operator
managing the major region of Texas, the event began with
forced outages of generators, caused by continuous low temperature since the beginning of February, and then became
more severe at approximately 1:00 A.M. on February 15th
(local time) as the system frequency dropped below the normal
level for about 4 minutes. A maximum load shed request of
20,000 MW was implemented, resulting from an increasing
number of forced outages, lower temperatures, and higher
real-time power demand of up to 69,870 MW, according to
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the recently released event report [2] by the Federal Energy
Regulatory Commission (FERC).
In the following days, the system operator of Texas tried to
redeem the situation by continuing to restore the generation
capacity, implementing rolling blackouts, and ensuring the
power supply of the critical loads. On February 19th , eventually, the power system returned to normal operations. The
blackouts can be directly observed from the nighttime light
(NTL) data on February 6th and February 15th , collected from
satellite imagery by NASA [3], [4], as shown in Fig. 1(b),
where the impact of this extreme cold weather event on
real nighttime lighting loads in Texas has been visualized.
The daily minimum temperatures in the three main cities of
Texas (Dallas/Fort Worth, Austin, and Houston), as well as
the estimated daily loads provided by ERCOT, are shown in
Fig. 1(a), in which an opposing tendency of the minimum
temperatures and estimated load can be observed.
The Texas electric power crisis of 2021 has drawn great
attention from researchers and professionals across the world
due to its large economic losses and negative social impacts.
Property damage was estimated to exceed $195 billion [5], and
151 people died [6] due to extreme cold weather and blackouts
lasting for days. The public has been asking. “What makes
this power crisis such a heavy one? What is the fundamental
reason for the power crisis?” Since March, a number of news
items, reports, and webinars from media and institutions [7],
[8] have asked these questions regarding this power crisis.
They focused on either the qualitative analysis of the possible
reasons for the crisis, from forced outages to limited power
exchange capability with other power grids, or were conducted
based on private data accessed from within the power industry.
The situation is the same for articles published in academic
journals. In [9], the earliest literature concerning the Texas
electric power crisis of 2021, a comprehensive summary of
the event is provided, including the main observations of the
event, the regulatory and financial fallout during the event
and a qualitative analysis of the reasons. However, it focuses
only on when the rolling blackout occurred and pays little
attention to the early stage, in which gas generation has to
compensate for the power shortages caused by wind turbine
outages. References [10]–[12] give a comprehensive summary
and qualitative analysis of the blackout and discuss suggestions
for future power systems from the perspective of planning or
renewable energy resources. Only a few articles have been
published in academic journals concerning the quantitative
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Fig. 1. Comparisons before/after the power crisis. (a) Minimum temperatures in three main cities and daily loads of Texas from February 1th to 19th . (b)
Satellite imagery of Texas on February 6th and February 15th (local time). Data from [1] and [3].

analysis of the event [13], which mainly provides an open
model, however, the fundamental reasons for the power crisis
are not quantitatively analyzed with the support of solid proof.
In this paper, we review the in-depth reasons why the power
crisis had such a severe impact through quantitative analysis
and simulations, based only on publicly shared real models
and data sets. Using quantitative analysis, we propose that the
Texas electric power crisis resulted from energy insufficiency
rather than capacity insufficiency. We also find that there was
little room for improvements in the currently adopted operation
mode. The fundamental reason for the power crisis is more
likely the overdependence on gas turbines in terms of the
energy mix, as well as a lack of sustainable supply capability
of fuels for gas turbines.
II. E NERGY I NSUFFICIENCY- CAUSED P OWER C RISIS
Regarding power system security, researchers generally pay
more attention to how system stability should be ensured after
component outages and whether a temporary power imbalance
will lead to widespread tripping or cascading failures. Power
crises of this kind are common in history, such as the August
9, 2019 blackout in the UK caused by a cascading frequency
collapse and the well-known Northeast blackout of 2003 in
the U.S. and Canada [14]. This blackout, reported as the
world’s second most widespread blackout in history at that

time, affected approximately 45 million people in eight states
in the U.S. and 10 million people in Ontario, Canada. The
cascading effect of the power outage forced the shutdown of
at least 265 power plants.
However, the Texas electric power crisis appeared to be significantly different from the above events. For instance, unlike
the Texas electric power crisis of 2021, most places affected
by the Northeast blackout of 2003 restored power within 4–
8 hours. The distinction between the duration reminds us that
the fundamental reasons for these two major power crises may
differ. In this paper, we classify the Texas electric power crisis
of 2021 as an energy insufficiency caused-power crisis, while
the Northeast blackout of 2003 is, by contrast, considered to be
a capacity insufficiency-caused power crisis. More specifically,
a capacity insufficiency-caused power crisis suffers directly
from a capacity shortage, in which the transformative capability from primary energy sources to electricity decreases. In
the Northeast blackout of 2003, the shutdown of 265 power
plants led to a severe shortage of generation capacity and
consequently resulted in the blackout. An energy insufficiencycaused power crisis, on the contrary, suffers directly from
the lack of sustainable supply capability of primary energy
resources. An intuitive example is the energy-constrained
generating units. For a gas turbine with limited gas fuel for
generation, electricity generation is limited. However, it does
not lose any of its capacity. Therefore, at some time, the gas
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generation unit is unable to work at full capacity, which is
when energy insufficiency is likely to occur. The analysis and
simulation results in this paper show that in the 2021 Texas
electric power crisis, the quantity of natural gas fuel—the
primary energy resource for gas turbines—was insufficient,
resulting from various factors such as frozen wellheads or
limited transportation capability. If enough natural gas fuel
was stored in advance, the power crisis could be avoided.
The differences in the fundamental reasons of these two
types of blackout modes lead to different characteristics.
1) Duration. In most situations, capacity outages, such as
tripping or line disconnection, can be fixed in a short time
if maintenance measures are taken in time. Once the system
capacity returns online, the system can return to normal
operations. However, energy shortages often take more time to
compensate since the transportation and restoration of primary
energy resources always take a longer time than electricity. 2)
Complexity. Capacity insufficiency-caused power crises are
often triggered by reasons directly influencing the power grid,
while energy insufficiency-caused power crises may be coupled with problems in other energy systems, such as gas-piping
networks or transportation systems. 3) Underlying impact
factor. Capacity insufficiency, caused by either internal causes
(such as control system malfunctions) or external causes (such
as thunder or cyclones), reflects the reliability issues of the
system components. By contrast, energy insufficiency reflects
issues apart from pure reliability, for example, inadequate
preparedness for extreme weather events (such as inadequate
natural gas fuel storage) or an unreasonable energy mix (such
as an overdependence on a single generation type). With the
development of the integrated energy system, where multiple
types of energy resource systems are coupled, and with the
increasing frequency of extreme weather events occurring,
energy insufficiency-caused power crises may appear more
often in the future.
The Texas electric power crisis of 2021 was considered to
be caused by capacity insufficiency at the beginning of the
event. As the length of duration increased and more realistic
operation data were collected, distinctions from capacity insufficiency were noticed by an increasing number of researchers.
An overview of the supply and demand of the Texas electric
power crisis in 2021 is shown in Fig. 2, where the supplies
of different fuel types are plotted in different colors and data
after February 15th are highlighted [15]. Apart from February
15th when load shedding occurred, another abnormal period
is between February 9th and February 10th , when the bar
charts show an obvious drop in wind and solar power. The
drop, apparently, is beyond the confines of the volatility and
intermittency of these two kinds of renewable energy. It is
reported that approximately 29 GW of wind turbines have been
installed [16], while during the Texas electric power crisis, a
maximum value of approximately 18 GW of wind turbines was
offline, according to reports by ERCOT. Clearly, the generation
drop of the wind turbines was caused by the capacity outage,
which is qualitatively considered to be a result of extreme cold
weather, such as frozen gearboxes or icing on blades [7].
Unlike what happened in the Northeast blackout of 2003, the
system did not face an immediate supply-demand imbalance

3

with subsequent cascading component failure. Fig. 2 clearly
shows that after February 9th , a sharp increase in the generation
of gas turbines compensated for the wind (and solar) to
maintain the power balance and thus avoided the immediate
power shortage. However, this led to an unexpected, quick,
and mass consumption of fuel for the gas turbines. Frozen
wellheads in gas wells, as well as the limited transportation
capability due to heavy snow during extreme cold weather,
further limited the local sustainable supply capability of the
fuel. A combination of these factors resulted in fuel shortages
and energy insufficiency, despite the abundance of the installed
generation capacity and transmission capacity in the power
system. The temporary balance was maintained until February
15th , when the estimated load continued to rise while the
system failed to supply electric power and had to implement
emergency measures, such as rolling blackouts.
From the above data, we conclude that the Texas electric
power crisis is an energy insufficiency-caused power crisis. In
such a power crisis, the transformative capability from primary
energy resources to electricity remains sufficient, but the
sustainable supply capability of primary energy is insufficient
for various reasons. In this case, the energy insufficiency is due
to natural gas, the fuel on which more than half of the installed
generation capacity in Texas relies. Reasons for natural gas
shortages include overconsumption to compensate for wind,
frozen wellheads in gas wells, limited transportation capability,
among other reasons, according to various qualitative analyses
and academic communities around the world. Since energy
is a cumulative quantity (compared to capacity, which is an
instant quantity), an energy insufficiency-caused power crisis
usually lasts longer than a capacity insufficiency-caused power
crisis, and the sustainable supply capability of energy can only
be restored slowly. However, the conclusion seems intuitive
and qualitative so far since no quantitative results are given
as strong evidence for the opinion. In the following section,
quantitative simulations are conducted to reveal the underlying
reasons for the event based on real public operation data and
to further prove the opinion stated above.
III. Q UANTIFYING THE P OSSIBLE I MPROVEMENTS
To efficiently and quantitatively analyze the underlying
reasons for the power crisis, in this section, we quantify the
impacts on the system status when certain conditions are
changed. If no significant difference is observed when a factor
is changed, then it can be inferred that the factor should not
be blamed for the event. Through all the possible factors that
may be responsible for the Texas electric power crisis of 2021,
two factors of great concern to the public are the operation
mode and the energy supply status, which are checked using
numerical simulations in this section.
Quantitative numerical simulations were conducted based
on publicly shared and real data. Loads, generation, and
tie-line power data during February 1st and February 20th
were collected from the U.S. Energy Information Administration [15]. The synthetic power grid model of Texas [17], [18],
designed by Professor Thomas Overbye’s team, is employed
to represent and simulate the realistic Texas power system,
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Fig. 2. Overview of supply and demand. (a) Hourly real load and estimated load without shedding from February 1st to 20th . (b) Hourly net generation of
all fuel types from February 1st to 20th . (c) Daily net generation from February 1st to 20th (by fuel type). Data from [1] and [15].

considering that the realistic power system parameters in Texas
are difficult to acquire. The dispatch strategy corresponds to
what is applied in the Texas electricity market model in which
generators with different generation costs are dispatched to
reach an economic optimum under the constraints that ensure
the safety of the power system, such as the supply-demand
power balance and network constraints. In the power system
model, we particularly consider extra constraints of fuel status

for the generators. To simulate the storage and consumption
of natural gas fuel, the initial storage, as well as daily imports,
are incorporated in the model, which directly impacts the
energy balance if the power generation is constrained by net
fuel storage. Since no public real applicable data of natural
gas production are available but storage and consumption
can be accessed, three reasonable assumptions related to
natural gas are made. First, the daily consumption and daily
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When focusing on the operation mode, the status of loads,
generation and system should remain unchanged. In this way,
improvements in the operation mode refer to foresight in
the future and full preparation for potential changes. In this
paper, comparisons are made between the single-day ahead
operation mode and the multiple-days ahead operation mode,
and the simulation results are shown in Fig. 3 in which the
net generation of all types of resources is shown as stack
plots. In Fig. 3(a), it is simulated that the independent system
operator dispatches a single day ahead, while in Fig. 3(b), it is
simulated that the operator dispatches seven days ahead (which
means that schedules are made considering the current day and
the subsequent six days). Fig. 3(c) highlights the difference
between (a) and (b) by subtracting the results of (a) from (b),
in which it can be clearly observed that when dispatching
seven days ahead, coal-fueled power plants generate more
power before February 15th (after February 9th ) compared to
the single-day ahead situation, and the net generation of gas
turbines increases on February 15th , with a maximum power
generation of 3.14 GW.
The impacts of two different operation modes under the
same given boundary conditions are easy to explain since
the theoretical model we used considers the conditions of
natural gas fuel (both the initial storage on February 1st
and the imports). When dispatching seven days ahead, the
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storage of natural gas fuel are assumed to approximately
reach a balance before February 9th , when the generation of
gas turbines sharply increased to compensate for the power
shortage caused by outages of wind and solar generation.
This is because before February 9th , although extreme weather
had been predicted, more than half of the wind turbines
were unexpectedly offline. Under this condition, the daily
consumption and storage of natural gas fuel are supposed to
be relatively balanced. Second, the storage of natural gas is
assumed to approach the possible lowest value, since the net
generation of gas turbines had to be reduced on February 15th
to avoid extra gas turbine outages resulting from fuel shortage.
With these two assumptions, the initial state of storage of
natural gas fuel is modeled as that on February 1st , a balanced
state from then until February 9th , with natural gas fuel being
overly consumed for compensation from February 9th to 14th ,
reaching a low value on February 15th . Third, it is assumed
that the conversion rate from the amount of natural gas to the
electricity generated from natural gas remains constant since it
depends on the technical details of gas turbines, which is not
the focus of this paper. With these three assumptions, although
no public natural gas data could be accessed, the constraints of
the status of natural gas fuel can be considered in the model.
Due to the difficulty of forecasting and modeling natural gas
and electricity prices, this paper focuses on the perspective of
system operation and reliability, without considering gas and
electricity prices in the model.
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Fig. 3. Simulation results in different operation modes. (a) Simulated net generation of all fuel types when dispatching a single day ahead. (b) Simulated
net generation of all fuel types when dispatching seven days ahead. (c) Difference of dispatching using (b) minus (a). “+” means the net generation in (b) is
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increasing power demand from February 9th to February 15th
is considered when scheduling generators on February 9th .
Considering that the net storage of natural gas fuel may be
insufficient by February 15th (to compensate for the shortage
of wind turbine generation), the net generation of gas turbines
is scheduled to be slightly slower to save fuel. On February
15th , the presaved fuel is used to generate more power by
the gas generators, which reserves more capacity for other
dispatchable fuel-rich generation resources (such as coal) to
provide more power. However, since the difference between
these two operation modes is relatively small (accounting for
approximately 5% of the maximum demand), considering the
fitting error between the real system and simulated system, we
can infer that the currently applied operation mode is possibly
the best under the given boundary conditions. In other words,
changing the operation mode only, with no other preventive
measures, cannot fully avoid rolling blackouts. The above
inference is drawn based on the assumption that forecasts of
loads and wind generation are perfectly precise (since real data
are used in simulation). Even though the forecasts are perfectly
precise, the effects of improving operation modes are limited,
not to mention the fact that real forecasts have difficulty
reaching high precision. It also indicates that facing an energy
insufficiency-caused power crisis led by long-duration extreme
weather, the room for relieving a power crisis by only changing
the operation mode may be strongly limited.
B. Quantification of Energy Supply: Wind and Gas
After verifying that the operation mode should not be
blamed for the Texas electric power crisis of 2021, we can
examine another highly concerning factor: the status of the
energy supply. Since both the wind and gas turbines accounted
for a large proportion of the net generation and experienced
sharp changes during the event, which can be observed from
Fig. 2, the impacts of different statuses of wind/gas turbines
are quantified using numerical simulations in this paper.
Regarding the wind, we simulate different scenarios of wind
turbine availability (WTA). Wind turbine availability is defined
as the capacity percentage of available wind turbines (after
February 8th , 12:00 P.M.) in the scenario to total installed
wind turbines. When approximately 15 GW out of 29 GW
wind turbines is offline, the wind turbine availability can
be calculated as 14 divided by 29, which is approximately
0.48. The wind turbine availability is supposed to be constant after February 8th , 12:00 P.M. Regarding the gas, we
simulate different scenarios of the gas initial storage ratio
(GISR), which is defined as the percentage of the initial
gas fuel storage in the scenario to that in the realistic case.
Constrained by the supply-demand power balance, network
constraints and constraints of fuel status, the simulation model
performs several dispatch replays under different scenarios
of WTA and GISR. Different WTA scenarios directly reflect
the effectiveness of improvements in preventive measures
concerning the freeze protection of wind turbines and are
modeled as the critical boundary condition of the simulation
model. Extreme cold weather requires to the freeze protection
measures for wind turbines, such as retrofitting old generation
units, building new generation units with lowered designed

operating temperatures, or installing heating/thermal insulation equipment. Correspondingly, different scenarios of GISR
reflect the preparedness of different extents through different
measures, such as building more gas tanks, storing more gas
in advance, building or enhancing gas pipes for transportation,
or installing freeze protection equipment for gas infrastructure
and wellheads. GISR directly impacts the initial gas storage
value of the scenario, which is modeled as the fuel status
constraint of the simulation model. The quantitative simulation
of this paper focuses on the effectiveness of these improved
preventive measures. Since the effectiveness can be reflected
by single indices such as WTA and GISR, the technical details
are not discussed in this paper without loss of generality.
Based on the different scenarios described above, we conduct a series of numerical simulations, and the incremental
served load (ISL) between February 15th and February 19th is
plotted in Fig. 4(a) and (b). ISL is the maximum incremental
load that can be served on top of the results of the sevenday ahead dispatch. In other words, ISL represents the extra
supply capability of dispatchable generation resources in the
system. Since the theoretical model we used considers the fuel
constraints, ISL also represents the sustainable capability. The
ISL is optimized to reach a maximum ISL proportion, which
is defined as the ratio of the area bounded by the realistic load
profile and ISL profile to the area bounded by the realistic load
profile and estimated load profile. The ISL proportion can also
be seen as a measure of the possibility of whether the power
crisis can be completely avoided under a certain scenario.
It can be observed in Fig. 4(a) that even when the wind
turbine availability reaches 1.0, the ISL profile cannot fully
overlap the estimated load profile. In fact, as the wind turbine
availability increases, the ISL proportion could only reach a
maximum value of approximately 0.75. In other words, even
if all wind turbines survived the extremely cold weather and
remained functional and if sufficient wind power was provided,
there would still be at least one-fourth of the load (cumulative
load after February 15th ) that could not be served. However,
in terms of gas turbines, the situation changes. It can be
observed that the ISL proportion reaches 100% when the gas
initial storage ratio exceeds 1.59, which means that if the
initial gas fuel storage is 1.59 times the original value and
no other preventive measures are taken, the power crisis could
be avoided.
Therefore, using quantitative analysis, we find that relying
on only perfect preparation for the frost resistance of wind
turbines could not eliminate the possibility of the final rolling
blackout. In summary, wind generation should not be solely
blamed. From the perspective of the energy mix, the fundamental reason for the power crisis in this extreme cold weather
event is more likely the overdependence on the gas turbines
instead of poor frost-proof devices.
Figure 4(c) shows the ISL proportion in combined scenarios
of different wind turbine availability and different gas initial
storage ratios by coloring high value in red and low value in
blue. The border between the horizontal surface in red and
the slope represents the ratio combination of WTA and GISR,
with which the power crisis could be avoided.
Using the above quantitative analysis, we have verified that
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Fig. 4. Incremental served load (ISL) and its proportion under different scenarios. (a) ISL & ISL proportion under scenarios of different WTA. (b) ISL &
ISL proportion under scenarios of different GISR. (c) ISL proportion under combo scenarios of WTA & GISR. Dashed parts in (a) and transparent parts in
(c) represent scopes of unrealistic parameters.

the operation mode should not be blamed for this unexpected
power crisis. The sharp increase in the load demand could
be anticipated by the system operator, and reactions were
taken in a timely manner to the capacity outage of the wind
turbines after February 8th . However, there was barely anything
that was done to help the situation when the gas turbines
faced the gas fuel shortage after a long-lasting consumption
to compensate for the wind from February 9th to February
14th , and finally implemented rolling blackouts for security
considerations on February 15th .
IV. C ONCLUSION AND D ISCUSSION
This paper conducts a quantitative research to analyze
the underlying reasons for the Texas electric power crisis
in February 2021 based completely on publicly shared real

models and datasets. This paper classifies the Texas electric
power crisis of 2021 as a new blackout mechanism called
energy insufficiency-caused power crisis, which is conceptually proposed in contrast to capacity insufficiency-caused
power crisis. Based on public system operating data and the
synthetic power grid model of Texas, several system dispatch
replays are performed under different operation modes and
different wind/gas conditions to review the effectiveness of
improvements in the protection measures and identify the
underlying reasons. As a result, the fundamental reason for the
power crisis is considered to be the insufficiency of sustainable
supplying capability of energy, which resulted from the lack
of emergency plans and responses of the plant fuel for such
a long-duration extreme weather event, under a condition
of overdependence on a single energy resource. There was
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little room for improvement in the dispatch strategy applied
during the event, and it should not be blamed for the power
crisis. Wind turbines, which suffered forced outages of large
capacities in the first place, should not be the only turbine to
blame. The Texas electric power crisis of 2021 makes more
widely known that this new blackout mechanism should be
given more attention, to better prepare and take appropriate
countermeasures in the future.
In the past few decades, the world has experienced many
large blackouts. Engineers in the power industry have provided
many solutions to prepare for power crises. Hardening the
infrastructure by applying frost/lightning/wind resistance techniques, building more infrastructure than needed to maintain
enough reserve capacity, and designing various contingency
plans to immediately react to outages. Although all these
solutions have proven to be efficient in recent years, it should
not be overlooked that these solutions are designed mainly
for capacity insufficiency-caused power crises. When facing
natural extreme weather events that may last for a longer
period, energy insufficiency, compared to temporary outages
or capacity insufficiency, could probably be a larger threat to
the whole system. The Texas electric power crisis of 2021 is
an example and a reminder for researchers to investigate more
deeply into energy insufficiency-caused power crises.
With the intensification of global climate change, extreme
weather events have become increasingly frequent in recent
years, and power systems should be transformed to a new form
to accommodate the events. A major concern for the new form
of power systems is the supply-demand balances of power
and energy over a wider spatial range and a longer temporal
period. Energy storage at present can provide storage solutions
for several hours to a day but can barely handle month- or
seasonal-long periods. Long-term storage to store energy for
a longer time or inter-seasonal storage equipment [19], may be
a solution for preparing for energy insufficiency-caused power
crises in the future.
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