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Due to climate change in the past few decades, extreme weather conditions have become more frequent and caused power outages with enormous damage to the well-being and the economy. Affected by extremely cold weather, the 2021 Texas power crisis deployed the most significant firm load shedding in US history, costing the economy $10 billion to $20 billion via direct and indirect loss. The North American Electric Reliability Organization (NERC), Federal Energy Commission (FERC), and other literature studies conducted post-event analysis from the perspective of conventional power systems’ planning and operation, and little discussion was made on the distributed energy resources (DERs). Based on the actual data on the 2021 Texas power crisis, this study analyzed the role of DERs in this event and showed the importance of effective regulation and management in improving power grid resilience under such extreme weather conditions.
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1 INTRODUCTION
In the past few decades, extreme weather conditions have occurred frequently due to climate change. Such weather conditions pose challenges to the power system reliability and have become the leading causes of large-scale power outages, causing enormous damage to the well-being and the economy (Jufri et al., 2019). From February 8th to 20th, 2021, the severe winter storm Uri swept across Texas and the south-central areas in the US and caused the 2021 Texas power crisis in the bulk electric system (BES) operated by the three independent system operators and regional transmission organizations (ISO/RTOs), namely, the Electric Reliability Commission of Texas (ERCOT), the Southwest Power Pool (SPP), and the Midcontinent Independent System Operator (MISO) (Federal Communications Commission, 2021).
In the south-central US, this event is the fourth major power system event caused by extreme weather conditions over the past 10 years, following the event in February 2011, January 2014, and January 2018. As shown in Figure 1, the 2021 Texas power crisis is more destructive and long-lasting than the previous cold weather events (Sperstad et al., 2020). Figure 1A shows the lowest temperature is 28°C below the average daily local temperature, and the largest unavailable generation due to cold weather is over 60 GW during the event in the affected area. Meanwhile, Figure 1B shows the high magnitude and the long-lasted time of the power interruption in the 2021 event as compared to the previous events. It needs to be noted that the manual firm load shed is the largest in US history over 24 GW, and a few areas were without power for 4 days (Federal Energy Regulatory Commission, 2021).
[image: Figure 1]FIGURE 1 | Consequence diagrams comparing the four power outages in the previous 10 years in south-central US by unavailable generation VS tempearture (A), and interrupted power VS interruption duration (B).
Regarding the unprecedented damaging results and negative cascading impacts, the 2021 Texas power crisis has drawn significant attention from the both power industry and academia. The North American Electric Reliability Organization (NERC) and the affected ISO/RTOs have already published the official reports revealing the event’s details. In addition, the Federal Energy Commission (FERC) has investigated and released an official report (Midcontinent Independent System Operator, 2021a; Southwest Power Pool, 2021a; the University of Texas at Austin and Energy Institute, 2021). The official reports attribute the direct reasons for massive generation outages to the inadequate winter operation preparedness of generation units and natural gas production infrastructure. Meanwhile, in academia, researchers have examined this event from multiple aspects. Busby et al. (2021) analyzed the subsequent cascading effects after load shedding on Texas’ economy and politics. Yan et al. (2021) showed the importance of power grid safety management, emergency response, power grid differentiation planning, and emergency material reserves in preventing such power system outages under extreme weather conditions. Wu et al. (2021) quantitatively provided access to the impact of generator weatherization, demand response, and energy storage on mitigating this power outage. Zhang et al. (2022) identified this event as the energy insufficiency-caused power outages which are primarily caused by the insufficient fuel supply of natural gas. Hence, official reports and the literature analysis of this event are provided from the perspective of conventional power systems’ planning and operation.
Meanwhile, in south-central US systems which had a high penetration of renewables, natural gas generators take major responsibilities in maintaining the real-time balance between power supply and demand. However, as those generators are expensive, their limited capacity can hardly cope with the increased uncertainties from both supply and demand sides in the near future. In addition, for long-lasting extreme weather conditions such as in February 2021, natural gas generators may suffer from the issue of gas supply as what has happened in the 2021 Texas power crisis. It should be noted that the coordinated control of flexible distributed energy resources (DERs) can help maintain the supply and demand balance; the long-term regulations and management of DERs can also be useful in facilitating the system operation in long-lasting extreme weather conditions. However, little discussion was made on the regulation and management of DERs under extreme weather conditions.
Hence, based on the actual data on the 2021 Texas power crisis, this study analyzes the importance of effective regulation and management of DERs in improving power grid resilience under such extreme weather conditions. The rest of this article is organized as follows: Section 2 describes the event timeline and detailed facts. Section 3 analyzes the problem and potential effects from the perspective of regulation and management of DERs. Section 4 concludes this article.
2 EVENT SUMMARY
2.1 Basic Information of the Affected Region
In the US, three main interconnections, the Eastern Interconnection, the Western Interconnection, and ERCOT, connect the regional grids in a physical network structure and conduct the cross-regional transmission for reliability and commercial purposes. The interconnections operate independently with limited electricity transmission capacity between them. The power systems affected in this event include the areas operated by ERCOT, SPP, and MISO. Their regions are as shown in Figure 2, and the event-related data are shown in Table 1.
[image: Figure 2]FIGURE 2 | Areas affected by this event.
TABLE 1 | Comparison of the affected ISO/RTOs in the 2021 Texas power crisis.
[image: Table 1]The ERCOT serves 90% load in Texas. As shown in Table 1, the installed generation capacity in the ERCOT is over 100 GW (Climate Central, 2014). SPP serves 14 states in the central US with over 94 GW generation capacity (Midcontinent Independent System Operator, 2021b). MISO serves 15 states across the central US with over 198 GW generation capacity (Electric Reliability Council of Texas, 2020). However, only the south part of MISO with 42 GW installed generation capacity was affected in the event. Meanwhile, the ERCOT has limited interstate transmission capacity and operates independently from the US Eastern Interconnection and US Western Interconnection. The total transmission capacity was 1220 MW, which only accounts for 1.8% of the system peak load (Electric Reliability Council of Texas, 2022a). Thus, its maximum load shed reaches 20,000 MW and lasts 70 h. Different from ERCOT, SPP and MISO are connected by the 193 transmission lines and are jointly connected to the Eastern Interconnection, which provides sufficient transmission availability (Southwest Power Pool, 2021b). Thus, their maximum load shed and duration are significantly lower.
As for the regulation, the independent agency FERC is responsible for regulating the interstate transmission and wholesale of the electricity market and the interstate commerce and transportation of the oil and gas market. Oversight by FERC, the NERC is responsible for improving the reliability and security of the power systems over the nation. The specific duties include developing and enforcing the reliability standards, monitoring BES, and assessing the system adequacy annually. The regional electricity, gas, and oil retail services are regulated through the public utility commissions or equivalent. For instance, within Texas, the electricity market is mainly regulated by the Public Utility Commission of Texas (PUCT), and the intrastate oil and gas industry is regulated by the Railroad Commission. It is noticeable that because of the relative independence of ERCOT, the electricity market is largely unregulated by FERC rules.
2.2 Timeline of the Event
The cold weather-related power outage (the 2021 Texas power crisis) caused cascading damages to over 4.5 million people, and at least 210 people were dead due to power shortage-related reasons (Federal Energy Regulatory Commission, 2021). According to the Federal Reserve Bank of Dallas (FRBD), this event costed the economy $10 billion to $20 billion via direct and indirect loss (Federal Reserve Bank of Dallas, 2021). For the BES reliability, 1045 individual BES generating units, with a combined nameplate capacity of over 192 GW in ERCOT, SPP, and MISO, experienced over 4000 times of outages, derates, and failures to start; several transmission lines tripped or had congestion problems; the curtailed load was not fully restored until the temperature rose after February 19th.
The worsening situation of the power grid operation was related to the dropping temperature (Eskandarpour et al., 2017). In this event, the extreme weather condition has two distinct characteristics. First, the below-average freezing temperature lasted relatively long, from February 8th to February 18th. Second, the temperature was much lower than the historical average daily temperature. Specifically, the climate was mild in early February with an average temperature of 15°C in the south-central US. From February 8th to 14th, the average temperature dropped to 0°C, and some regions experienced extreme weather conditions such as freezing rains or snowstorms. The severe cold weather lasted until the 18th, when the average temperature dropped as low as −20°C (Wundergroud, 2022).
With the clear deviation of weather conditions along with the event process, this study examines the performance of the power grid under different phases based on weather conditions.
2.2.1 Phase 1 (Early February to February 8th)
By early February, ERCOT, SPP, and MISO were already aware of the upcoming extreme weather conditions in the mid-February and had issued winterization preparation notices to the system generator owners (GOs), generator operators (GOPs), transmission owners (TOs), and transmission operators (TOPs), suggesting a series of preparation actions, including updating the information of the generation capacity, checking the fuel supply, and implementing the winterization preparation process based on the generation type (Electric Reliability Council of Texas, 2021a).
In response to the alert, all types of generators declared a series of winter operation preparedness actions. According to the record, the response actions of the wind generators included performing annual service and winterization checks, canceling planned maintenance, and ordering additional nitrogen for maintaining the hydraulic braking system; the response actions of the solar units included preparing inverters by checking the functionality of heaters and ensuring adequate temperature settings and functioning alarms; the response actions of natural gas-fired units included checking freeze protection, checking natural gas inventories and placing natural gas commodity order in advance, and testing heating supplies and protective equipment (Federal Energy Regulatory Commission, 2021).
Meanwhile, the natural gas production infrastructures, closely coupled with the natural gas-fired generation units, also declared the winterization preparations. The preparations mainly focused on freezing protection, fluid management, and staffing communications for the natural gas production side. A few gas production facilities shut down before the event in the case of potential freezing issues. The preparations focused on the electric power supply, equipment maintenance, and personnel deployment for the natural gas-processing side. The pipeline facilities focused on the storage activity reports and arranging staffing at critical field operations.
2.2.2 Phase 2 (February 8th to February 14th)
As the temperature decreased, the load demand for heating increased sharply. With an average daily electricity demand increase of 18% from February 9th to February 14th, the electricity demands in affected areas were approaching the historical peak of wintertime by the end of Phase 2 (Electric Reliability Council of Texas, 2021c). Meanwhile, affected by the extreme weather conditions, the generation capacity on the supply side began declining. Although most generation units had declared the preparations for cold weather in Phase 1, most of the units still experienced freezing, transmission system issues, or failure to operate under low ambient temperature. Among the affected generation units, the generation capacity of the wind turbines is mostly reduced due to freezing issues. Under cold weather, the precipitation and condensation caused icy layers on turbine blades, further leading to the balancing, bearing, and other problems for wind turbines. In the event, wind turbine outages and derates caused by freezing issues accounted for 23% of the total outages (Federal Communications Commission, 2021; Southwest Power Pool, 2021b; Eskandarpour et al., 2017). Thus, the operators utilized natural gas generation to compensate for the deficit caused by wind turbines. As shown in Figure 3, compared to the net generation proportions at the beginning of February, the proportion of wind generation declined steadily since February 9th, while the natural gas generation proportion has been increasing to compensate for the loss in wind generation (Energy Information Administration, 2021a). At this phase, the BES reliability was still maintained.
[image: Figure 3]FIGURE 3 | Net generation proportion.
2.2.3 Phase 3 (February 15th to February 20th)
Along with the deteriorating weather condition, the large-scale and long-lasted decline in the generation capacity occurred in all the affected power systems. With a total of 95 GW, the unavailable generation reached its peak on February 17th, accounting for 37% of the total installed capacity in the affected areas (Federal Energy Regulatory Commission, 2021). All the system operators deployed the multi-stage emergency energy actions (EEA) to utilize the demand resources to maintain the system's reliability. The load shed in ERCOT, SPP, and MISO is shown in Figure 4 (Electric Reliability Council of Texas, 2021b). Specifically, the following actions were taken:
[image: Figure 4]FIGURE 4 | Load shed in ERCOT, SPP, and MISO South during the event.
The ERCOT initiated the EEA procedures to maintain the dropping system frequency from the night on the 14th to the morning on the 19th. At 0:15 a.m. on February 15th, EEA 1 was declared when the reserve dropped below the minimum responsive reserve requirement of 2300 MW. The demand resource 30-min Emergency Response Service (ERS-30) was deployed for 847.15 MW (Electric Reliability Council of Texas, 2022b). At 1:07 a.m. on February 15th, EEA 2 was declared. The demand resources 10-min Emergency Response Service (ERS-10) and the responsive reserve service (RRS) were declared successively for 51.6 and 423 MW load reduction (Electric Reliability Council of Texas, 2022c). At 1:20 a.m., when the frequency dropped to 59.938 Hz, ERCOT announced EEA 3 and instructed the immediate firm load reduction. The load shedding lasted from the 15th to the 18th, and the reduction peak was at 19:00 on February 15th with up to 200,000 MW, which accounts for approximately 37.7% of ERCOT’s peak demand. At 10:00 a.m. on February 19th, ERCOT lowered the emergency level to EEA 2. At 11:00 a.m. on the same day, ERCOT lowered the level to EEA 1, which indicates that ERCOT has been restored from the system emergency states (University of Texas at Austin and Energy Institute, 2021).
SPP is connected with the Eastern Interconnection through MISO, having more power transmission capacity than ERCOT. However, due to the transfer limit during the event, when the importable power supply decreased, SPP could not maintain system balance and declared EEA from February 15th. At 5:00 a.m. on February 15th, at the risk of not meeting the required operating reserves, SPP began EEA 1 and made public appealing to the customers to reduce power consumption. At 7:22 a.m. on February 15th, as the unplanned generation outages exceeded 3300 MW, SPP declared EEA 2 and began interrupting interruptible, curtailable load and utilizing demand resources. At 10:08 a.m., because of the reduced imports and insufficient reserves, SPP stated EEA 3, under which could terminate the load export and request firm load shedding (Southwest Power Pool, 2021a).
MISO is directly connected with the Eastern Interconnection. In this event, MISO imported large amounts of power flows to maintain system stability. However, the inadequate generation forced MISO to declare EEA on the 16th. At 4:59 p.m. on February 16th, MISO declared EEA 2. At 6:40 p.m. on February 16th, MISO declared EEA3. At 8:41 p.m.; all the curtailed loads were restored (Midcontinent Independent System Operator, 2021a).
3 EVENT ANALYSIS
At the worst point, the total unavailable generation accounted for 38.8, 33.2, and 40.2% of the installed capacity in ERCOT, SPP, and MISO South, respectively, due to freezing issues and fuel supply shortage (Federal Energy Regulatory Commission, 2021). However, the scale of load shedding in ERCOT is remarkably higher and lasted for the longest time. The underlying reasons for this difference are complex and could be partly explained by the varying interconnection transmission capabilities among the three regions. During this event, SPP conducted the power inflows, ranging from 4000 to 6000 MW, and MISO South imported 3000 MW. Compared to SPP and MISO, which have abundant transmission capability with the Eastern Interconnection, ERCOT is restrained by the limited transmission capability to conduct power import to alleviate system imbalance. Hence, this section targets ERCOT and analyzes the impact of regulatory and management on DERs.
3.1 Winter Assessment of Distributed Generation
3.1.1 Inaccurate Assessment of Winter Generation Capability
After the power outage event in February 2011, ERCOT scheduled the winterization checking process to assess the generator operating capacity for 75 to 80 generators annually. ERCOT evaluates the generator winter preparation based on the self-reported questionnaire instead of the on-site visit. In the survey just before the 2021 event, 96% of the investigated generators declared they completed winterization. However, the post-event analysis demonstrated that 82% of the generators that have submitted winter preparation reports experienced at least once or more outages, derates, and start failures.
The overestimation of the winter generation capability can be categorized into two aspects. First, the winter inspection checking list has not been modified since 2011. However, the installed capacity of the power generators has changed over the past years, as shown in Figure 5. Based on Electric Reliability Council of Texas (2021d), the generation proportions of wind turbine generators and natural gas-fired generators increased dramatically from 8.5 to 26% and 40 to 52%, while the generation proportion of coal-fired generation decreased from 22 to 6%. Compared to coal-fired generators, wind turbines are more vulnerable under cold weather conditions. Second, most of the winter preparation data are self-reported, including the newly integrated distributed generators. As data validity cannot be ensured, ERCOT could hardly evaluate the winter generation capability accurately.
[image: Figure 5]FIGURE 5 | Structure of installed generation capacity in ERCOT from 2011 to 2021.
3.1.2 Lack of Intention to Upgrade the Cold Weather Critical Components
As the central and south US have temperature climates, most power generation facilities do not have the ability to operate in extremely cold winter. Wind turbines, solar panels, and natural gas production facilities are all vulnerable to freezing weather. Therefore, after the rotational load shedding event in 2011, ERCOT once made suggestions to the generators and natural gas production facilities to upgrade the cold weather critical components (Federal Energy Regulatory Commission and the North American Electric Reliability Corporation, 2011). However, regarding the concerns about retrofitting, most generation units lack intention to make substantial upgrades. Because conventionally extreme cold weather was considered a small-probability event, the upgraded generation units with higher operating costs may become less competitive in the market most of the time. Meanwhile, in extreme cold weather, the generators which have not been upgraded could shut down without being punished.
Nonetheless, from the perspective of social welfare, the investment in upgrading the cold weather critical components of the power system could effectively reduce the loss in extreme weather conditions. Using the value of lost load (VOLL) as the measurement, FRBD evaluated the total social loss as over $4.3 billion (Federal Reserve Bank of Dallas, 2021). Meanwhile, the cost of winterizing the piece of equipment for each gas plant is between $50,000 and $500,000, suggesting a total cost of up to $9 million to upgrade the 162 natural gas-fired generation units in Texas; The cost of installing the internal warming equipment for the wind turbines is up to $40,000 per blade, making it costly and infeasible to retrofit for all the 13,000 wind turbines in Texas (Federal Energy Regulatory Commission and the North American Electric Reliability Corporation, 2011). Hence, compared to the loss in social welfare, winterization upgrading investments are cost-effective.
3.2 Deployment of Demand-Side Resources
In Texas, the residential sector generally consumes 37% of the total electricity generation. As 60% of households use electricity as the primary heating fuel (White et al., 2021; US Energy Information Administration, 2019), the residential section takes approximately 51% of total demand during winter peak hours, followed by 26% of the large commercial and industrial and 23% of the small commercial loads. Consequently, with extreme weather conditions, the residential electricity demand increased sharply. In phase 2 of the 2021 event, driven by the extreme cold weather, the actual load was higher than the forecasted load, especially during peak hours, as shown in Figure 6 (Energy Information Administration, 2021b; Electric Reliability Council of Texas, 2021c). From February 9th to 14th, the mean absolute percentage error (MAPE) between the actual load and the day ahead forecast was 8.9%, which indicates a significant error in load prediction compared to the yearly average MAPE in 2020 of 1.7%.
[image: Figure 6]FIGURE 6 | Comparison of real and forecast load from February 1st to February 20th in 2021.
In phase 3 of the 2021 event, EEA showed great importance in utilizing demand resources to stabilize system frequency, relieve transmission congestion, and maintain system operation. However, during this event, the deployment of demand-side resources suffers from two issues that limit their values.
3.2.1 Failure on Identifying Critical Loads Related to Natural Gas Production
As aforementioned, the flexible balancing resources in ERCOT relied on the natural gas-fired generators. Thus, when the system encountered unprecedented demands and the loss of wind generation for consecutive days, the proportion of natural gas generation relative to the total generation increased from an average of 43% in 2021 to 72%, as shown in Figure 3. Hence, the need for natural gas fuel increased during the 2021 event.
However, all-natural gas production loads were classified as curtailable loads, and some pieces of key equipment involved in the natural gas production were turned off. Consequently, the loss of power supply to natural gas infrastructure caused 23.5 percent of the decline in natural gas production. As shown in Figure 7, power supply issues account for an 18.1% loss in natural gas production from February 14th to 15 February 2021.
[image: Figure 7]FIGURE 7 | Cause of the natural gas production decline from 2021/2/14 9:00 a.m. to 2021/2/15 9:00 a.m. (measured by the natural gas production volume).
In practice, the regulations of the PUCT for the Texas state that the load units need to apply for becoming an important load to its transmission operator, and the transmission operator would then collect the self-reported information and report to PUCT every year. Under such a rule, the system operator only has the self-declared loads (Texas Tribune, 2021). For the loads for natural gas production, processing, and transmission which are not self-declared, system operators had classified them as curtailable loads. This phenomenon aggravates the fuel supply shortage for the natural gas-fired generators.
3.2.2 Late Utilization of Demand-Side Resources
The concept of demand-side resources was initially proposed to reduce energy consumption to alleviate the pressure on the supply side of the system to manage the energy. After the large-scale integration of clean energy, the demand side resource management has gradually shifted to a “power-based” approach on a shorter time scale to balance real-time power supply and demand and provide auxiliary services such as frequency regulation and capacity reserve.
In phase 2 of the 2021 event, although system operators predicted the long-lasting extreme weather with rain and snow, they did not issue early warnings, or power reserve appeals to the users until the wind turbines were interrupted and fuel supply declined. Until phase 3, when the load in the affected areas approached the history peak and the generation declined, ERCOT and SPP started to utilize demand-side resources with the power reserve appeal on February 14th (Southwest Power Pool, 2021a). Hence, the system operator did not act early and failed to take advantage of “the energy-based” property of demand-side resources in this event.
Energy not served (ENS) is used to evaluate the amount of insufficiency of generation relative to the forecast demand, calculated by taking the integral of load shedding over the blackout time (Menati and Le, 2021). As shown in Figure 8, in the period of EEA in ERCOT, the ENS was estimated as 1170 GWh. With a large amount of demand-side energy consumption in Texas, exploring the potential of demand-side resources to maintain the level of natural gas storage can be valuable.
[image: Figure 8]FIGURE 8 | Energy deficiency in ERCOT during EEA.
Long-term energy management is defined as the pre-event energy conservation education or programs to encourage customers to voluntarily reduce electricity consumption during the peak load hours to alleviate system peaking-load operation pressure and avoid system blackouts (Electric Reliability Council of Texas, 2021a). The timely and efficient notifications to the customers could help reduce the peak demand (Darby and McKenna, 2012). In the power system event in California in the summer of 2020, after predicting extremely high demand, CAISO effectively sent flex alerts to users through mobile apps, social media, and press media, making public appeals to users to reduce electricity consumption on August 17th and 18th. Hence, the actual peak electricity usage became 4972 MW and 3488 MW, lower than the day-ahead peak demand forecast, and further avoided the large-scale firm load shedding event (Hu et al., 2020).
In the Texas event, the operators made public energy conservation appeal by the 14th. The system had experienced significant power outages and unexpectedly high demand, which exacerbated the system imbalance. Thus, the public conservation appeals did not have expected effects on load reduction. As the cold temperature was predicted to be long-lasting and the load demand had already exceeded the load forecast, the load demand pattern in the extreme weather event was not fully addressed, and the public was not notified of the possible power system blackouts. Thus, as the coldest temperature arrived, the users lacked intention and adequate preparation to reduce electricity usage, which was reflected by the rising demand after public appeals.
Due to the predicted long-lasting duration of this event, the public should be educated before the coldest temperature arrives on the night of February 14th. Except for the monetary-incentive demand response programs, the effects of the high impact, low-cost information, and education programs should be valued. The electricity conservation target could be achieved by encouraging users’ behavioral change by providing information on past energy use, conservation strategies, or peer consumption. The longer-term of such programs would conduct more energy savings (Delmas et al., 2013). Thus, the potential of pre-event load reduction on mitigating ENS is examined. It is assumed that the natural gas storage saved from pre-event load demand conservation could be used to compensate for the primary energy shortage during the coldest weather condition. Based on the publicly available data, the estimation of the saved natural fuel storage can be expressed as follows:
[image: image]
where [image: image] is the time period from February 9th to February 14th, measured in hours; q is the ratio of the natural gas-fired generation capacity over the total generation at the time [image: image]; r is the average load reduction rate; the average amount of natural gas c used to generate a kilowatt-hour (kWh) is assumed to be 7.43 cubic feet; and the average heat content per one thousand cubic feet (Mcf) of natural gas h equals 1.037 MMBtu.
Figure 9 shows the load reduction during the pre-outage time period and the incremental generation capacity during the load shed period. It is estimated that a 25% reduction of daily average electricity consumption between February 9th and 14th could fully compensate for the energy deficiency during the power outage. Although it is practically hard for the end-users to reduce the electricity usage by an average daily amount of 25% during such extreme weather, the value of load resources could not be underestimated. Table 2 demonstrates the incremental proportion relative to the initial energy storage on February 15th under different amounts of average daily reduction.
[image: Figure 9]FIGURE 9 | Effect of pre-event load conservation on mitigating energy deficiency.
TABLE 2 | Effect of average load reduction on natural gas fuel storage.
[image: Table 2]Because of the abundant natural resources in natural gas and wind energy, ERCOT has been leading in transitioning to the coal-light generation structure that extensively explored the potential of clean energies. The transition has shown significant improvement in energy efficiency and decarbonization. When the frequently occurred power outages could warn the unpredicted system vulnerabilities related to natural gas production under the extreme weather conditions and underscore the importance of primary energy supply during the extremely cold weather conditions. Long-term demand-side management could efficiently alleviate such fuel shortage pressure through effective and efficient programs in a costly manner.
4 CONCLUSION AND DISCUSSION
In the past few decades, extreme weather conditions have been rising due to global climate change. For the power grid operation, the observed outages to the bulk electric system showed a significant increase in the weather-related events, leading to enormous damage to people and the economy.
This study examined the 2021 Texas power crisis caused by the extremely cold weather, mainly from the perspective of DERs’ regulation and management. Based on the public data, it is estimated that the natural gas fuel supply saved by a daily average load reduction of 25% in ERCOT before the coldest weather could compensate for the total energy deficiency during the event. Also, the reliable power supply to the critical natural gas production loads could improve another 15% of the natural gas supply. Although it is practically hard to reach the daily average of 25% of load reduction, the value of the long-term demand-side “energy” management should be valued. Also, it is essential to realize the tight coupling relationship between natural gas production and electricity supply to identify the critical loads. Hence, the effective regulations and management of DERs have proven vital for improving the power grid resilience under such extreme weather conditions.
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