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In February 2021, Texas experienced an extreme cold snap causing a dramatic electricity blackout that 
left millions of households without electricity, resulting in over 200 fatalities and economic damages of 
approximately $100 billion. The Texas blackout has been used to support a variety of claims regarding 

renewable energy, electricity markets and climate change. We identify the blackout’s drivers and what has 
been learned since then. These lessons apply to power systems worldwide, including those of the Gulf 
Cooperation Council and the broader Middle East and North Africa region.

Abstract 
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Figure 1. Overview of forecast demand, net generation and total interchange (in MWh) in Electric Reliability Council 
of Texas (ERCOT) in February 2021, Central Time.

Source: Authors, based on data from the EIA (2021a). 

1. Introduction: The 2021 Texas Blackout

On February 15-18, 2021, Texas experienced 
severe winter storms that led to significant 
and long-lasting power outages, with firm 

load shedding of an average of 14 GW for almost 
70 hours (FERC-NERC 2021). This resulted in 
more than 4.5 million households being left without 
electricity (FERC-NERC 2021), some for as long as 
four days, and at least 210 fatalities (Hauser and 
Sandoval 2021). The two main contributing factors 
to the blackout were high electricity demand to meet 
heating needs (demand that was underestimated 
by 14%) and extensive and unexpected failures 
of generation caused by the severe winter storm 
(FERC-NERC 2021). 

As shown in Figure 1, the first phase of the event 
was characterized by a significant discrepancy 
between actual generation and forecasted demand 
(see phase 1). Then, the system stabilized but was 
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still unable to meet the forecasted demand (see 
phase 2). Finally, the system returned to normal, and 
demand was met (see phase 3).

The economic damage has been estimated by the 
Dallas Federal Reserve Bank at $80 billion to $130 
billion of direct and indirect costs, $4.3 billion in 
total value of loss load1 and $10 billion to $20 billion 
in insurance costs (Golding, Kumar and Mertens 
2021). Wholesale gas and electricity prices soared: 
natural gas prices increased by a factor of 40, and 
electricity prices reached $9,000 per megawatt-hour 
(the price cap of the ERCOT2 market), an increase 
by a factor of 200.

This extremely cold weather event was not the first 
one experienced in Texas. Four other events that 
impacted the South Central U.S. and Texas have 
occurred over the past 40 years: December 1983, 
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1. Introduction: The 2021 Texas Blackout

Table 1. Overview of major winter events in Texas.

Source: Authors, based on FERC-NERC (2021).

December 1989, February 2011, and January 2018. 
Understanding the impacts of these weather events 
is necessary for the development of cold weather 
preparedness plans and protection measures for the 
electric grid and natural gas infrastructure facilities. 
Table 1 compares these five events. The table 
shows that the 2021 event was the most extreme 
in terms of low temperatures and wind speeds 
compared to the events of 2011 and 2018. However, 
the Texan bulk power system faced similar problems 
during these events, namely freezing and gas fuel 
supply issues, for which data collection and analysis 
could have helped to better prepare the system for 
such extreme weather events.

Historically, Texas experiences its electricity peak 
load in the summer, when temperatures are high 
and air conditioning is necessary. Its highest peak 
load was 74.8 GW in August 2019, which was 
surpassed during the February 2021 blackout, which 
had a peak load estimated at 76.8 GW (FERC-
NERC 2021). However, since this peak load was 
reached during an extreme cold event, the electricity 
supply chain failed to deliver enough electricity. 
Texas has not experienced a significant blackout 
related to heat waves, but major concerns were 
raised for the summer of 2021 regarding “elevated 
risk of energy emergencies” (NERC 2021a). 

1. Introduction: The 2021 Texas Blackout

Cold weather 
event

Unavailable
generation due
to cold weather,
at worst point

(MW)

Causes of
unavailable
generation

Temperature
(°C)

Peak
wind gusts

(km/h)

Noteworthy 
observations

1983
(December 20-26) 55 

7 separate cold 
fronts during       

this event

1989
(December 19-25) 55

Coldest recorded 
winter for the 
Galveston/ 

Houston area.

2011
(February 1-6) 14,702

Freezing Issues,
Mechanical/

Electrical
Issues, Natural
Gas Fuel Issues

9 to 20 
below

average
50

Blackout occurred 
with a maximum 

load shed of        
5.4 GW.

2018
(January 12-18) 15,600

Freezing Issues,
Mechanical/

Electrical
Issues, Natural
Gas Fuel Issues

7 to 16
 below average 51

This event was 
most severe east   

of Texas.
Only voluntary 

load management 
occurred.

2021
(February 12-20) 65,622

Freezing Issues,
Natural Gas Supply

Issues, 
Mechanical/

Electrical Issues

22 to 28 below 
average 66

Most similar to 
1983 event: long 

period of cold with 
multiple fronts 

affecting a wide 
swathe of the U.S.
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1. Introduction: The 2021 Texas Blackout

During the February 2021 Texas blackout, 
renewables were identified by some as a cause 
of the power system failure, for example some 
media outlets and Texas Governor Greg Abbott 
on February 14-15, 2021 (Carlson 2021; Reuters 
Staff 2021). Later, multiple reports (FERC-NERC 
2021: Energy Institute of the University of Texas at 
Austin 2021) found that all generation technologies 
experienced significant failures due to extreme 
weather conditions and that renewables were not 
the major problem given that the share of renewable 
generation is usually low during this period of        
the year. 

Given the severity of the February 2021 Texas 
blackouts and the debates it initiated regarding 
the roles of wind and solar, market structure and 
political and regulatory failures, several lessons 
can be learned. This paper discusses the key 
lessons it holds for other power systems, including 
those not susceptible to extremely cold weather. 
The remainder of this paper proceeds as follows. 
Section 2 provides preliminary background. Section 
3 proposes six key lessons for reliable and resilient 
power systems that apply to power systems 
worldwide, including those of the Gulf Cooperation 
Council (GCC) and the broader Middle East and 
North Africa (MENA) region. Finally, section 4 
concludes with recommendations for policy makers. 
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The 2021 Texas blackout highlighted the 
importance of reliable and resilient power 
systems, particularly during extreme events. 

Before discussing the lessons from this blackout 
and other major ones, this section briefly presents 
the necessary background regarding reliability and 
resiliency analytical frameworks for power systems. 
It also discusses the development of renewables 
and their related consequences for power systems. 

2.1 Importance of Defining 
Reliability, Resiliency and other 
Related Terms

Ideally, power systems are designed to meet the 
electricity demand almost all the time. There are 

multiple and competing definitions of reliability and 
resiliency in the context of electric power systems 
(Billinton and Allan 1984; Kahnamouei, Bolandi, and 
Haghifam 2017; Phillips 2019; Zappa, Junginger, and 
van den Broek 2019; Plotnek and Slay 2021). Table 2 
presents definitions of some terms from operational 
handbooks in the U.S. and Europe. Resiliency is 
generally not defined in these handbooks, but instead 
reliability is used. In the academic literature, the 
definition of resiliency has changed substantially over 
time (Plotnek and Slay 2021). 

To avoid overlap with the definition of reliability, 
resiliency can be defined as what happens after a 
disruptive event (Phillips 2019); that is, the ability of 
the grid to recover from an uncontrolled or cascading 

2. Background on Reliability, 
Resiliency and Renewables

Table 2. Definition of key reliability-resiliency terms.

U.S. definition European definition 

Adequacy The ability of the electric system to supply the aggregate electrical demand and energy requirements of the 
customers at all times, taking into account scheduled and reasonably expected unscheduled outages of system 
elements. (NERC 2021b; UCTE 2004b)

Reliability A measure of the ability of the system to continue 
operation while some lines or generators are out of 
service. Reliability deals with the performance of the 
system under stress. (EIA 2022)
Operating reliability is the ability of the electric 
system to withstand sudden disturbances such as 
electric short circuits or unanticipated loss of system 
components. (NERC 2007)

The degree of performance of the elements of the 
bulk electric system that results in electricity being 
delivered to customers within accepted standards and 
in the amount desired.
It can be measured by the frequency, duration and 
magnitude (or the probability) of the adverse effects on 
the electric supply/transport/generation.
Electric system reliability can be addressed by 
considering two basic and functional aspects of the 
electric system, which are adequacy and security.
(UCTE 2004b)

Security Used until 2001 in place of operating reliability. After 
2001, security is not defined in the NERC handbook 
and seems to be used in practice to refer to critical 
infrastructure protection.

The ability of the electric system to withstand sudden 
disturbances such as electric short circuits or 
unanticipated loss of system elements.
(UCTE 2004b)

Stability The ability of an electric system to maintain a state of equilibrium during normal and abnormal system 
conditions or disturbances.
(NERC 2021b; UCTE 2004b)

N.B.: NERC stands for North American Electric Reliability Corporation.
Sources: Authors, based on NERC (2007), NERC (2021b) and EIA 2022 for U.S. definitions and UCTE (2004b) for European 
definitions.
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2. Background on Reliability, Resiliency and Renewables

Figure 2. Critical event and associated terms.

Source: Authors, based on Panteli and Mancarella (2015) and Umunnakwe et al. (2021).

blackout or rolling blackouts. The level of resiliency 
depends on resiliency policies that are, of course, 
undertaken prior to outages. Resiliency also embeds 
the ability to recover from extreme events that are 
characterized by high impacts and low probabilities 
(EPRI 2022).

No matter how terms are defined in reliability 
handbooks, the objective remains to ensure that a 
power system can recover to a normal resilient state 
after a disruptive event happens, as illustrated in 
Figure 2. The normal operational state corresponds 

to a resilient situation that can be described as 
robust and resistant (Panteli and Mancarella 2015). 
After a disruptive/critical event, the power system is 
stabilized in a degraded state for a certain period: 
an absorptive phase during which resilience is low. 
The restorative phase can be decomposed into two 
subphases: a quick operation recovery that allows the 
system to stabilize at a higher resiliency level, and a 
longer phase necessary for infrastructure (e.g., fuel 
supply systems, generation units, transmission and 
distribution networks) to recover.

Time

Performance (resiliency) indicator
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2. Background on Reliability, Resiliency and Renewables

Table 3. Typical reliability-resiliency analyses of power systems.

Sources: Authors, based on EPRI (2022).

To achieve reliable and resilient power systems, 
medium- and long-term reliability-resiliency 
analyses, plans and operational policies are being 
developed by grid operators and others to limit 

the frequency and time-duration of critical events. 
Their analyses generally follow the objectives and 
horizons described in Table 3.

Description of analysisHorizon

Balance between demand and supply, based on multiple scenarios of 
forecasted electricity demand and generation capacities. Some studies may 
neglect network constraints.

Long-termResource adequacy

Need for network developments at different spatial scales (interconnection, 
regional transmission or sub-regional distribution) to meet reliability 
standards. 

Long-termTransmission 
and distribution 
infrastructure planning

Balance between demand and supply in the mid-term, focused on extreme 
points, with detailed modeling of instantaneous balancing and flexibility 
needs. 

Mid-termOperational reliability

Grid stability in the mid-term, focussed on a restricted number of hours in the 
year, with detailed network constraints and preventive and curatives actions. 

Mid-term to 
short-term

Operational grid 
stability
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2. Background on Reliability, Resiliency and Renewables

2.2 Engineering and Economic 
Framework for Power System 
Reliability

Reliability standards typically have a maximum 
number of outage events (frequency, duration, 
magnitude) that are deemed socially acceptable. 
Historically, expected peak load (expressed in MW) 
was what mattered the most in plans for power 
system reliability. However, it is too expensive to 
design a power system that is always available 
to supply the peak load because it would require 
massive amounts of spare generation capacity. In 
response, engineering and economic frameworks 

were developed to describe the tradeoff between 
the cost of reliability and cost of unreliability. This 
tradeoff is based on a comparison of the additional 
cost to serve electricity demand and the social 
benefit related to consuming electricity. 

The reliability and resiliency of power systems 
depend on actions and investments that are 
done before a critical event (including preventive 
measures) and potential actions performed 
afterward to mitigate the effects (including corrective 
measures). The tradeoff between the cost of these 
two elements, illustrated in Figure 3, defines the 
optimal reliability level. 

Figure 3. Tradeoff between initial cost and post-implementation cost to define the optimal reliability level (illustrative).

Source: Authors.

Cost

Reliability level

Post-implementation cost

(curative measures)

Initial cost 
(preventive measures)

Total cost

Optimum
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2. Background on Reliability, Resiliency and Renewables

To define such an optimal reliability level, data and 
assumptions are required, including the costs and 
estimated electricity demand, the probability of 
critical events (including common-cause ones) and 
their duration, and the social benefit of consuming 
electricity. In addition, critical weather events may 
change in duration, frequency and magnitude 
because of climate change (Seneviratne et al. 
2012; Stott 2016). To avoid large blackouts, the 
standard engineering and economic framework 
should continue to be enhanced by improving 
methodologies and datasets. The framework should 
also be informed by prior blackouts, such as the one 
in Texas, and the occurrence of initiating events, 
such as severe weather (see Table 1).

2.3 Challenges Related to Large 
Amounts of Variable Renewable
Energy in Power Systems

In the context of the energy transition, power 
systems are evolving to include more renewables. In 
2020, approximately 115 GW of solar photovoltaics 
(PV) and 90 GW of wind power were added 
worldwide, accounting for nearly 83% of the total 
new generation for the year (REN21 2021). Solar 
PV and wind power are expected to play a key role 
in electricity generation in the MENA region due to 
their high potential and low costs. Table 4 presents 

renewable electricity targets in selected MENA 
countries. Saudi Arabia has also announced a new 
smart city, Neom (in the Tabuk province), whose 
electricity will be 100% renewable (Saudi Vision 
2030 2022).

Renewables introduce technical challenges in 
balancing supply and demand because, for the 
dominate ones4, electricity generation is non-
dispatchable, variable and intermittent. There are 
multiple non-mutually exclusive solutions to address 
non-dispatchability, such as geographic diversity, 
improved forecasting, energy storage including 
electric vehicles, curtailment and active control, 
electrical load control, transmission enhancements, 
synchronous condensers, enhancing joint 
interconnections and operations with neighboring 
power systems, districting heating and cooling, 
heat pumps, smart meters, information and 
communication technology, and improved market 
designs, among many others. Thus, even if power 
systems can handle large amounts of variable 
renewables, it is nonetheless necessary to evaluate 
their reliability and resiliency along with the solutions 
used to address non-dispatchability. This is needed 
to prepare for potential reliability-threatening events 
that are characterized by low generation from 
renewables.
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2. Background on Reliability, Resiliency and Renewables

Table 4. Renewable electricity targets in selected MENA countries, by share of electricity produced by renewables 
relative to total electricity generation.

Sources: a Timmerberg et al. (2019); b Bhatt (2021); c Saudi Vision 2030 (2022).

2023 2030 2050
Algeria 37% a

Egypt 35% a

Jordan 22.5% a

Kuwait 15% b

Libya 13% a

Morocco 52% a 100% a

Oman 11% b

Saudi Arabia 50% c

Tunisia 30% a 100% a

UAE - Dubai 25% b
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Any blackout of the size that occurred in 
Texas results in a major review by the U.S. 
government (FERC-NERC 2021) as well as 

numerous other reports and academic publications 
(Busby et al. 2021; Energy Institute of the University 
of Texas at Austin 2021; Littlechild and Kiesling 
2021; Levin et al. 2022; Zhang et al. 2022). Based 
on these reports and an understanding of the 
engineering, economics and political economy of 
power systems, we propose six recommendations 
(summarized in Table 5) that apply to all types of 
power systems, including those of the MENA region. 
We also integrate lessons from other blackouts 

worldwide into our recommendations. Some of the 
reviewed blackouts were related to weather events, 
including high heat and humidity conditions (Victoria 
State Government 2018), while others resulted 
from windstorm and floods events (Sheppard 
and DiSavino 2012). Other non-weather-related 
blackouts also provide key lessons. In particular, 
they highlight the importance of reliability analysis 
and operational rules (such as the N-1 criterion ), 
maintenances practices (such as appropriate tree 
cutting), software and real-time monitoring and 
the need for coordination between grid operators 
(NERC 2004; UCTE 2004a, 2007; ENTSO-E 2015).

3. Lessons for Reliable Power Systems 
Beyond Texas

Table 5. Summary of our six major recommendations.

Source: Authors.

1 Low-probability high-impact events, including common-cause failures, are particularly relevant to assessing the resiliency 
of power systems and should be included in reliability and resiliency analyses.

2 Reliability and resiliency analyses and policies must consider the entire supply chain of electricity, including fuel supply 
and related infrastructure.

3 Coordination of regulation and market organization of the entire electric-power supply chain is necessary to ensure 
reliability and resiliency, and fragmented regulation should be avoided. 

4 Interconnections and efficient cross-border trading can play a role in limiting power outages, including for power systems 
with high renewable penetration.

5 Adaptability and energy efficiency can mitigate the societal effects of large power outages.

6 Appropriate rolling blackout procedures, including using new technologies, should be developed to limit the duration of 
power outages for customers. 
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3. Lessons for Reliable Power Systems Beyond Texas

3.1 Reliability and resiliency 
analyses should consider low-
probability high-impact events, 
including common-cause failures 

The 2021 Texas winter storm was an extreme 
event for which the power sector was not prepared. 
According to numerous studies, climate change 
will likely exacerbate the occurrence of extreme 
high-impact events that have, historically, had a low 
probability of occurring. Analysis should account 
for these events (Chandramowli and Felder 2014; 
Petitet et al. 2021; Felder and Petitet 2021) as well 
as technical procedures for managing them (such as 
rolling blackout plans or equipment winterization). To 
do so, it is necessary to collect and create detailed 
datasets that are as representative as possible to 
anticipate future critical events, including ones with 
low probability. 

A power outage can be caused by several 
independent events or have common-cause failures 
(Felder 2001). Common-cause failures include 
severe weather, fuel delivery system failure, a 
failure of the monitoring and controlling system 
and malicious actions. Despite being less frequent, 
common-cause failures can have high impact on 
power systems, as was the case during the 2021 
Texas blackout. Moreover, as illustrated by the 

2021 Texas blackout, such common-cause events 
can also magnify the societal consequences of 
electricity blackouts. During these events, electricity 
is highly valuable, and its shortage has dramatic 
effects, including threatening public health and 
safety. For these reasons, common-cause failures 
that also magnify the costs of outages — common-
cause, damage-enhancing failures — should be 
carefully considered in reliability and resiliency 
analysis. 

Figure 4 presents some common-cause events 
that can affect fuel supply, electricity generation, 
transmission and distribution networks and load 
segments. Even though an extreme cold event like 
the one observed in Texas is unlikely to occur in 
the MENA region, the Texas blackout emphasizes 
that common-cause events related to hot weather 
are also numerous and could severely affect MENA 
power systems. For example, in Australia, the state 
of Victoria experienced a blackout during a heat 
wave in January 2018 mainly caused by overloaded 
network assets, which was caused by a rise in 
electricity demand for cooling. Based on a review 
of weather-related grid events in the U.S., Campbell 
and Lowry (2012) show that there is an increasing 
trend in the number of electricity blackout events, 
which may be explained by grid deterioration but 
also an increase in weather events. 
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3. Lessons for Reliable Power Systems Beyond Texas

Figure 4. Common-cause events (non-exhaustive list) related to weather events.

Source: Authors, based on literature review (Campbell and Lowry 2012; Ward 2013; Lubega and Stillwell 2018).

Fuel supply Generation Transmission Distribution Load segments
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Flood
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wind turbines

Pipelines breaks
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due to housing
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Dust storm
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Figure 5. Monthly natural gas marketed production in Texas in 2021.

Source: Authors, based on data from EIA (2021b).

3.2 The entire electricity supply 
chain matters

In Texas, almost 50% of generation units are fueled 
by natural gas (FERC-NERC 2021). During its 2021 
blackout, the fuel delivery infrastructure failed to 
supply natural gas to generation units. Natural gas 
production significantly decreased during the 2021 
cold event, which led to many problems for the gas-
based generators due to freeze-offs in the suppling 
pipelines when water and other liquids in the raw 
natural gas stream froze. 

On February 17, 2021, in the central region of the 
United States, dry natural gas production was as 
low as 69.7 billion cubic feet per day (bcf/d), down 
nearly 18.9 bcf/d from the week ending February 13, 
a decline of 21%. In Texas, natural gas production 
decreased by almost 45%, falling from 21.3 bcf/d 
during the week ending February 13 to a daily low of 
11.8 bcf/d on February 17 (EIA 2021b). See Figure 5.
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At the same time, natural gas is widely used to 
meet residential heating loads: more than one-
third of Texas households rely on natural gas as 
their primary heating fuel (EIA 2021c). Therefore, 
natural gas supplies were competing to meet the 
supply requirements of both generation units and 
residential heating during this cold weather event, 
creating a public health crisis. Approximately three 
in five Texas households use electricity as their 
primary source for home heating (EIA 2021c). 
The extremely cold weather increased electricity 
demand for heating, which also stressed the entire 
supply chain. Of course, a similar situation could 
occur during a heat wave, which would increase 
the demand for air conditioning, which is entirely 
electricity based.

Reliability standards should be revised to avoid 
future fuel supply problems, whether natural gas or 
otherwise, such as requiring natural gas facilities to 
implement cold-weather preparedness plans based 
on previous events that have occurred. All types of 
fuel can be affected by freezing issues, including 
natural gas as well as coal and oil (FERC-NERC 
2021). This would require an in-depth cost-benefit 
analysis to select the right level of winterization, and 
other changes in line with social preferences, to 
account for the tradeoffs identified in Figure 3. Initial 
estimates suggest that the cost of winterization in 
Texas is below its benefit to avoid blackout (Golding, 
Kumar and Mertens 2021). Gas winterization 
takes time and, according to Bloomberg (Chediak 
and Malik 2021), could not be ready until 2023, 
which underscores the importance of reliability       
planning studies.

Furthermore, protecting critical natural gas 
infrastructure from the occurrence of manual or 
automatic shedding is essential because failing to 
do so will negatively affect the reliability of the grid. 
This can occur as sudden surges or drops in natural 

gas pipeline pressure, which can simultaneously 
shut off multiple natural gas fueled power plants 
(FERC-NERC 2021). This action is done to protect 
the pipeline from over pressurization, but it could 
simultaneously trip multiple natural gas fired plants, 
thereby exceeding the system’s N-1 capability. In 
some MENA countries, the gas share in electricity 
mix could increase in the coming years because 
of its potential to reduce CO2 emissions compared 
to oil-based generation units. This is the case in 
Saudi Arabia (Saudi Vision 2030 2022), where the 
shift from oil to gas is a cost-relevant solution for 
decarbonization (Blasquez et al. 2018). In Jordan, 
the shift from oil to gas in electricity generation has 
been happening since 2014, with gas representing 
81% of electricity generation in 2019 versus less 
than 10% in 2014 (IEA 2019). 

In addition, grid operators such as ERCOT should 
be informed about the percentage of generation 
capacity that can be relied upon during cold 
weather. In the case of natural gas, generator 
operators should identify the fuel delivery risks 
related to their natural gas fuel contracts. This 
would enable them to plan better and provide 
more visibility during cold weather operations to 
anticipate possible problems. It would also provide 
more lead time to electricity customers who may be 
disconnected via rolling blackouts.

As previously noted, the 2021 Texas event 
illustrates to what extent the complete electricity 
supply chain matters when assessing its reliability. 
Indeed, it is not sufficient to focus on electricity 
generation and the network. Instead, the whole 
supply chain should be prepared for critical events, 
including fuel supply. Moreover, electricity is one 
of the vital infrastructure components of current 
societies, but it is also interlinked to other critical 
infrastructure beyond the natural gas, such as 
healthcare, finance, transportation, water systems 

3. Lessons for Reliable Power Systems Beyond Texas
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and information and communications technologies 
(Kröger 2008; Behnert and Bruckner 2018). In the 
future, such interrelationships could also expand 
to other infrastructure like hydrogen and transport 
through electric vehicles. In the Gulf countries, water 
production by desalination is critically dependent on 
electricity (Rambo et al. 2017).

3.3 Importance of regulation and 
market organization

This blackout also emphasizes the importance 
of regulation and market organization in helping 
to avoid outages. Texas liberalized its electricity 
system in 2002, and since then it has relied 
solely on energy markets to achieve resource 
adequacy. Texas is considered, or at least had 
been considered until its recent blackout, by many 
economists to be a role model in market design. 
However, the 2021 Texas blackout questions the 
ability of the Texas power system’s structure to 
ensure reliability, including the role of electricity 
markets. In theory, electricity markets with sufficient 
demand response or/and efficient resource 
adequacy mechanisms would help to match supply 
and demand efficiently. As discussed further in 
section 3.5, smart meters can enable efficient 
demand response and thus facilitate matching 
demand and supply.

Despite being considered as a model, Texas is 
reviewing its market design and regulatory structure. 
After the February 2021 event, ERCOT temporarily 
reduced its electricity wholesale price cap from 
$9,000/MWh to $2,000/MWh (below many estimates 
of the value of lost load), showing how high wholesale 
prices can be a sensitive issue for policy makers, 
whereas economists have shown that high electricity 
prices are necessary during critical events to convey 
the right price incentives (Boiteux 1949, 1960). 

The Texas event also raises the question of efficient 
coordination of gas and electricity regulation. 
Despite the recommendations made by the Public 
Utility Commission (the electricity regulator) after the 
2011 cold event to winterize equipment, the Texas 
Railroad Commission, which oversees Texas gas 
suppliers, has not yet implemented winterization 
standards for the gas sector (Griswold and Kling 
2021). In addition, incompleteness in the risk trading 
in liberalized electricity markets (i.e., difficulty 
hedging risk when investing in electricity assets) 
has been identified as a reason for the lack of 
investment in winterization (Mays et al. 2022).

Policy makers still must figure out how to improve 
the entire market-regulatory structure of gas and 
electricity to work together to keep the lights on. This 
is particularly challenging if the regulatory structure 
of the entire supply chain is fragmented across 
several regulatory entities.

As the GCC and MENA continue to implement 
electricity markets and regional trading, they can 
learn and benefit from experiences worldwide. To 
ensure the reliability of increasingly interconnected 
systems in the region, they could consider creating 
a GCC/MENA entity to coordinate planning studies 
and inform policy makers. This entity could take 
lessons from the North American Electric Reliability 
Corporation (NERC) in the U.S. or the European 
Network of Transmissions System Operators for 
Electricity (ENTSO-E) in Europe6 but tailor them 
to the region’s context and regulatory-market 
structures. They should also pay attention to the 
entire electric supply chain and avoid fragmented 
regulatory structures.



19One Year After the Texas Blackout: Lessons for Reliable and Resilient Power Systems

3. Lessons for Reliable Power Systems Beyond Texas

3.4 Interconnections and efficient 
cross-border trading can limit 
power outages

ERCOT is a relatively isolated power system with 
a maximum of 1,220 MW in total import capacity 
from neighboring regions (FERC-NERC 2021). 
This import capacity is obtained through two direct 
current (DC) lines with US Eastern Interconnection 
through the Southwest Power Pool and two DC 
lines with Mexico. Power systems interconnected 
with AC or DC lines do not have the same 
consequences in terms of reliability or real-time 
operations. With AC interconnectors, the frequency 
is shared between neighboring power systems; that 
is, the systems are synchronous, allowing for one 
system to automatically support the other during 
reliability events. However, there is also a risk that 
a blackout in one system could cause one in the 
other. With DC interconnectors only, that is, the 
systems are asynchronous, grid operators decide 
on the power flow’s direction and magnitude across 
the interconnection. This enables a blackout in 
one system to be isolated from its neighbor, but 
it reduces the ability of its neighbor to provide 
support in real time (Kundur 2012). Moreover, DC 
lines have higher nominal capacity, but they can 
experience outages more frequently than AC lines, 
resulting in significant energy imbalances (Ye et al. 
2022). In both cases, detailed plans between the 
interconnected regions must be agreed upon by 
grid operators before a critical event happens while 
carefully considering the AC or DC nature of the 
interconnectors. 

The Texan interconnection capacities of 1,220 MW 
are low compared to the size of the power system, 
with a peak load above 70 GW and a generation 
capacity of 123 GW. ERCOT’s total installed 
generation capacity includes 31 MW of wind 
power, 6 MW of solar, 64 MW of gas and 15 GW of 

coal (FERC-NERC 2021). To estimate the level of 
interconnection of a power system, the total import 
capacity can be compared to the system’s peak load 
or the total installed generation capacity. In 2021, for 
Texas, the ratio of interconnection to peak load7 was 
1.6%. The ratio using generation capacity was 1.0%.

In Europe, the electricity interconnection target, 
defined as import capacity over installed generation 
capacity, to be achieved by each member state 
by 2030, has been increased from 10% to 15%, 
(European Council 2014).8 The Expert Group 
on electricity interconnection targets (European 
Commission 2017) has confirmed that the benefits 
exceed the cost of increasing the European 
interconnection target to deal with the expected 
renewable penetration. In 2020, all but four 
European countries (Cyprus, Spain, Poland and the 
United Kingdom) had reached the interconnection 
target of 10% (Legislative Train 2022). 

Power systems in the MENA region are 
interconnected, forming three distinct areas, 
as illustrated in Figure 6. The western area is 
composed of Morocco, Algeria and Tunisia, which 
are interconnected by AC lines. The central area 
encompasses Libya, Egypt, Sudan, Jordan, West 
Bank & Gaza, Lebanon, Syria and Iraq. The eastern 
region corresponds to the Gulf countries, namely 
Saudi Arabia, Oman, the U.A.E., Qatar, Bahrain and 
Kuwait. These countries are mostly interconnected 
through the GCC Interconnection Authority (GCCIA) 
bus with DC lines. Yemen has no interconnection 
with neighboring countries. 

Based on 2018 historical data from the World Bank 
(2021), Table 6 estimates the interconnection level 
for the MENA countries, and Figure 7 graphically 
illustrates the interconnection level to generation 
capacity. It shows that some of the small power 
systems already have an interconnection level 
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Figure 6. Existing cross-border interconnections in the MENA region.

Source: Authors, based on World Bank (2021).

3. Lessons for Reliable Power Systems Beyond Texas

higher than 15%, such as Bahrain, Jordan, Lebanon 
and Syria. All other MENA countries have an 
interconnection level below 10%. 

The interconnection level of MENA countries is 
expected to increase in the following years as new 

interconnectors will come online, such as the 3 GW 
interconnector between Egypt and Saudi Arabia. 
These projects will also connect the western, 
central, and eastern areas.
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Table 6. Estimated interconnection level for MENA countries in 2018.

Source: Peak demand, total generation capacity and interconnector capacity (World Bank 2021).

3. Lessons for Reliable Power Systems Beyond Texas

Peak demand Total generation 
capacity

Total 
interconnector 

capacity

Interconnection 
to peak load

Interconnection 
to total 

generation 
capacity

GW GW GW % %

Algeria 12.9 20.6 0.70 5.4 3.4

Bahrain 3.6 3.9 0.60 16.7 15.4

Egypt 31.6 38.9 0.86 2.7 2.2

Iraq 24 30.3 0.23 0.9 0.7

Jordan 3.6 4.8 0.84 23.3 17.5

Kuwait 13.6 18.8 1.20 8.8 6.4

Lebanon 3.6 2.2 0.47 13.1 21.4

Libya 5 9.9 0.18 3.6 1.8

Morocco 6.5 8.8 0.40 6.2 4.5

Oman 7.3 9.6 0.40 5.5 4.2

West Bank and Gaza 1.4 1.2 0.07 4.6 5.4

Qatar 7.8 11.9 0.75 9.6 6.3

Saudi Arabia 69.9 84.8 1.20 1.7 1.4

Sudan 3.2 4.5 0.20 6.3 4.4

Syria 5.7 8.7 1.05 18.4 12.0

Tunisia 3.8 6.1 0.30 7.9 4.9

UAE 23.4 31.6 1.30 5.6 4.1

Yemen 1.4 1.5 0.00 0.0 0.0
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Figure 7. Interconnection level to generation capacity, estimated on 2018 data.

Source: Authors, based on data from World Bank (2021).

The interconnection level is useful for quantifying 
the maximum extent to which a power system may 
be supported by neighboring regions and thus 
can rely on imports to meet its internal demand. 
However, this maximum import capacity may not be 
reached during critical events for several reasons. 
Import capacity can be limited during critical events 
because of failures in the internal or cross-border 
transmission network. Neighboring regions can also 

face similar critical events simultaneously, as was 
the case in Texas in February 2021 (FERC-NERC 
2021). In this case, grid operators could decide to 
reduce exports and prioritize matching their own 
electricity demand. Anticipating how cross-border 
exchanges would be done in case of simultaneous 
critical events in neighboring regions is a key 
element of an interconnected power system’s 
reliability, and thus should be agreed upon.

Algeria

Bahrain

Egypt

Iraq

Jordan

Kuwait

Lebanon

Libya

Morocco
Oman

WB&Gaza
Qatar

Saudi Arabia

Sudan

Syria

Tunisia
UAE

Yemen0.0

5.0

10.0

15.0

20.0

25.0

0 20 40 60 80 100

In
te

rc
on

ne
ct

io
n 

le
ve

l t
o 

ge
ne

ra
tio

n 
ca

pa
ci

ty
 (%

)

Total generation capacity (GW)



23One Year After the Texas Blackout: Lessons for Reliable and Resilient Power Systems

3. Lessons for Reliable Power Systems Beyond Texas

3.5 Adaptability and energy 
efficiency can mitigate effects of 
large power outages

The consequences of the 2021 Texas power outage 
were devastating for residential consumers because 
of the event’s duration and the lack of solutions for 
replacing electricity, particularly for heating. 

However, in the long term, strategies could be 
developed to mitigate the effects of power outages 
for consumers. These could include actions to adapt 
power systems (we refer to this as the “adaptability” 
of power systems), such as improving housing 
insulation and building warming/cooling centers to 
be used in case of emergency, particularly in those 
areas whose distribution systems are not designed 
for rotating blackouts. Increasing energy efficiency, 
particularly through better building insulation, would 
decrease the consequences of such events. More 
broadly, the adaptability of power systems should 
be considered and supported by policy makers as a 
levy to reduce the consequences of power outages 
(Felder and Petitet 2021). 

As previously noted, smart meters can also mitigate 
the impacts of large power outages by providing 
real time and location-adjusted information to 
consumers, and by allowing real-time monitoring 
of distribution network near load. ERCOT has 
approximately 11 million deployed smart meters 
(Energy Institute of the University of Texas at 
Austin 2021), corresponding to roughly 40% of its 
customers. While smart metering will continue to be 
deployed, current rules in Texas limit access to data 
and improvements are required to allow access to 
real-time data (Walton 2020). 

In the MENA region, smart meters are deployed and 
are expected to play a role in improved management 
of electricity demand. Saudi Arabia completed 
the deployment of 10 million smart meters to all 
electricity customers in April 2021 (Arab News 2021; 
Hasan, Mansouri and Al-Shehri 2021). In 2021, 
Oman also announced that 1.2 million smart meters 
would be installed within five years, in line with 
Oman Vision 2040 (Utilities Middle East 2021).

3.6 Appropriate rolling blackout 
procedures can limit the duration 
of power outages for customers

During the 2021 blackout, residential consumers 
faced electricity outages in Texas for extended 
periods during extremely cold weather. Even having 
electricity for a few hours each day would have been 
life saving for some households. 

Grid operators research and define procedures 
(and install adequate equipment) to implement 
rolling blackouts for end-consumers while ensuring 
operation security for transmission and distribution 
networks. These studies and actions, which should 
occur before a blackout, influence the way rotating 
blackouts can be performed in real-time in case of 
an event such as the 2021 winter storm in Texas. 
FERC-NERC 2021 has identified some technical 
difficulties that prevented ERCOT from efficiently 
performing rotating blackouts due to distribution 
system limitations. Particularly, low voltage and 
underfrequency protection schemes in place 
in Texas limited the rolling options available to 
the system operators. Whether similar technical 
challenges exist in the MENA region should be 
evaluated and addressed as appropriate.
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4. Conclusion

The Texas blackout in February 2021 has 
refocused attention on the importance of 
reliability and resiliency in electric power 

systems. One year after this event, reports and 
analyses have improved our understanding of 
the underlying causes and lessons to be learned. 
Building on this and other major blackouts, we 
provide six major recommendations for policy 
makers to enhance the reliability and resiliency of 
power systems. These recommendations apply 
not only to liberalized power systems, like the one 
in Texas, but also to all types of power systems, 
including those in the MENA region. 

First, these lessons emphasize the need for 
enhanced attention on threats to reliability and 
resiliency from common-cause events such as 
severe weather and for improved data sets and 
models that can consider new power system 
technologies such as variable and intermittent 
renewables. Second, the resiliency and reliability 
of power systems requires an integrated approach 
that accounts for the entire electricity supply chain 
and its impacts on critical societal functions such as 
public safety, health care, communications, finance 
and transportation. Finally, power systems’ reliability 
and resiliency attributes also depend on regional 
and international interconnections, cross-border 
trading and associated regulatory structures.
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1 The value of loss load (VoLL) used to estimate this figure was based on 2019 data of $6,733/MWh for industrials 
and $117.6/MWh for households. Note that the VoLL estimated for households seems low with respect to the 
effects of the 2021 blackout, characterized by the dramatic social consequences and long duration.

2 ERCOT stands for the Electric Reliability Council of Texas. It is the entity that administers the wholesale electricity 
market, which covers approximately 90% of Texas’ electricity load (FERC-NERC 2021).

3 This tradeoff conceptually applies to other non-power systems, such as transportation, healthcare, etc.

4 Some renewable energy resources, such as hydroelectric facilities, biomass, biofuel, geothermal and 
concentrating solar power, are dispatchable, although their availability depends on local conditions.

5 The ability of a power system to continue to operate reliably when any component fails. “N” refers to the 
number of generation and transmission components, and “N-1” refers to the ability to withstand the failure of one 
component and recover sufficiently quickly before another component fails.

6 NERC and ENTSO-E have similar roles in carrying out reliability studies and providing recommendations to 
improve power system operations.

7 In 2021, Texas’ peak load was 76.8 GW (FERC-NERC 2021).

8 Although the 10% target for 2020 was estimated based on the ratio between the net transfer capacity of 
interconnectors and total production capacity, the new interconnection target of 15% is evaluated through a 
combination of three sub-criteria: average of wholesale price differentials lower than 2 euro/MWh; ratio between 
the total nominal transmission capacity of interconnectors and peak load higher than 30%; and the ratio between 
the total nominal transmission capacity of interconnectors and installed renewable capacities higher than 30% 
(European Commission 2017).

Endnotes
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