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• To understand
– Why reliability must be studied
– Where does reliability appear
– How to assess the reliability
– What is a probabilistic production cost model (PPC) by analytical 

simulation
– How unit output is computed
– How to compute some generation stochastic reliability measures

Topic objectives
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What is reliability?

• Adequacy (long-term)
– 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 [ENTSO-E]

• Firmness (medium-term)
– Firmness requires that enough supply infrastructure is available when 

needed and mainly depends on the operation planning activities of the 
already installed capacity: maintenance schedules, reservoir management, 
etc.

• Security (short-term)
– The ability of the electric system to withstand sudden disturbances such as 

electric short circuits or unanticipated loss of system elements [ENTSO-E]
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Electricity security

https://ses.jrc.ec.europa.eu/electricity-security
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Reliability in electricity markets

• Currently, in electric markets, nobody speaks about the 
reliability

• We talk about 
– Long-term capacity payments (price set centrally)
– Capacity markets (volume set centrally)
– Reliability options (the unit receives money to be available in critical 

periods, those with a market price above a certain threshold)
– Long-term reserve contracting

• However, all these topics are very closely related to reliability 
(adequacy)
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Reliability targets and capacity markets

L. Söder et al. Review of wind generation within adequacy calculations and capacity markets for different 
power systems Renewable & Sustainable Energy Reviews 119, March 2020 10.1016j.rser.2019.109540



Reliability assessment

2

1. Introduction
2. Reliability assessment
3. Adequacy assessment methods
4. Probabilistic production cost model
5. Assignment



Generation reliability - 13

Reliability assessment

• Reliability index
– Parameter that measures a particular aspect of the reliability of an 

electric system
• We are going to consider only generation

• The most relevant aspects being assessed by reliability 
indexes are:
– Duration of failures
– Incidence of failures
– Number or frequency of failures

• There is no index able to assess the total reliability, 
including all the aspects
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Reliability criterion in Generation Expansion Planning

• Reliability is a crucial aspect of long-term generation expansion planning
studies
– The more installed capacity, the more reliability

1. Reliability criterion
– Reliability standard or maximum value allowed for a reliability index for 

any expansion plan of an electric system
• Constraint in the optimization problem

2. Cost associated with a reliability index in the design process of an 
electric system
– Included in objective function as the cost of the not served electricity

3. In multiobjective optimization, reliability indexes are potential objective 
functions
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Reliability criterion in Generation Expansion Planning

Minimize:
 Operation costs + Investment costs

Subject to: 
• Load supply
• Reliability index < maximum reliability index

Minimize:
 Operation costs + Investment costs
+ Costs associated with not served energy

Subject to: 
• Load supply

Minimize:
Objective function #1:  Operation costs + Investment costs
Objective function #2: Reliability index

Subject to: 
• Load supply
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Reliability indexes classification

• Deterministic
– Reflect the average behavior of the supply continuity
– Do not consider stochasticity in the operation
– Very frequently used

• Intuitive
• Simple to determine
• Require few data to compute them

– Easy comparison among systems

• Probabilistic
– Do consider stochasticity in the operation

• Unit failures
• Load uncertainty
• Hydro inflows 

– Offer more information of better quality than the deterministic indexes 



Generation reliability - 17

Deterministic reliability indexes (i)

• Reserve Margin (RM): 
– Excess of generation capacity available to satisfy the yearly load 

demand

– The main characteristic is simplicity
• Intuitive, easy to compute
• Limited because it does not consider water reserves, sizes, or 

technologies
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Deterministic reliability indexes (ii)

• Largest Unit (LU):
– Potential unavailability of the largest unit

– Beat the RM because it considers unit sizes

𝐿𝑈 > 1  we can loss the largest unit

𝐿𝑈 < 1  if we loss the largest unit  not served energy

• Dry year: 
– Used in hydro-dominated systems

– Criterion more than index
• In the driest year (or drier year series) demand must be satisfied (deterministically)

   
  

Largest unit power

RM MW
LU pu    

  
Largest unit power

RM MW
LU pu 
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Deterministic reliability indexes (iii)

• Generation system and load
– Installed thermal power: 10000 MW

– Installed hydropower: 3000 MW

– Maximum forecasted load: 11500 MW

– Largest unit: 1000 MW

– Maximum hydropower in a dry year: 1300 MW

• Deterministic indexes
RM(GW)=(10+3-11.5)=1.5 GW  excess of 1.5 GW

RM(pu)=(10+3-11.5)/11.5=0.13  excess of 13 % of maximum load

LU(pu)=(10+3-11.5)/1=1.5  excess of 1.5 largest unit
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Deterministic reliability indexes (iv)

• Deterministic reliability indexes in a dry year
RM(pu)=(10+1.3-11.5)/11.5=-0.017  lack of -1.7 % of maximum load

LU(pu)=(10+1.3-11.5)/1=-0.2  lack of 20 % of the largest unit
 In a hydrothermal system, things change in a dry year

• Power needed for a reliability criterion RM > 2 GW
RM(MW)=(10+3+PNEW-11.5)=2 GW  PNEW= 0.5 GW

• Power needed for a reliability criterion RM > 2 GW in 
a dry year

RM(MW)=(10+1.3+PNEW-11.5)=2 GW  PNEW= 2.2 GW
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Probabilistic reliability indexes: 
LOLP and LOLE (i)

• Loss Of Load Probability (LOLP):
– According to the name, should be defined as the probability of being 

unable to satisfy all the power with the available generation
– However, it usually is measured in the number of hours or days in a 

year with insufficient generation. For example, 0.1 day/year

• To avoid this double and ambiguous definition, Billinton
defines the Loss Of Load Expectation (LOLE):
– Number of days (hours) in a year that we expect not to satisfy the 

demand with the available generation

365 8760

LOLE
LOLP

days o hours


365 8760

LOLE
LOLP

days o hours
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Probabilistic reliability indexes: 
LOLP and LOLE (ii)

• The most frequently used reliability indexes
• No information regarding:

– Duration and frequency of failures
– Incidence of loss of load

• LOLP or LOLE can be calculated with the following:
– Not to serve the 365 daily load peaks in a year
– Not to serve the 8760 hourly loads in a year

• For the same system, LOLP values obtained are greater for the 
first case
– Example: loss of load in just the maximum demand hour

= N

LOLE
LOLP

N
= N

LOLE
LOLP

N 365 8760

1 1

365 8760
LOLP LOLP  365 8760

1 1

365 8760
LOLP LOLP  
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Probabilistic reliability indexes: 
LOLP and LOLE (iii)
• Generation system and load

– Unit 1: 
• Output: 1000 MW 
• Equivalent Forced Outage Rate (EFOR): 0.05 (5%)

– Unit 2: 
• Output: 900 MW 
• Equivalent Forced Outage Rate (EFOR): 0.04 (4%)

– Forecast maximum load: 
• Case A: 1100 MW
• Case B: 800 MW

• LOLP case A: there will be a loss of load for any unit failure

• LOLP case B: there will be a loss of load only when both units fail

• LOLP > 0, because there is always a probability, and it can be very small, of failing all 
the units

0.05+0.04-0.04·0.05=0.088 (8.8%)ALOLP  0.05+0.04-0.04·0.05=0.088 (8.8%)ALOLP 

= 0.05 0.04=0.002 (0.2%)BLOLP = 0.05 0.04=0.002 (0.2%)BLOLP 
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Probabilistic reliability indexes : 
LOEE and LOEP (iv)
• Frequently used indexes, especially in systems with limited primary energy, 

such as hydrothermal ones
• Better than LOLP and LOLE because they consider the incidence of loss of 

load as not served energy
– LOLP measures the probability of not serving demand. However, LOLP does not 

say anything about how much energy can be supplied

• Loss Of Energy Expectation (LOEE), widely known as Expected Energy Not 
Served (EENS) (Expected Unserved Energy EUE):

– It is defined as energy expected not to be supplied in a year by generation 
unavailability or by lack of primary energy

• Loss Of Energy Probability (LOEP):
– It is defined as the probability of not supplying a kWh with the available 

generation
– As it is expressed in per unit, it allows comparing systems of different size

EENS
LOEP

Total load


EENS
LOEP

Total load
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Probabilistic reliability indexes: 
POPM and XLOL (v)

• eXpected Loss Of Load (XLOL) in MW:
– Power we expect not to supply once the failure has occurred
– It is also called eXpected Load Not Supplied (XLNS)

• Probability Of Positive Margin (POPM): 
– It is defined as the probability of satisfying the demand in the 

maximum yearly demand hour with the available generation
– It is a probability of success

11NLOLP  POPM LOLP   11NLOLP  POPM LOLP  

EENS (MWh) EENS (MWh)
XLOL= =

LOLE (hours)  LOLP  8760 hours  
EENS (MWh) EENS (MWh)

XLOL= =
LOLE (hours)  LOLP  8760 hours  
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Probabilistic reliability indexes: 
LOEE, LOEP and XLOL (example 1)
• Generation system and demand

– Peak: 2000 hours at 9000 MW (18 TWh)

– Shoulder: 4000 hours at 6000 MW (24 TWh)

– Off-peak: 2760 hours at 4000 MW (11.04 TWh)

– Thermal capacity: 5000 MW (EFOR=0)

– Hydro capacity: 5000 MW (EFOR=0)

– Hydro energy: 10000 GWh

Shoulder hydro output =
= (6 – 5) GW · 4 kh = 4 TWh

Hydro energy available for peaking =
= 10 – 4 = 6 TWh

Maximum hydro output = 
= 6 TWh/2 kh = 3000 MW

8000 MW

9000 MW

6000 MW

4000 MW

2000 h 2760 h4000 h

5000 MW

Not served energy =
= (9 – 8) GW · 2 kh = 2 TWh
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Probabilistic reliability indexes: 
LOEE, LOEP and XLOL (example 2)

• Reliability indexes
RM(MW)=(5+5-9)=1 GW  excess of 1 GW
LOLE(hours)= 2000 hours  lack of generation for 2000 hours
LOLP(pu)=2000/8760=0.22  rationing 22 % of the time 
EENS(GWh)= 2000 GWh  lack of primary energy
LOEP(pu)=2 TWh/(2·9+4·6+2.76·4)TWh=0.0377 LOEP = 3.77 %
XLOL(GW)= 2 TWh/2 kh = 1 GW  lack of 1 GW when rationing

Maximum hydro output = 
= 6 TWh/2 kh = 3000 MW

8000 MW

9000 MW

6000 MW

4000 MW

2000 h 2760 h4000 h

5000 MW

Not served energy =
= (9 – 8) GW · 2 kh = 2 TWh

Not served power due to lack 
of primary energy =

= 9 – 8 = 1 GW
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Reserve margin (RM) of the Spanish system

Source: REE
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LOLE and EENS of the Spanish system 2024-2030

REE “Análisis nacional de cobertura del Sistema Eléctrico Peninsular Español” Octubre 2023 
https://www.ree.es/sites/default/files/01_ACTIVIDADES/Documentos/informe_os_nov23.pdf
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European Resource Adequacy Assessment (ERAA) 2023. 
Framework
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European Resource Adequacy Assessment (ERAA) 2023. 
Methodological approach



Generation reliability - 35

European Resource Adequacy Assessment (ERAA) 2023
(https://www.entsoe.eu/outlooks/eraa/2023/)
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Mid-Term Adequacy Forecast (MAF) 2018. ENS distribution
(https://www.entsoe.eu/outlooks/maf/Pages/default.aspx)

Source: ENTSO-e

https://www.entsoe.eu/Documents/SDC%20documents/MAF/MAF_2018_Methodology_and_Detailed_Results.pdf
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Capacity Markets (CM) in UK

• Auction to procure generation capacity 4 years ahead to be 
delivered

• Auction run annually with a single clearing price for all the 
capacity

• DR, storage, and interconnection eligible to participate
– No newly built large-scale gas power plants. Old coal power plants 

longer than expected
– 4 GW of small-scale diesel and gas engines, 500 MW of batteries (1 h of 

storage)

• New condition: 4 hours of sustained production

https://www.ofgem.gov.uk/electricity/wholesale-market/market-efficiency-review-and-reform/electricity-market-reform/capacity-market-cm-rules
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North American Electric Reliability Corporation (NERC)

• The Reliability Assessment and Performance Analysis program 
assesses, measures, and investigates historical trends and future 
projections to improve bulk power system reliability.
– Long-Term Reliability Assessments annually assess the adequacy of the 

Bulk Electric System in the USA and Canada over ten years.
– Summer and Winter analyses

Source: State of Reliability 2017 Report 
http://www.nerc.com/pa/RAPA/PA/Performance%20Analysis%20DL/SOR_201
7_MASTER_20170613.pdf
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Resource Adequacy (EPRI)

https://www.epri.com/resource-adequacy
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Resilience

• Ability of the electric system to cope with highly adverse 
conditions associated with climate and a combination of system 
contingencies whose probability of occurrence is above a certain 
threshold level.

• For example, temperatures increase to extreme values (hot 
waves in summer and cold waves in winter), decreasing water 
availability, storm events, low wind speeds, and cloudy weather 
over large areas, etc.

31 January 2011Source: http://astro.ukho.gov.uk/eclipse/0112015/

EPRI Exploring the Impacts of Extreme Events, 
Natural Gas Fuel and Other Contingencies on 
Resource Adequacy Jan 2021 
https://www.epri.com/research/summary/0000000
03002019300
N. Abi-Samra Power Grid Resiliency for Adverse 
Conditions Artech House, 2017
Y. Wang, Ch. Chen, J. Wang, and R. Baldick Research 
on Resilience of Power Systems Under Natural 
Disasters-A Review IEEE Transactions on Power 
Systems, 31 (2), 1604-1613, Mar 2016 
10.1109/TPWRS.2015.2429656



Generation reliability - 41

READi Insights: Extreme Heat Events and Impacts to the 
Electric System

https://www.epri.com/research/products/000000003002025522
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Iceland, Spain, and UK covered by snow
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Madrid was covered by Filomena snowstorm. January 9th, 2021

Source: Copernicus

Only Happens Once 
Every Fifty Years!!!
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Drought at Southeast of England

The driest in the last 256 years
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German day-ahead hourly prices soared to an 18-year 
high of EUR 936.28/MWh (2024-12-11) [Dunkelflaute]
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Spain (2024-12-10)

Nuclear: 5000 MW
CCGT: 15000 MW
Demand response: 500 MW
Market price: 181 €/MWh
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Drought at Lake Powell, Colorado River (Arizona, Utah, USA)

2017 2022
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Winter storm in Texas (February 15, 2021)

ERCOT Sheds Load as Extreme Cold Forces Generators 
Offline; MISO, SPP Brace for Worsening System Conditions
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Resource adequacy in CAISO

http://www.caiso.com/TodaysOutlook/Pages/default.aspx
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Generation capacity adequacy assessment methods
(https://pascua.iit.comillas.edu/aramos/StarGenLite_PPCM.zip)

1. State Table
– Exact
– Impossible to use for large-scale systems

2. Monte Carlo (MC) Simulation
– Allows computing not only mean values but their distributions
– Sequential or non-sequential

3. Probabilistic Production Cost (PPC) Model
– Very quick analytical technique
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Reliability measures by a State Table

• Generation system and load
– Unit 1: 

• Output: 1000 MW 
• EFOR: 0.05 (5%)

– Unit 2: 
• Output: 900 MW 
• EFOR: 0.04 (4%)

– Forecasted maximum load: 
• Case A: 1100 MW

• Reliability measures
– LOLP = 0.088
– EENS = 15.6 MW

State Available
capacity

Probability PNS

11 1900 0.912 0

10 1000 0.038 100

01 900 0.048 200

00 0 0.002 1100
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Reliability measures by Monte Carlo Simulation

• For each sample
– Obtain generator availability
– Dispatch available units to supply demand
– Determine if this sample has PNS and its quantity

• Compute LOLP and EENS
#     

#   

of samples with PNS
LOLP

of samples


#     

#   

of samples with PNS
LOLP

of samples


 

#   

Total PNS
EENS

of samples


 

#   

Total PNS
EENS

of samples
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Estimation

• Sample mean

• Sample variance

• Variance of the mean

• Confidence interval of the mean

• Coefficient of variation (CV)
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In Excel, look for Data > Data Analysis > Descriptive Statistics to compute these values
Note that the Confidence level statistic in Excel corresponds to the half-width of the confidence interval

Standard error (SE)
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Estimating the average number by Monte Carlo

• We want to estimate the mean value of the facets of a dice 
by sampling

Samples
10 30 50 500 1000

Mean 3.20 3.60 3.28 3.40 3.47
Standard Deviation 1.75 1.73 1.59 1.69 1.75
Standard Error 0.55 0.32 0.23 0.08 0.06
Lower Bound 99 % 1.40 2.73 2.68 3.20 3.32
Upper Bound 99 % 5.00 4.47 3.88 3.60 3.61
Coeff. of Variation 0.18 0.11 0.09 0.02 0.02
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Small example

• An electric system has 2 generators with a failure probability 
of 0.1

• The system fails if at least one of the units is failed
• Determine the system reliability by Monte Carlo simulation
• Determine the number of samples needed to achieve a half-

width of 2 % with a confidence level of 95 %
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LOLP: exact computation and Monte Carlo simulation

• State table: Case p=0.9
– Mean: 0.81
– Variance of the r.v.: 0.1539
– Coefficient of variation of the r.v.: 0.484322

• State table: Case p=0.95
– Mean: 0.9025
– Variance of the r.v.: 0.08799375
– Coefficient of variation of the r.v.: 0.328684

• MC: 2000 samples

• MC: 20000 samples

p=0.9 p=0.95
media 0.802000 media 0.905500
varianza 0.158875 varianza 0.085613
var media 0.000079 var media 0.000043
coef var 0.496997 coef var 0.323132

p=0.9 p=0.95
media 0.809200 media 0.904950
varianza 0.154403 varianza 0.086020
var media 0.000008 var media 0.000004
coef var 0.485593 coef var 0.324097
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ERAA Framework
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Mid-Term Adequacy Forecast (MAF) 2018
EENS convergence

https://www.entsoe.eu/Documents/SDC%20documents/MAF/MAF_2018_Methodology_and_Detailed_Results.pdf
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ERAA 2023. Incremental average ENS, Coefficient of 
variation α and relative change of α evolution (Scenario A)
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Probabilistic Production Cost (PPC) model

• Electric demand 
and

• Unit available 
capacity are 
independent
random variables 

PPC Model by 
Analytical 
Simulation 

• Unit expected 
output

• System reliability 
measures 
• Loss of load 

probability LOLP
• Expected energy 

not served EENS
• Loss of energy 

probability LOEP



Generation reliability - 65

Statistical basic concepts

• Let 𝑋 a random variable 
• Probability density function (PDF)

– Probability that the variable belongs to an infinitesimal interval

• Cumulative distribution function (CDF)
– Probability that the variable is lower or equal to a specific value

𝑓(𝑥)

𝑓(𝑥) = 𝑃[𝑥 < 𝑋 < 𝑥 + 𝑑𝑥]/𝑑𝑥𝑓(𝑥) = 𝑃[𝑥 < 𝑋 < 𝑥 + 𝑑𝑥]/𝑑𝑥

𝐹(𝑥)

𝐹(𝑥) = 𝑃[𝑋 ≤ 𝑥] = න 𝑓(𝑥)𝑑𝑥
௫

ିஶ

𝐹(𝑥) = 𝑃[𝑋 ≤ 𝑥] = න 𝑓(𝑥)𝑑𝑥
௫

ିஶ
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Continuous and discrete random variables

( )Xf x

xD D

( )XF x

x0

1

D D

y0 P

1

0

( )YF y( )Yf y

0 P y
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Weekly demand
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Load-duration curve

– Decreasing ordering of the 168 demand values
– Area = total weekly energy 

Monótona decreciente semana 22-28 NOV
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Demand probability density function

– Probability of the demand is equal to a specific value 𝑓(𝑥)

– Obtained from load forecasts for this week

Función de densidad f(x)
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Demand cumulative distribution function (CDF)

– Probability of the demand is ≤ to a certain value 𝐹(𝑥)

– Obtained accumulating the probability density function 𝑓(𝑥)

Función de distribución F(x)
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Complementary cumulative distribution function (CCDF) (also 
called Load-Duration Curve LDC)

– Probability of the demand is ≥ to a certain value 
𝐺 𝑥 = 1 − 𝐹(𝑥)

– Total weekly energy = area ∙ week duration
Complementaria de la función de distribución G(x)=1-F(x)
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Probability density function of the unit available capacity

• Random variable with Bernoulli distribution
– A unit can only be into two possible states (available or unavailable)
– 𝒒 unit failure probability. Available capacity = 0
– 𝒑 = 𝟏 − 𝒒 unit operation probability. Available capacity = rated 

capacity
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Unit dispatch

• Thermal units are dispatched in single loading order by
increasing variable cost:
– Nuclear, brown lignite, black lignite, imported coal, domestic coal, gas, 

oil, etc.

• It does NOT consider minimum load or start-ups of the units
• Hydroelectric units are dispatched where they produce their 

available energy (unregulated flows)
• Unit failures are supposed to be independent among them and 

independent of the demand uncertainty
• It does NOT exist inter-period relations
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Common cause failure
P. Fairley, Nuclear Shutdowns Put Belgians and Britons on 
Blackout Alert, IEEE Spectrum, Sep 2014

Source: IEEE

Ultrasound inspection of the reactor pressure 
vessels at the utility's Doel power station near 
Antwerp revealed previously unrecognized 
defects at its 1,000-megawatt reactor #3.
Prior tests looked only for aging of the welds 
between a pressure vessel’s steel plates, but 
this time broader inspections at Doel 3 detected 
thousands of tiny cracks in the plates 
themselves. The cracks were most likely created 
when the plates were originally forged. 

In June, the Autorité de Sûreté Nucléaire said it 
had identified 18 French nuclear power reactors 
operated by EDF - of both 900 MWe and 1450 
MWe capacity - whose steam generators could 
contain high carbon concentrations.

L. Buchsbaum, France’s Nuclear Storm: Many Power Plants 
Down Due to Quality Concerns, Power, Nov 2016
World Nuclear News, Five French units to undergo steam 
generator checks, Oct 2016
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Dispatch WITHOUT thermal units’ failure (i)
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• Thermal units are dispatched from the bottom up (in a 

pile) under the load curve
• Energy output = curve area
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Dispatch WITHOUT thermal units’ failure (ii)

• Thermal units are dispatched from left to right under the 
complementary cumulative distribution function (CCDF) 
curve

• Energy output = area · period duration

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2500 5000 7500 10000 12500 15000 17500 20000 22500 25000 27500 30000 32500 35000

Demanda [MW]

P
ro

b
ab

ili
d

ad
 [

p
.u

.]
Power of unit 1

Power of unit 2

Power of unit 3



Generation reliability - 81

Dispatch WITH thermal unit failure (i)

Demand

Probability

Demand

Probability

Unit does NOT fail, with probability 𝒑 = 𝟏 − 𝒒

Unit fails, with probability 𝒒

1

0

1

0

Expected energy output of the unit =

area · duration · probability
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Dispatch WITH thermal unit failure (ii)

Demand

Probability

Demand

Probability

Unit does NOT fail, with probability 𝒑 = 𝟏 − 𝒒

Unit fails, with probability 𝒒

1

0

1

0

Energy not served if the unit 
does NOT fail

Energy not served if the 
unit fails

EENS after unit dispatch =

(EENS1 · 𝑝 + EENS2 · 𝑞) · duration

Expected energy output of the unit =

EENS before unit dispatch –

EENS after unit dispatch

EENS1

EENS2
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Thermal unit convolution (i)

Demand

Probability

Demand

Probability

EENS if the unit 𝑖 does NOT fail

EENS if the unit 𝑖 fails

1

0

1

0

Demand

Probability

1

0

ip

iq

EENS after unit 𝑖 dispatchEENS1
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( )i iG x P( )i iG x P

( )iG x( )iG x

Equivalent Load-
Duration Curve 
(ELDC)
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• Complementary cumulative distribution function (CCDF)

• Unit convolution 𝑖 = 1, … , 𝑁

• Expected energy output for each thermal unit 𝑖

being 𝑇 period duration and 𝐷ഥ the maximum demand
• Commitment hours of the unit

Thermal unit convolution (ii)

1( ) ( ) ( )i i i i i iG x p G x P q G x   1( ) ( ) ( )i i i i i iG x p G x P q G x   

1( ) ( )XG x G x1( ) ( )XG x G x

 10
( ) ( )

D

i i iE T G x G x dx   10
( ) ( )

D

i i iE T G x G x dx 

(0)i iH T G  (0)i iH T G 
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Dispatch of two units versus a single aggregated unit

• The dispatching result is NOT the same:
– Two units with a specific failure probability that
– Dispatching a single unit with a capacity equal to the sum of both and 

equivalent probability
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Reliability measures (i)

• EENS Expected energy not served

• LOLP Loss of load probability

• LOEP Loss of energy probability

1 10
( )

D

N NEENS E T G x dx   1 10
( )

D

N NEENS E T G x dx   

1(0)NLOLP G  1(0)NLOLP G 

10
( )

D

EENS
LOEP

G x dx

 10

( )
D

EENS
LOEP

G x dx
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Unit contribution to system reliability: ELCC and FCE (i)

• Effective load-carrying capability (ELCC)
– Increment in maximum demand that can be covered by the system 

when adding a given unit, keeping constant a specific reliability
index

– Depends on the unit characteristics
• Maximum output
• Forced outage rate (EFOR), scheduled maintenance
• Primary energy limits

– One-year scope
– Algorithm (for the decrement in maximum demand)

• All the units of the system are dispatched
• LOLP is determined
• Deconvolution of a unit
• Unit ELCC is determined
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Unit contribution to system reliability: ELCC and FCE (ii)

D1

0.1 Reliability criterion de 0.1 
days per year

D2

Original System
+ 

1 unit with PMAX

Original System
LOLE= days

year

Maximum yearly
load

ELCC

PMAX
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Unit contribution to system reliability: ELCC and FCE (iii)

• Firm Capacity Equivalent (FCE)
– Like ELCC, it is computed considering only the demand of a given hour
– Firm capacity is defined as the ideal unit always available

• No outages, no maintenance
– Given a generation system and a load, FCE is the power capacity with 

failure probability equal to 0, such as if substituted by the unit, gives the 
same system reliability measure

• FCE and ELCC
– Define the (incremental or marginal) contribution to system reliability that 

each unit is reasonably able to provide
– Define the maximum capacity each generating unit can offer or 

remunerate for.
– Must be used to determine capacity payments by contributing to system 

reliability.
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Unit contribution to system reliability: ELCC and FCE (iv)

PMAX

LOLP

Load

Original System

D StudyD        -DStudy

LOLP

Original System
-

1 unit with PMAX
B C

Same reliability 
measure

Decrement in firm capacity
= 

Load increment

FCE
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Capacity credit of wind power

• Contribution of wind power to system 
adequacy.

• It is estimated by determining the 
capacity of conventional plants displaced 
by wind power while maintaining the 
same degree of system reliability, in other 
words, an unchanged probability of 
failure to meet the reliability criteria for 
the system.

• Alternatively, it is estimated by 
determining the additional load the 
system can carry when wind power is 
added, maintaining the same reliability 
level.

M. Amelin Comparison of Capacity Credit Calculation Methods for Conventional Power Plants and Wind Power IEEE Transaction on Power Systems, 
24(2): 685-691 May 2009 10.1109/TPWRS.2009.2016493
NERC Methods to Model and Calculate Capacity Contributions of Variable Generation for Resource Adequacy Planning March 2011 
http://www.nerc.com/files/ivgtf1-2.pdf

EWEA Powering Europe: wind energy and the electricity grid 2010 
www.ewea.org/grids2010/fileadmin/documents/reports/grids_report.pdf
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De-rating Factors for Conventional Plants, Storage and 
Renewables for Capacity Market Auctions in UK

https://www.emrdeliverybody.com/Capacity%20Markets%20Document%20Library/Elect
ricity%20Capacity%20Report%202023.pdf

Source: nationalgridESO. May 2023
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Wind generation in adequacy calculations and capacity 
markets

L. Söder et al. Review of wind 
generation within adequacy 
calculations and capacity markets for 
different power systems Renewable 
& Sustainable Energy Reviews 
10.1016j.rser.2019.109540
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Discrete convolution method

• An interval for specifying the complementary cumulative 
distribution function (for example, 10 MW)

• Thermal unit capacities must be multiple of this interval
• Shifts of the load-duration curve are an exact number of points
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Small case (i)
Units’ capacity have 

to be multiple of 
this number

EENS before unit 
dispatch

LOLP before unit 
dispatch

EENS = 53 MW

LOLP = 0.595

Complementary 
cumulative 

distribution function
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EENS = 53 MW

Unit 1 Expected 
Output
10 MW

Unit 2 Expected 
Output

90.85 MW

Unit 3 Expected 
Output

34.64 MW

DEMAND
300 MW

1( )G x

2 ( )G x

3( )G x
6 ( )G x

LOEP = 0.065

Piecewise linear 
approximation 

to the CCDF



Generation reliability - 99

Real case (i)

• Interval size: 250 MW
• Maximum demand 30467 MW, minimum 15766 MW
• Installed capacity of thermal units 32000 MW

Nº of units Capacity 
[MW]

EFOR

1 (~Run-Of-the-River) 2500 0

9 1000 0.05

20 500 0.05

12 250 0.05

1 (~Storage Hydro) 7500 0
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Real case (ii)
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Dispatch of limited energy plants

• LEP (limited energy plants)
– Thermal units with maximum fuel available (take-or-pay contracts)
– Hydro units with limited unregulated flows

• If they are dispatched first because their variable cost is 0, they will 
produce more energy than available

• Unregulated flows are supposed to be deterministic (expected value)
• They are dispatched at maximum capacity to minimize total variable costs 

(but which is their maximum capacity?)

• Algorithm
– We try to dispatch the unit at every step until the energy produced by 

the LEP unit is lower than its available energy
– Convolution invariance property: the sum of the energy produced by 

the thermal unit and the LEP unit is the same regardless of the order in 
which they are dispatched

– Energy produced by the thermal unit is recalculated
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Summary of a PPC model

• Advantages:
– Demand and generation are independent random variables
– Computation of units’ output
– Computation of reliability measures
– Computation speed

• Disadvantages:
– Single loading order (heuristically obtained)
– No minimum load, no startup or shutdown
– No extensions for electricity markets



Assignment

5

1. Introduction
2. Reliability assessment
3. Adequacy assessment methods
4. Probabilistic production cost model
5. Assignment
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Generation reliability homework

• Determine the expected unit output, LOLP,
and EENS by using Monte Carlo simulation

• For this electric system
– Load varies linearly (see figure) from 200 to 

400 MW
– Period duration 1000 h
– Thermal generation dispatched by increasing 

variable cost

• This assignment is done individually
• Due date: Sunday, November 10
• Homework discussion: Monday, December 9

Capacity
[MW]

EFOR
[p.u.]

Variable cost
[€/MWh]

230 0.07 50

210 0.04 65

180 0.09 45

150 0.06 75

80 0.10 110

70 0.20 120

1

200 400

Demand

Prob
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Generation reliability homework

• Questions to address in the report (<2 pages, <1000 words)
1. State table and PPC model give the same results for LOLP and EENS (2 

pts)
2. Estimate the number of samples of MC simulation needed to achieve 

approximately a 20 % half-width confidence interval in the LOLP with 
a confidence level of 95 % and determine the LOLP and EENS for this 
MC simulation (2 pts)

3. Compute the expected energy produced by each generator with each 
one of the three methods (2 pts)

4. Compute the expected total variable costs of the system with each of 
the three methods (1 pts)

5. Substitute the biggest unit for two smaller ones with the same total 
capacity and the same EFOR and evaluate the effect on the reliability 
measures (3 pts)
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Decision support models in electric power systems

Prof. Andrés Ramos
https://pascua.iit.comillas.edu/aramos/Ramos_CV.htm

https://www.iit.comillas.edu/people/aramos
Andres.Ramos@comillas.edu

Generation reliability




