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1 Abstract 
@

Power system inertia is defined as the ability of a power system to oppose changes in system 
frequency due to resistance provided by rotating masses. The level of inertia present in a system 
at any time is dependent on the amount of kinetic energy stored in rotating masses of 
synchronously-interconnected machines, including various types of generators as well as 
synchronously operating motor loads.  

As penetration levels of non-synchronous, inverter-based generation resources (e.g., wind, solar, 
batteries) increase in the ERCOT generation mix, the system’s synchronous inertia will inevitably 
decline, especially during low load conditions.    

System inertia determines the initial rate of frequency decline after a sudden loss of generation. 
As system inertia declines, the Rate of Change of Frequency (RoCoF) after an event increases.  
Events with very high RoCoF may leave insufficient time for various frequency response 
mechanisms to deploy and arrest frequency decay above the system’s under-frequency load shed 
set points. This, in turn, may result in involuntarily load disconnection. 

This white paper describes ERCOT staff’s initiatives to track the trends of historical inertia on the 
ERCOT system and to develop tools and methods to mitigate negative impacts of low inertia 
conditions that could arise in the future.  

The paper is structured as follows: 

Section 3 describes the basics of synchronous inertia and provides information about typical 
inertia contribution from various resource types in the ERCOT generation fleet.  

Section 4 discusses factors influencing generator commitment patterns and, consequently, 
affecting system inertia in ERCOT.  

Section 5 illustrates historic inertia trends in ERCOT between 2013 and 2017.   

Section 6 presents a methodology for determining critical inertia (i.e., the minimum level of 
system inertia at or above which the ERCOT system can be operated reliably with current 
frequency control practices).   

Section 7 summarizes current practices for control room monitoring and maintaining of inertia 
equal to or greater than the critical inertia level.  

Section 8 presents analysis of future base-level inertia (i.e., inertia that is expected based on 
specific resources’ characteristics and protocol requirements). The section also attempts to 
estimate additional generation that will be needed to serve future load and its inertia contribution.  

Section 9 shows how various frequency control parameter changes influence critical inertia 
levels.  

Section 10 provides an international review of inertia related challenges and mitigation measures 
in power systems of similar size and renewable penetration levels as those of ERCOT. 

Section 11 presents a summary and conclusions. 





Inertia: Basic Concepts and Impacts on the ERCOT Grid ERCOT Public@

5 

@

For any hour, synchronous inertial response (SIR) from generators (Msys) is calculated as 
follows:  

] ∑ ∗    ∈ 

where I is the set of on-line synchronous generators or condensers; MVAi is MVA base of on-line 
synchronous generator or synchronous condenser I; and Hi is the inertia constant for an on-line 
generator or synchronous condenser i in a system (in seconds on machine MVA base, MVAi)2. 

Table 1 shows the range of inertia constants for different generation types in ERCOT.  It indicates 
that Hydro, Simple Cycle Combustion Turbine, Gas Steam, and Coal have smaller inertia constant 
than Nuclear and Combined Cycle; while non-synchronous, inverter-based, resources like wind 
and solar generation do not contribute to synchronous inertia. 

Table 1: Inertia constant, MVA base3, and inertial response contribution ranges by Resource type in 
ERCOT 

MVA base range 
Inertia constant range. H ( in 

seconds) using corresponding 
generator MVA base 

Inertial response 
contribution range, 

H* MVA base  (in MW*s) 

Nuclear 1410-1504 3.8-4.34 5344-6530

Coal 194-1120 2.9-4.5 863-3158

Combustion 
Turbine  

7-235 1-12.5 22-1288 

Gas Steam 14-887 1-5.4 13-2216

Combined 
Cycle 

25-1433 1.1-9 
97-8765

Hydro 9-36 2-3 19-1133

Reciprocating 
Engine 

10-70 1.1-2.1 13-97 

Wind - 0 0

Solar PV - 0 0

System inertia determines the RoCoF after an event, which may be a generation trip or, 
potentially, a step-change increase in load. If system inertia is low, the RoCoF after an event is 
higher (see Figure 2).  At very high RoCoF, there may be insufficient time for various frequency 
response mechanisms to deploy and arrest frequency decay above under-frequency load shed 
set points. This, in turn, may result in involuntarily load disconnection. 

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
2 The kinetic energy of a synchronous machine rotating at its rated speed can be normalized (divided) by an arbitrary 
MVA base, typically set equal to the machine nameplate rating. The normalized value is referred to as inertia constant 
H in seconds. Conversely, by multiplying H by the MVA base w e obtain the kinetic energy of the synchronous machine 
rotating at its nominal speed. 

3 MVA base is used to normalize kinetic energy (in MW*s) of a synchronous machine rotating at rated speed. Kinetic  
energy normalized by MVA base is called inertia constant H. MVA base is typically assumed equal to machine 
nameplate rating.@ @
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10 International Review of Inertia Related Challenges and Mitigation 
Measures 

Other bulk power systems in the world are experiencing challenges associated with changes in 
their resource mix that are similar to ERCOT’s.  Table 6 lists some relevant parameters of the 
systems currently facing low inertia issues. Note that the Hydro Quebec and Nordic (Sweden, 
Norway, Finland, and part of Denmark) systems do not have particularly high capacity from non-
synchronous generation (wind and solar).  However, these systems are notable for having large 
amounts of hydroelectric generation, which means that inertia is relatively low (see Table 1) and 
primary frequency response is relatively slow. The size of the system’s RCC with respect to the 
system size (i.e., minimum inertia level) is also an important factor, which indicates that the South 
Australia system is at the forefront of this problem at the moment.   

Table 6: Countries experiencing low inertia challenges 
System 

Ireland UK Nordic Quebec 
South 

Australia 
Peak 
Demand, 
GW 

6.4 53 70 39 3 

Capacity 
from Wind 
and Solar 

4 GW >26 GW 10% 7% 35% 

Minimum 
Inertia, 
GW*s 

20 135 125 60 2 

Resource 
Contingency 
Criteria, MW 

500 1000 1450 1700 650 

Issues 

Lack of 
synchronizing 
torque, at RoCoF 
≥0.5 Hz/s
significant 
amounts of non-
synchronous 
generation will 
trip14

At RoCoF of 
0.125 Hz/s 
some non-
synchronous 
generation will 
trip; at 1 Hz/s all 
non-
synchronous 
generation will 
trip 

Slow PFR 
(hydro), time 
to UFLS is a 
concern 

Low inertia 
(hydro), 
high RCC, 
slow PFR 
(hydro), 
time to 
UFLS is a 
concern 

High (1-3 Hz/s) 
RoCoF after 
RCC, at which 
synchronous 
generation may 
trip and UFLS 
may 
malfunction 

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
14 Early on the UK and Ireland enforced the use of loss of mains protection at non-synchronous generation plants in 
their distribution netw orks. The protection w ould trip w ind or solar generation once a particular RoCoF w as detected 
(0.125 Hz/s in the UK and 0.5 Hz/s in Ireland). This is because high RoCoF w as historically used as an indication of an 
island forming in the distribution grid. As these systems saw  more non-synchronous generation installed, system inertia 
declined and system-w ide RoCoF increased  after a large generation loss to a point w here 0.125 Hz/s (or 0.5 Hz/s in 
Ireland) RoCoF w as no longer exclusively an indicator of an island in a distribution system. With RoCoF protection still 
in place at non-synchronous generation plants, this may potentially trip large amounts of non-synchronous generation, 
further w orsening the conditions on already perturbed system. The UK system has increased the trigger on loss of 
mains protection from 0.125 Hz/s to 1 Hz/s for all resources installed after April 2014.   

@
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Table 7 lists different measures used by these systems to reduce Critical Inertia and/or keep 
inertia above critical levels. All of the systems monitor both inertia and the largest possible 
contingency in Real-Time. Ireland and the UK additionally forecast inertia from the Day-Ahead 
into Real-Time, similarly to ERCOT, as described in Section 7 above.  

Table 7: Mitigation measures to reduce Critical Inertia and to keep inertia above critical level 
Ireland UK Nordic Quebec South Australia ERCOT

Monitor inertia & 
possible contingencies 
in Real-Time 
Forecasts Inertia from 
DA into Real-Time 
Dynamic Assessment 
of Reserves based on 
inertia conditions and 
largest resource 
contingency 
Limit RCC based on 
inertia conditions 
Synchronous 
Condensers (for 
inertia) 

(particularly 
looking at high 

inertia SCs)
Enforce minimum 
inertia limit 

(for minimum 
inertia req.) 

Inertia 
market/auction/service 
inertia 

 (for above 
minimum inertia 

levels)
Faster Responding 
Reserves  

FFR 

Enhanced 
Frequency 
Response 

Service 

Synthetic 
inertia 

from wind 

“Contingency” 
FFR (frequency 

trigger) and 
“Emergency” 

FFR (direct event 
detection)

Load 
Resources 
providing 
RRS

Note: Planned mitigation measures are shown in blue, while already-existing mitigation measures are 
shown in black.  
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Appendix 

Figures 17-21 illustrate inertia by unit fuel type based on historic data from 2013 through 2017. 
As shown in Figures 17-18, the inertia contribution from coal units has dropped since 2014; 
although this drop has been offset by increases in inertia provided by Combined Cycle Gas 
Turbines. Gas steam units account for only a small portion of system inertia, as shown in Figure 
10.  Inertia provided by Simple Cycle Combustion Turbine units (Figure 11) and Private Use 
Network units16 (Figure 12) has increased since 2014.  

Based on 2013-2017 data, the contribution to inertia from PUNs has never fallen below 31.5 GW*s, 
and, in fact, is trending upward (Figure 21). The steady system inertia level provided by PUNs can be 
explained by the steadiness of steam demand at the PUN sites, while the upward trend is likely the 
result of lower natural gas prices.  

Figure 17: Boxplot of the inertia by Coal units 2013-2017 

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@
16 PUN generation in ERCOT is mainly comprised of Combined Cycle, Combustion Turbine Simple Cycle, and Gas  
Steam units. 
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Figure 18: Boxplot of the inertia by Combined Cycle units 2013-2017 

Figure 19: Boxplot of the inertia by Gas Steam units 2013-2017 
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Figure 20: Boxplot of the inertia by Combustion Turbines (Simple Cycle) 2013-2017 

Figure 21: Boxplot of the inertia from PUNs 2013-2017 
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