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Uncertain resources/demands
• Renewable Energy Sources (RES)

– Wind Power (WP)
– Solar Photovoltaic
– Small Hydro. Run of the river
– Solar Thermal. Concentrated Solar Power (CSP)
– Biomass
– Solid Waste

• Cogeneration or Combined Heat and Power (CHP)

and as other uncertain demands
• Demand Response (DR)
• Electric Vehicle (EV)
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Lessons Learned Along Europe’s Road to Renewables
• Ch. Roselund and J. Bernhardt Lessons Learned Along Europe’s 

Road to Renewables IEEE Spectrum May 2015 
http://spectrum.ieee.org/energy/renewables/lessons-learned-along-europes-road-to-renewables

• Denmark, Portugal, and Spain have all made a rapid transition away from 
fossil fuels for electricity, but each in a different way
– In 2013, the highest share of wind power in one hour was on 1 December 

2013 between 4-5 h was 135.8 %. The highest share of wind power in one 
day was on Saturday, 21 December, with 102 % of the electricity 
consumption. In December 2013, wind power in Denmark, for the first time, 
reached a level corresponding to more than half of the electricity 
consumption (54.8 %). On the contrary, the share of wind was only 69.1 % on 
28 October 2013 when the hurricane hit Denmark.

– 39.1 % of Denmark’s electricity consumption was covered by wind generation 
in 2014
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• Why have these three countries
succeeded in integrating renewable 
generation?
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Wind power became the main source of electricity 
generation in Spain in 2021
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Percentage of the average annual electricity demand 
covered by wind

WindEurope Wind energy in Europe. 2022 Statistics and the outlook for 2023-2027 February 2023
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-2022-statistics-and-the-outlook-for-2023-2027/
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Total installed cost, capacity factor and levelized cost of 
electricity (LCOE) trends by technology, 2010 and 2022 

IRENA (2022) Renewable Power Generation Costs in 2022 
https://www.irena.org/Publications/2023/Aug/Renewable-Power-Generation-Costs-in-2022
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Global LCOEs from newly commissioned, utility-scale 
renewable power generation technologies, 2010-2022

IRENA (2022) Renewable Power Generation Costs in 2022 
https://www.irena.org/Publications/2023/Aug/Renewable-Power-Generation-Costs-in-2022
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Decreasing Cost of Grid-Scale Renewables in the USA

L. Davis, C. Hausman, and N. Rose “Transmission Impossible? Prospects for Decarbonizing the US Grid”
Energy Institute at HAAS WP 338. June 2023
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UK Offshore Wind Strike Prices for 2023 auctioned in 
2019

https://www.carbonbrief.org/analysis-record-low-uk-offshore-wind-cheaper-than-existing-gas-plants-by-2023
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Brazil: wind & solar auction results

Source: L. Barroso. PSR

Data: CCEE, IPEA (2018)
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Annual full-load hours for onshore wind energy

https://green-x.at/RS-potdb/potdb-long_term_potentials.php
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Global Wind Atlas at 100 m

https://globalwindatlas.info/en



25Escuela Técnica Superior de Ingeniería ICAI Impact of RES in Short-Term Generation Planning

Map of European wind farms

https://www.researchgate.net/publication/328229021_Wind-Power_in_Europe
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Off-shore wind farms in the North Sea and Baltic Sea

https://www.4coffshore.com/offshorewind/

London Array
(http://www.londonarray.com/)
• An offshore area of 100 km2

• 175 wind turbines
• Two offshore substations
• Nearly 450 km of offshore cabling
• One onshore substation
• 630 MW of capacity

Dogger Bank
(https://doggerbank.com/)
• 8660km²
• 3.6 GW

East Anglia One
(http://eastangliaone.eastangliawind.com/)
• An offshore area of 300 km2

• 102 wind turbines 7 MW
• One offshore converter substation
• Two offshore export cables
• 714 MW of capacity
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2023-2027 new onshore and offshore wind installations 
in Europe – WindEurope’s scenarios

WindEurope Wind energy in Europe. 2022 Statistics and the outlook for 2023-2027 February 2023
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-2022-statistics-and-the-outlook-for-2023-2027/
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New wind installations in Europe per country in 2022

WindEurope Wind energy in Europe. 2022 Statistics and the outlook for 2023-2027 February 2023
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-2022-statistics-and-the-outlook-for-2023-2027/
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Number of turbines installed in 2022 and their average 
power rating

WindEurope Wind energy in Europe. 2022 Statistics and the outlook for 2023-2027 February 2023
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-2022-statistics-and-the-outlook-for-2023-2027/
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US Wind Speed at 100-Meters above Surface Level

https://www.nrel.gov/gis/wind-resource-maps.html
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US Global Horizontal Solar Irradiance

https://www.nrel.gov/gis/solar-resource-maps.html



32Escuela Técnica Superior de Ingeniería ICAI Impact of RES in Short-Term Generation Planning

US Offshore Wind Power Plans

Source: Bureau of Ocean Energy Management (BOEM)
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CECRE: Control Centre of Renewable Energies (video)

https://www.ree.es/en/press-office/video-library/corporate/cecre-control-centre

Observability Controllability
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CECRE: Control Centre of Renewable Energies (infograph)

CECRE is the first center in the world for controlling and managing the electricity generated from renewable 
energy producers, primarily wind farms, which makes it possible to integrate the maximum production of 
renewable energy into the electricity system while maintaining the levels of quality and guaranteeing the 
security of supply.
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What has been the trick to integrate renewables in 
Spain?
• The integration into the system through generation control 

centers
– Using 23 control centers (in 2010) of the generation companies, 

which act as interlocutors, CECRE receives every 12 seconds real-
time information about each facility’s status of the grid 
connection, production, and voltage at the connection point. This 
data is used by a sophisticated tool that verifies whether the total 
generation obtained from renewable energies can be integrated 
at any moment into the electricity system without affecting the 
security of supply. Supervises and controls the production of 
renewable generation facilities or units larger than 5 MW

– 36 centers in February 2021
– Many of them can provide power control (secondary reserve)
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Wind farms in mainland Spain (October 2023)

https://www.esios.ree.es/en/interesting-maps/wind-installations-map
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Solar thermal power plants in mainland Spain (October 
2023)

https://www.esios.ree.es/en/interesting-maps/solar-thermal-installations-map
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Solar PV power plants in mainland Spain (October 2023)

https://www.esios.ree.es/en/interesting-maps/solar-pv-installations-map
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Renewable power plants time-lapse map
(1998-2017)

https://www.esios.ree.es/en/interesting-maps/renewable-installations-production-time-lapse-map
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Monthly WP 
capacity factor

A Spanish saying:
Marzo ventoso y 
abril lluvioso sacan a 
mayo florido y 
hermoso
(March winds and 
April showers bring 
forth May flowers)

http://cvc.cervantes.es/lengua/refranero/ficha.aspx?Par=59017&Lng=0
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Spread of hourly wind energy generation in the EU+UK in 
2022

WindEurope Wind energy in Europe. 2022 Statistics and the outlook for 2023-2027 February 2023
https://windeurope.org/intelligence-platform/product/wind-energy-in-europe-2022-statistics-and-the-outlook-for-2023-2027/
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Hourly WP 2014-2022 
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Maximum hourly WP share (Monday, 2020-12-28)
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Maximum daily WP share (Monday, 2020-12-28)
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Maximum instantaneous solar output (2021-03-21) 
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Cumulative distribution function (CDF) of WP

Installed capacity 27000 MW
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y = 0.582x + 27254
R² = 0.0761
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y = 2.0929x + 26853
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Utilization hours of
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Impact of WP on medium and long-term planning
• Reliability assessment (i.e., security of supply)

– Low coincidence with yearly peak loads (January and July)
– Almost no dispatchability of WP
– NEED FOR BACKUP UNITS (i.e., firm capacity, capacity payments)

– Will there be enough generation to meet peak loads, including 
WP? Assessed by some system adequacy reliability measures of 
the system: reserve margin
Capacity credit: WP contribution to the system reliability.



Impact of WP on short-term 
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Wind power 
Impact of WP on medium and long-term planning
Impact of WP on short-term planning
Impact of WP on real-time operation
Stochastic UC
Prototype stochastic UC. Mathematical formulation
Prototype stochastic UC. Computer implementation
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Max expected hourly ramp rates in 
solar eclipse (March 20th, 2015)

Source: http://astro.ukho.gov.uk/eclipse/0112015/ 

21600 MW/h

9600 MW/h

18000 MW/h

Source: ENTSO-e
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Electricity production in Germany 
(March 20th, 2015)

6900 MWhttps://www.energy-charts.de/power.htm

19810 MW

12900 MW

Downward ramp 
7460 MW/h

Upward ramp 
8211 MW/h
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Solar PV generation in Europe (March 20th, 2015)

Source: ENTSO-e

22000 MW
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How California Grid Operators Managed the Eclipse 
(2017-08-21)
• California faced the biggest challenge. It is not in the path of totality, but the 

56- to 78-percent blockage of sunlight will have a big impact thanks to 18 
gigawatts worth of solar panels deployed at utility-scale power plants and 
across rooftops—more than any other state. California’s Independent 
System Operator (CAISO), which manages most of the state’s power grid, 
projected this morning that the eclipse would knock out about 4,300 
megawatts (MW) of utility-scale solar and another 1,300 MW of rooftop 
generation. The utility-scale solar loss, traced on the CAISO website after 9 
am Pacific time until the eclipse’s California peak at 10:22 am, was actually 
3,400 MW.

https://spectrum.ieee.org/energywise/green-tech/solar/how-california-grid-
operators-managed-the-eclipse
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Load demand (Wednesday, 2010-03-03)

1 CCGT (195 
MW) in off-
peak hours

27 CCGT 
(12954 MW) 
in peak hours23653 MW

39183 MW

No downward 
tertiary reserve 
from 2-6 am
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Load demand (Wednesday, 2010-03-03)
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Load demand (Wednesday, 2010-03-03, 4:30 h)
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Load demand (Wednesday, 2010-03-03)

Wind 9.6 %

CCGT 30.2 %

Wind 21.1 %

CCGT 1.3 %
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Load demand (Wednesday, 2010-03-03)

CCGT 12000 MW

CCGT 200 MW

WP 6000 MW

WP 4000 MW

No support from 
neighbors
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Generation operation (Sunday 2023-11-05)

Nuclear 3285 MW

CCGT 980 MW

WP 9238 MW

SolarPV 8609 MW
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Day-ahead hourly price (Sunday 2023-11-05)



88Escuela Técnica Superior de Ingeniería ICAI Impact of RES in Short-Term Generation Planning

Day-ahead price (Sunday 2023-11-05)
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MIBEL average hourly spot price for an April’s working 
days

J. Medeiros Pinto, S. Serôdio “Brief characterization of the electricity sector in Portugal and Challenges” Cuadernos de Energía 56, Oct 2018

• Price inversely related to the RES share



94Escuela Técnica Superior de Ingeniería ICAI Impact of RES in Short-Term Generation Planning

Frequency of Negative Electricity Prices in 2022 in the 
USA

L. Davis, C. Hausman, and N. Rose “Transmission Impossible? Prospects for Decarbonizing the US Grid”
Energy Institute at HAAS WP 338. June 2023
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April 2019 and 2020. Covid-19 impact
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Impact of WP on short-term planning
• Operation planning

– Strong variability of WP over the day
– Opposite behavior with respect to the demand in specific 

periods
– NEED FOR FLEXIBLE UNITS

– Unit Commitment
– Detailed modeling of ramps, minimum load, startups, and 

shutdowns of thermal units
– Reduce unit time step
– Introduce WP scenarios → Stochas c Unit Commitment

NERC “Flexibility Requirements and Metrics for Variable Generation: Implications for System 
Planning Studies.” Special Report. August 2010. www.nerc.com/files/ivgtf_task_1_4_final.pdf
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WP Forecast error
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Solar PV forecast error
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Solar CSP forecast error
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WP Forecast error. Location aggregation in Germany

H. Holttinen EA Wind Task 25 - summary of experiences and studies for wind integration WIW2016 Workshop Vienna, 15 Nov 2016
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Wind forecast error in Portugal

RMSE Root-Mean-Square Error

Source: REN
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Curtailment in 2023
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Load shedding (July 24, 2021) by an incident in the 
French power grid
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UK National Grid Control Center deals with 1,500,000 
kettles

https://youtu.be/WCAzalhldg8
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Record high temperatures
across California (September 2022)

http://www.caiso.com/TodaysOutlook/Pages/default.aspx

https://energyathaas.wordpress.com/2022/09/12/how-high-did-californias-electricity-prices-get/
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Curtailment of Renewables at California

L. Davis, C. Hausman, and N. Rose “Transmission Impossible? Prospects for Decarbonizing the US Grid”
Energy Institute at HAAS WP 338. June 2023

Total solar curtailment in 
CAISO in 2022 was 1,734 
GWh, equivalent to 4.4 %
of total solar generation.
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Curtailment of Renewables at Southwest Power Pool

L. Davis, C. Hausman, and N. Rose “Transmission Impossible? Prospects for Decarbonizing the US Grid”
Energy Institute at HAAS WP 338. June 2023

Total wind curtailment in SPP
in 2022 was 11,124 GWh, 
equivalent to 10.3 % of total 
wind generation.
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Impact of WP on real-time operation
• Predictability. Forecast error. Operating reserves. Wind 

curtailment
– Limited predictability or uncertainty: errors increasing with 

a forecast horizon
– Critical time horizons are 24 or 36 hours in advance for D-1 

operating reserve assessment and 6 hours for real-time 
unit commitment.

– NEED FOR OPERATING RESERVES
– Rapid dynamic adjustments (automatic and manual 

reserve) to fix WP forecast errors.
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Market-based short-term operation scheduling

Day-Ahead Market

Technical constraints management  
(DM)

Secondary regulation capacity

Intra-Day Market:
Sessions 1 a 6 Technical constraints management (IM)

Generation-load imbalance mechanism

Tertiary reserve

Technical constraints management (RT)

Market Operator

< 11.00 h

14.00 h

16.00 h

18.30 h
…

19.20 h
21.00 h

…
15 min 
before
Real 
Time

System Operator: Red Eléctrica de 
España

Previous information < 9.00 h

Nomination schedules < 12.00 h

Source: M. de la Torre, J. Paradinas Integration of renewable generation. The case of Spain
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Operating reserves in the Iberian market
• Secondary reserve

– Offered and cleared one day in advance (at 16 h D-1)
– Can be asked for at any time
– Must be deployed in less than 15 min

• Tertiary reserve
– Offered one day in advance (at 23 h D-1) and updated 

continuously
– Asked 10 min in advance

• Can the WP contribute to these operating reserves?
– One single wind farm can only guarantee approximately 30 % of 

the installed capacity one day in advance
– The whole system may have a 15-20 % of forecast error of the 

output one day in advance
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ENTSO-e operating reserves
• Frequency Containment Reserves (FCR) (Primary Control)

– Reserves activated to contain System Frequency after the occurrence of an 
imbalance

• Frequency Restoration Reserves (FRR)
– Active Power Reserves activated to restore System Frequency to the Nominal 

Frequency and for Synchronous Area consisting of  more than one LFC Area 
power balance to the scheduled value

– Automatic (aFRR) (Secondary Control) or Manual (mFRR) (Tertiary Control)
• Replacement Reserves (RR) (Tertiary Control)

– Reserves used to restore/support the required level of FRR to be prepared for 
additional system imbalances. This category includes operating reserves with 
activation time from Time to Restore Frequency up to hours
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ACCIONA Energía, pioneer in providing electric power 
system adjustment only using wind power

https://www.acciona.com/news/acciona-energia-pioneer-providing-electric-
power-system-adjustment-only-using-wind-power/
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Deterministic criterion for procuring operating reserves 
in Portugal
• Upward replacement reserve (RR)

– 2 % of the load
– 10 % of wind power
– Largest thermal generator

• Downward replacement reserve (RR)
– 2 % of the load
– 10 % of wind power
– Largest pumped hydro
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Upward and Downward Replacement Reserve (Tertiary) 
in Italy

3σ

M. Caprabianca, M.C. Falvo, L. Papi, L. Promutico, V. Rossetti and F. Quaglia Replacement Reserve for 
the Italian Power System and Electricity Market Energies 2020, 13(11), 2916; 10.3390/en13112916
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Impact of WP at different time scopes
• Medium and long-term planning. Reliability assessment

– Will there be enough generation to meet peak loads? Determine 
some system adequacy reliability measures for the system. NEED FOR 
BACKUP UNITS

• Short-term operation planning. Unit commitment
– Strong variability of WP over the day. Opposite behavior for the 

demand in specific periods. Ramps, minimum load, startups, and 
shutdowns. NEED FOR FLEXIBLE UNITS

• Real-time operation. Operating reserves
– Limited predictability or uncertainty: errors increasing with a forecast 

horizon
– Critical time horizons are 24 or 36 hours in advance for D-1 reserve 

evaluation and 6 hours for real-time unit commitment.
– Rapid dynamic adjustments to fix WP forecast errors. Balancing 

mechanisms, operating reserves. NEED FOR OPERATING RESERVES
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UC in a market framework
• Market surveillance/monitoring
• Assess market power
• Assess operating reserves
• Modifications

– Price-taker. Self unit commitment
• Dispatch a single company to maximize profits assuming know 

market price
– Price-maker. Strategic unit commitment

• Dispatch a single company to maximize profits, assuming a 
residual demand curve to represent competitors’ behavior
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Introduction
• Deterministic Unit Commitment (UC)

– Given load forecasts and available generators, decide when to 
start up and shut down generators to minimize costs and 
maintain reliability.

• Stochastic Unit Commitment
– Some parameters are uncertain. Only their distribution is known
– Protection against uncertainty
– Some scenarios may cause “catastrophic” consequences (ENS)

• Sources of uncertainty
– Generation

• Intermittent generation (wind, solar)
• Failure of connected units (security-constrained UC)

– Demand
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Mathematical formulation
• Objective function

– Minimize the total expected variable costs plus penalties for 
energy not served

• Variables
– BINARY: commitment, startup, and shutdown of thermal units
– Hydro and thermal output

• Operation constraints
– Load balance and operating reserve
– Hydro and thermal operation constraints
– Energy inventory in water reservoirs

• Mixed integer linear programming (MIP)
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Indices

• Time scope
– 1 day

• Period
– 1 hour

• Scenario

Scena o
Hour

ri
n
Scena o

Hour
ri

n
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Demand (5 weekdays)

Chronological Load Curve (5 Working Days)
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Intermittent generation (IG)
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Technical characteristics of thermal units ( )
• Maximum and minimum output
• Fuel cost
• Slope and intercept of the heat rate straight line
• Operation and maintenance (O&M) variable cost

– No load cost = fuel cost x heat rate intercept
– Variable cost = fuel cost x heat rate slope       + O&M cost

• Cold startup and shutdown cost
• Up and down ramps

Max and min output [ ] ,
No load cost [€/ ]
Variable cost [€/ ]
Startup cost [€]
Shutdown cost [€]

t t

t

t

t

t

MW P P
h CF
MWh CV

CSU
CSD

Max and min output [ ] ,
No load cost [€/ ]
Variable cost [€/ ]
Startup cost [€]
Shutdown cost [€]

t t

t

t

t

t

MW P P
h CF
MWh CV

CSU
CSD

Ramp up [ / ]
Ramp down [ / ]

t

t

MW h RU
MW h RD

Ramp up [ / ]
Ramp down [ / ]

t

t

MW h RU
MW h RD

𝑀𝑊𝑀𝑊
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Technical characteristics of hydro plants ( )
• Maximum and minimum output
• Production function (efficiency for conversion of water release 

in m3/s to electric power MW)
• Round-trip efficiency of pumped storage hydro plants

– Only this ratio of the energy consumed to pump the water is 
recovered by turbining this water

3

Max and min output [ ] ,
Production function [ / ]
Efficiency [ . .]

h h

h

h

MW P P
kWh m C
pu 

3

Max and min output [ ] ,
Production function [ / ]
Efficiency [ . .]

h h

h

h

MW P P
kWh m C
pu 
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Technical characteristics of hydro reservoirs ( )
• Maximum and minimum reserve
• Initial reserve

– Final reserve = initial reserve
• Inflows

3

3

3

Max and min reserve [ ] ,
Initial and final reserve [ ]

[Inflows / ]

h h

h

nh

hm R R
hm R
m s I
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Scenario tree for the stochastic unit commitment
• Commitment decisions of thermal units (the set of committed 

units) are unique under different stochastic scenarios 
(intermittent generation IG, demand, etc.)

FIRST-STAGE DECISIONS
Unique commitment 
decisions for every hour

SECOND-STAGE DECISIONS
Generator output for every hour 
depend on the scenario

Scenario 1

Scenario 3

Scenario 5

Scenario 7

Hour 1 Hour 24

Hour 1 Hour 24

Probability of scenario PProbability of scenario PTWO-STAGE
DECISION PROBLEM
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Scenario tree example with IG uncertainty

Hour 1 Hour 2

IG Output 400 MW IG Output 410 MW
Prob: 0.3

IG Output 630 MW
Prob: 0.25

IG Output 550 MW
Prob: 0.25

IG Output 600 MW

IG Output 420 MW
Prob: 0.2

IG Output 430 MW

IG Output 560 MW
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Variables
• Commitment, startup, and shutdown of thermal units (BINARY)

• Production of hydro and thermal units

• Intermittent generation

• Reservoir volume

• Energy not served

Production of a thermal and hydro unit [ ] ,nt nhMW p p Production of a thermal and hydro unit [ ] ,nt nhMW p p 

 Commitment, startup and shutdown 0,1 , ,nt nt ntuc su sd Commitment, startup and shutdown 0,1 , ,nt nt ntuc su sd

Energy not served [ ] nMW ensEnergy not served [ ] nMW ens

Intermittent generation [ ] nMW igIntermittent generation [ ] nMW ig

Reservoir volumen [ ] nhGWh r Reservoir volumen [ ] nhGWh r 
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Constraints: Operating power reserve

Committed output of thermal units
+   Maximum output of hydro plants
≥ Demand
+ Operating reserve                for each load level and scenario [MW]

Committed output of thermal units
+   Maximum output of hydro plants
≥ Demand
+ Operating reserve                for each load level and scenario [MW]
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Constraints: Generation and load balance

Generation of hydro and thermal units
+ Energy not served
= Demand                  for each load level and scenario [MW]

Generation of hydro and thermal units
+ Energy not served
= Demand                  for each load level and scenario [MW]
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Constraints: Production in consecutive load levels

Unit output in any hour - Unit output in previous one ≤    ramp up [MW]
Unit output in any hour - Unit output in previous one ≥ – ramp down [MW]
Unit output in any hour - Unit output in previous one ≤    ramp up [MW]
Unit output in any hour - Unit output in previous one ≥ – ramp down [MW]
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Constraints: Commitment, startup, and shutdown

Commitment of a thermal unit in an hour
– Commitment of a thermal unit in the previous hour
= Startup of a thermal unit in this hour
– Shutdown of a thermal unit in this hour [p.u.]

Commitment of a thermal unit in an hour
– Commitment of a thermal unit in the previous hour
= Startup of a thermal unit in this hour
– Shutdown of a thermal unit in this hour [p.u.]
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Constraints: Commitment and production

Production of a thermal unit on every scenario
≤ Commitment of a thermal unit x the maximum output     [MW]

Production of a thermal unit on every scenario
≤ Commitment of a thermal unit x the maximum output     [MW]

Production of a thermal unit on every scenario
≥ Commitment of a thermal unit x the minimum output [MW]

Production of a thermal unit on every scenario
≥ Commitment of a thermal unit x the minimum output [MW]

• If the thermal unit is committed ( ) it can produce
between its minimum and maximum output

• If the thermal unit is not committed ( ) it can’t produce
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Constraints: Energy balance for each reservoir
Reservoir energy in hour 

– Reservoir energy in hour 
+ Natural inflows
– Spillage from this reservoir
– Turbined energy from this reservoir = 0 for each reservoir, 

hour and scenario [GWh]

Reservoir energy in hour 
– Reservoir energy in hour 
+ Natural inflows
– Spillage from this reservoir
– Turbined energy from this reservoir = 0 for each reservoir, 

hour and scenario [GWh]
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Constraints: Operation limits

Power output between limits for each unit [MW]Power output between limits for each unit [MW]

Commitment, startup, and shutdown for each unit [p.u.]Commitment, startup, and shutdown for each unit [p.u.]

Intermittent generation limit [MW]Intermittent generation limit [MW]
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Weighted-sum objective function

• Minimize
– Thermal unit expected variable costs (first stage + second 

stage) [€]

– Expected penalty introduced in the objective function for 
energy not served [€]
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Short Run Marginal Cost (SRMC)

• Short Run Marginal Cost = Dual variable of generation and load 
balance when binary variables (commitment, startup, and 
shutdown) are fixed [€/MWh]
– Change in the objective function due to a marginal increment in 

the demand

Dual variable = change in the objective function with respect to a marginal increase in 
the RHS of a constraint
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Stochastic Daily Unit Commitment

1. openSDUC Stochastic Daily Unit Commitment in 
Python/Pyomo
(https://pascua.iit.comillas.edu/aramos/openSDUC/index.html)

2. StarGenLite_SDUC Stochastic Daily Unit Commitment Model
(https://pascua.iit.comillas.edu/aramos/StarGenLite_SDUC.zip)
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Main code features

• Simplicity and transparency
• Code is written to be read by 

humans
• Tight and compact formulation
• Careful implementation. 

Numerical stability
• Scalability: from small- to large-

scale cases
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openSDUC Stochastic Daily Unit Commitment in Python/Pyomo
(https://pascua.iit.comillas.edu/aramos/openSDUC/index.html)
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Sets/Indices
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Parameters
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Variables
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Equations (i)
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Equations (ii)
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Equations (iii)
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StarGenLite_SDUC Stochastic Daily Unit Commitment Model
(https://pascua.iit.comillas.edu/aramos/StarGenLite_SDUC.zip)

• Files
– Microsoft Excel interface for input data and output results 

StarGenLite_SDUC.xlsm
– GAMS file StarGenLite_SDUC.gms

• How to run it from Windows
– Save the Excel workbook if data have changed
– Run the model
– The model creates

• tmp_StarGenLite_SDUC.xlsx with the output results
• tmp_StarGenLite_SDUC.gdx with the output results
• StarGenLite_SDUC.lst as the listing file of the GAMS execution

– Load the results into the Excel interface

Run

Load results
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StarGenLite_SDUC Stochastic Daily Unit Commitment Model
(https://pascua.iit.comillas.edu/aramos/StarGenLite_SDUC.zip)

• Files
– Text files for input data
– GAMS file StarGenLite_SDUC.gms

• How to run it from MacOS
– Run the model from GAMS Studio with these parameters

• u1=StarGenLite_SDUC u2=1 u3=1
– The model creates

• tmp_StarGenLite_SDUC.gdx with the output results
• StarGenLite_SDUC.lst as the listing file of the GAMS execution
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Interface StarGenLite_SDUC. Menu
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Interface StarGenLite_SDUC. Indices
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Interface StarGenLite_SDUC. Parameters
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Interface StarGenLite_SDUC. DemandReserveIG
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Interface StarGenLite_SDUC. Generation
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$Title StarGen Lite Stochastic Daily Unit Commitment of Thermal and Hydro Units (SDUC)

$OnText

Developed by

Andrés Ramos
Instituto de Investigacion Tecnologica
Escuela Tecnica Superior de Ingenieria - ICAI
UNIVERSIDAD PONTIFICIA COMILLAS
Alberto Aguilera 23
28015 Madrid, Spain
Andres.Ramos@comillas.edu
https://pascua.iit.comillas.edu/aramos/Ramos_CV.htm

August 19, 2019

$OffText

$OnEmpty OnMulti OffListing

* options to skip or not the Excel input/output
* if you want to skip it put these values to 1
* in such a case input files must be already in the directory created by any other means
* output file will be the tmp.gdx that can be exported to Excel manually
$ifthen.OptSkipExcelInput %gams.user2% == ""
$  setglobal OptSkipExcelInput 0
$else.OptSkipExcelInput
$  setglobal OptSkipExcelInput %gams.user2%
$endif.OptSkipExcelInput

$ifthen.OptSkipExcelOutput %gams.user3% == ""
$  setglobal OptSkipExcelOutput 0
$else.OptSkipExcelOutput
$  setglobal OptSkipExcelOutput %gams.user3%
$endif.OptSkipExcelOutput

* solve the optimization problems until optimality
option OptcR = 0

StarGenLite_SDUC in GAMS (i)

Model name

Authorship and version

Allow declaration of
empty sets and multiple

declaration. Suppress
listing

Obtain the optimal solution
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* definitions

sets
n      hour

   n1(n)  first hour of the day
   sc     scenario

   g      generating unit
   t (g)  thermal    unit
   h (g)  hydro      plant

alias (n,nn)

parameters
   pDemand        (n) hourly load                    [GW]
   pOperReserve   (n) hourly operating reserve       [GW]
   pOperReserveUp (n) hourly operating reserve up    [GW]
   pOperReserveDw (n) hourly operating reserve down  [GW]
   pIntermGen  (n,sc) stochastic IG generation       [GW]
   pScenProb     (sc) probability of scenarios       [p.u.]
   pCommitt  (   g,n) commitment of the unit         [0-1]
   pProduct  (sc,g,n) output     of the unit         [GW]
   pIG       (sc,  n) output     of IG generation    [GW]
   pSRMC     (sc,  n) short run marginal cost        [ EUR per MWh]

   pMaxProd       (g) maximum output                 [GW]
   pMinProd       (g) minimum output                 [GW]
   pMaxCons       (g) maximum consumption            [GW]
   pIniOut        (g) initial output > min load      [GW]
   pIniUC         (g) initial commitment             [0-1]
   pRampUp        (g) ramp up                        [GW per   h]
   pRampDw        (g) ramp down                      [GW per   h]
   pMinTU         (g) minimum up   time              [h]
   pMinTD         (g) minimum down time              [h]
   pSlopeVarCost  (g) slope     variable cost        [MEUR per GWh]
   pInterVarCost  (g) intercept variable cost        [MEUR per   h]
   pEmissionCost  (g) emission           cost        [MEUR per GWh]
   pStartUpCost   (g) startup            cost        [MEUR]
   pShutDownCost  (g) shutdown           cost        [MEUR]
   pMaxReserve    (g) maximum reserve                [GWh]
   pMinReserve    (g) minimum reserve                [GWh]
   pIniReserve    (g) initial reserve                [GWh]
   pEffic         (g) pumping efficiency             [p.u.]
   pInflows     (g,n) inflows                        [GWh]
   pENSCost           energy not served  cost        [MEUR per GWh]
   pCO2Cost           CO2 emission       cost        [ EUR per tCO2]

StarGenLite_SDUC in GAMS (ii)

Set definition

Parameter
definition



184Escuela Técnica Superior de Ingeniería ICAI Impact of RES in Short-Term Generation Planning

StarGenLite_SDUC in GAMS (iii)

Variables

Equation
definition

variables
vTotalVCost total system variable cost     [MEUR]

binary   variables
   vCommitment(  n,g) commitment of the unit         [0-1]
   vStartup   (  n,g) startup    of the unit         [0-1]
   vShutdown  (  n,g) shutdown   of the unit         [0-1]

positive variables
   vOutput   (sc,n,g) output of the unit             [GW]
   vOutput2nd(sc,n,g) output of the unit > min load  [GW]
   vConsump  (sc,n,g) consumption of the unit        [GW]
   vENS      (sc,n  ) energy not served              [GW]
   vIG       (sc,n  ) intermittent generation        [GW]
   vWtReserve(sc,n,g) water reserve at end of period [GWh]
   vSpillage (sc,n,g) spillage                       [GWh]

equations
   eTotalVCost        total system variable cost     [MEUR]
   eBalance  (sc,n  ) load generation balance        [GW]
   eOpReserve(   n  ) operating reserve              [GW]
   eReserveUp(sc,n  ) operating reserve upwards      [GW]
   eReserveDw(sc,n  ) operating reserve downwards    [GW]
   eMaxOutput(sc,n,g) max output of a committed unit [GW]
   eMinOutput(sc,n,g) min output of a committed unit [GW]
   eTotOutput(sc,n,g) tot output of a committed unit [GW]
   eRampUp   (sc,n,g) bound on ramp up               [GW]
   eRampDw   (sc,n,g) bound on ramp down             [GW]
   eUCStrShut(   n,g) relation among commitment startup and shutdown
   eMinTUp   (   n,g) minimum up   time (    committed)
   eMinTDw   (   n,g) minimum down time (not committed)
   eWtReserve(sc,n,g) water reserve                  [GWh] ;
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* mathematical formulation

eTotalVCost .. vTotalVCost =e= sum[(sc,n ), pENSCost *vENS (sc,n )*pScenProb(sc)] +
sum[(sc,n,t), pSlopeVarCost(t)*vOutput (sc,n,t)*pScenProb(sc)] +
sum[(sc,n,t), pEmissionCost(t)*vOutput (sc,n,t)*pScenProb(sc)] +
sum[(   n,t), pInterVarCost(t)*vCommitment(   n,t)] +
sum[(   n,t), pStartUpCost (t)*vStartup (   n,t)] +
sum[(   n,t), pShutDownCost(t)*vShutdown (   n,t)] ;

eBalance (sc,n ) $ pScenProb(sc) .. sum[t, vOutput(sc,n,t)] + sum[h, vOutput(sc,n,h)] - sum[h, vConsump(sc,n,h)] + vIG(sc,n) + vENS(sc,n) =e= 
pDemand(n) ;

eOpReserve(   n  )                 .. sum[t, pMaxProd(t) * vCommitment(n,t)] + sum[h, pMaxProd(h)] =g=   pOperReserve (n) + pDemand(n) ;
eReserveUp(sc,n ) $ pScenProb(sc) .. sum[t, pMaxProd(t) * vCommitment(n,t)  - vOutput(sc,n,t)]    =g=   pOperReserveUp(n) ;
eReserveDw(sc,n ) $ pScenProb(sc) .. sum[t, pMinProd(t) * vCommitment(n,t)  - vOutput(sc,n,t)]    =l= - pOperReserveDw(n) ;

eMaxOutput(sc,n,t) $[pScenProb(sc) and pMaxProd(t)] .. vOutput(sc,n,t) / pMaxProd(t) =l= vCommitment(n,t) ;
eMinOutput(sc,n,t) $[pScenProb(sc) and pMinProd(t)] .. vOutput(sc,n,t) / pMinProd(t) =g= vCommitment(n,t) ;

eTotOutput(sc,n,t) $ pScenProb(sc)                  .. vOutput(sc,n,t) =e= pMinProd(t)*vCommitment(n,t) + vOutput2nd(sc,n,t) ;

eRampUp (sc,n,t) $ pScenProb(sc) .. vOutput2nd(sc,n,t) - vOutput2nd(sc,n-1,t) - max[pIniOut(t)-pMinProd(t),0] $n1(n) =l=   pRampUp(t) ;
eRampDw (sc,n,t) $ pScenProb(sc) .. vOutput2nd(sc,n,t) - vOutput2nd(sc,n-1,t) - max[pIniOut(t)-pMinProd(t),0] $n1(n) =g= - pRampDw(t) ;

eUCStrShut(   n,t)                 .. vCommitment(n,t) - vCommitment(n-1,t) - pIniUC(t) $n1(n) =e= vStartup(n,t) - vShutdown(n,t) ;

eMinTUp (   n,t) $[pMinTU(t) > 1 and ord(n) >= pMinTU(t)] .. sum[nn $(ord(nn) >= ord(n)+1-pMinTU(t) and ord(nn) <= ord(n)), vStartup (nn,t)] 
=l=     vCommitment(n,t) ;
eMinTDw (   n,t) $[pMinTD(t) > 1 and ord(n) >= pMinTD(t)] .. sum[nn $(ord(nn) >= ord(n)+1-pMinTD(t) and ord(nn) <= ord(n)), vShutdown(nn,t)] 
=l= 1 - vCommitment(n,t) ;

eWtReserve(sc,n,h) $ pScenProb(sc) .. vWtReserve(sc,n-1,h) + pIniReserve(h) $n1(n) + pInflows(h,n) - vSpillage(sc,n,h) - vOutput(sc,n,h) + 
vConsump(sc,n,h)*pEffic(h) =e= vWtReserve(sc,n,h) ;

model mSDUC / all / ;
mSDUC.solprint = 1 ; mSDUC.holdfixed = 1 ; mSDUC.optfile = 1 ;

StarGenLite_SDUC in GAMS (iv)

Mathematical
formulation of

equations
Model includes

all the equationsReduced solution output Eliminate fixed variables
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* read input data from Excel and include into the model

file TMP / tmp_%gams.user1%.txt /
$OnEcho > tmp_%gams.user1%.txt

r1=    indices
o1=tmp_indices.txt
r2=    param
o2=tmp_param.txt
r3=    demand
o3=tmp_demand.txt
r4=    oprres
o4=tmp_oprres.txt
r5=    oprresup
o5=tmp_oprresup.txt
r6=    oprresdw
o6=tmp_oprresdw.txt
r7=    IGgen
o7=tmp_IGgen.txt
r8=    thermalgen
o8=tmp_thermalgen.txt
r9=    hydrogen
o9=tmp_hydrogen.txt
r10=    inflows
o10=tmp_inflows.txt

$OffEcho
* Mac OS X and Linux users must comment the following call and copy and paste the named ranges of the Excel interface into the txt files
$ifthen.OptSkipExcelInput '%OptSkipExcelInput%' == '0'
$call =xls2gms m i="%gams.user1%.xlsm" @"tmp_%gams.user1%.txt"
$else.OptSkipExcelInput
$  log Excel input skipped
$endif.OptSkipExcelInput

sets
$include  tmp_indices.txt
;
$include  tmp_param.txt
parameter pDemand(n)        hourly load              [MW] /
$include  tmp_demand.txt
                                                          /
parameter pOperReserve(n)   hourly operating reserve [MW] /
$include  tmp_oprres.txt
                                                          /
parameter pOperReserveUp(n) hourly operating reserve [MW] /
$include  tmp_oprresup.txt
                                                          /
parameter pOperReserveDw(n) hourly operating reserve [MW] /
$include  tmp_oprresdw.txt
                                                          /
table     pIntermGen(n,sc)  stochastic IG generation [MW]
$include  tmp_IGgen.txt
table     pThermalGen(g,*)
$include  tmp_thermalgen.txt
table     pHydroGen  (g,*)
$include  tmp_hydrogen.txt
table     pInflows   (g,n)
$include  tmp_inflows.txt
;

* Mac OS X and Linux users must comment the following execute
execute 'del tmp_"%gams.user1%".txt tmp_indices.txt tmp_param.txt tmp_demand.txt tmp_oprres.txt tmp_oprresup.txt tmp_oprresdw.txt tmp_IGgen.txt tmp_thermalgen.txt tmp_hydrogen.txt tmp_inflows.txt' ;

StarGenLite_SDUC in GAMS (v)

Read input from Excel
named ranges and
write into text files

Input from text files
into GAMS

Delete read text files
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* determine the first hour of the day

n1(n) $[ord(n) = 1] = yes ;

* assignment of thermal units, storage hydro and pumped storage hydro plants

t (g) $[pThermalGen(g,'MaxProd') and pThermalGen(g,'FuelCost')] = yes ;
h (g) $[pHydroGen (g,'MaxProd')                              ] = yes ;

* scaling of parameters to GW and MEUR

pDemand (n   )                = pDemand (n   ) * 1e-3 ;
pOperReserve (n   )                = pOperReserve (n   ) * 1e-3 ;
pOperReserveUp(n   )                = pOperReserveUp(n   ) * 1e-3 ;
pOperReserveDw(n   )                = pOperReserveDw(n   ) * 1e-3 ;
pIntermGen (n,sc) $pScenProb(sc) = pIntermGen (n,sc) * 1e-3 ;

pENSCost = pENSCost * 1e-3 ;
pMaxProd (t) = pThermalGen(t,'MaxProd' ) * 1e-3 ;
pMinProd (t) = pThermalGen(t,'MinProd' ) * 1e-3 ;
pIniOut (t) = pThermalGen(t,'IniProd' ) * 1e-3 ;
pRampUp (t) = pThermalGen(t,'RampUp' ) * 1e-3 ;
pRampDw (t) = pThermalGen(t,'RampDown' ) * 1e-3 ;
pMinTU (t) = pThermalGen(t,'MinUptime' )        ;
pMinTD (t) = pThermalGen(t,'MinDowntime' )        ;
pSlopeVarCost(t) = pThermalGen(t,'OMVarCost' ) * 1e-3 +

pThermalGen(t,'SlopeVarCost' ) * 1e-3 * pThermalGen(t,'FuelCost') ;
pEmissionCost(t) = pThermalGen(t,'EmissionRate' ) * 1e-3 * pCO2Cost ;
pInterVarCost(t) = pThermalGen(t,'InterceptVarCost') * 1e-6 * pThermalGen(t,'FuelCost') ;
pStartUpCost (t) = pThermalGen(t,'StartUpCost' ) * 1e-6 * pThermalGen(t,'FuelCost') ;
pShutDownCost(t) = pThermalGen(t,'ShutDownCost' ) * 1e-6 * pThermalGen(t,'FuelCost') ;

pMaxProd (h) = pHydroGen (h,'MaxProd' ) * 1e-3 ;
pMinProd (h) = pHydroGen (h,'MinProd' ) * 1e-3 ;
pMaxCons (h) = pHydroGen (h,'MaxCons' ) * 1e-3 ;
pEffic (h) = pHydroGen (h,'Efficiency' )        ;
pMaxReserve (h) = pHydroGen (h,'MaxReserve' ) * 1e-3 ;
pMinReserve (h) = pHydroGen (h,'MinReserve' ) * 1e-3 ;
pIniReserve (h) = pHydroGen (h,'IniReserve' ) * 1e-3 ;

* if the initial output of the unit is above its minimum load then the unit is committed, otherwise it is not committed
pIniUC (g) = 1 $[pIniOut(g) >= pMinProd(g)] ;

* if the efficiency of a hydro plant is 0, it is changed to 1
pEffic (h) $[pEffic (h) = 0] =   1 ;

* if the minimum up or down times are 0, they are changed to 1
pMinTU (t) $[pMinTU (t) = 0] =   1 ;
pMinTD (t) $[pMinTD (t) = 0] =   1 ;

StarGenLite_SDUC in GAMS (vi)

First hour of the day

Scaling of parameters

Initial committed units
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* bounds on variables

vOutput.up (sc,n,g) $pScenProb(sc) = pMaxProd (g   ) ;
vConsump.up (sc,n,g) $pScenProb(sc) = pMaxCons (g   ) ;
vOutput2nd.up(sc,n,t) $pScenProb(sc) = pMaxProd (t   ) - pMinProd(t) ;
vIG.up (sc,n ) $pScenProb(sc) = pIntermGen (n,sc) ;
vENS.up (sc,n ) $pScenProb(sc) = pDemand (n   ) ;
vWtReserve.up(sc,n,g) $pScenProb(sc) = pMaxReserve(g   ) ;
vWtReserve.lo(sc,n,g) $pScenProb(sc) = pMinReserve(g   ) ;

vCommitment.up(n,g) = 1 ;
vStartup.up (n,g) = 1 ;
vShutdown.up (n,g) = 1 ;

* solve stochastic daily unit commitment model

solve mSDUC using MIP minimizing vTotalVCost ;

* scaling of the results

pCommitt(   t,n)                = vCommitment.l(   n,t)                   + eps ;
pProduct(sc,g,n) $pScenProb(sc) = vOutput.l (sc,n,g)*1e3 + eps ;
pIG (sc,  n) $pScenProb(sc) = vIG.l (sc,n )*1e3 + eps ;
pSRMC (sc,  n) $pScenProb(sc) = eBalance.m (sc,n )*1e3/pScenProb(sc) + eps ;

* data output to xls file

put TMP putclose 'par=pCommitt rdim=1 rng=UC!a1' / 'par=pProduct rdim=2 rng=Output!a1' / 'par=pIG rdim=1 rng=IG!a1' / 'par=pSRMC rdim=1 
rng=SRMC!a1' /

'text="Unit"         rng=UC!a1' / 'text="Scen"         rng=Output!a1' / 'text="Scen"       rng=IG!a1' / 'text="Scen"      
rng=SRMC!a1' /

'text="Unit"         rng=Output!b1'
execute_unload 'tmp_%gams.user1%.gdx' pProduct pCommitt pIG pSRMC
*$ifthen.OptSkipExcelOutput '%OptSkipExcelOutput%' == '0'
execute 'gdxxrw tmp_"%gams.user1%".gdx SQ=n EpsOut=0 O=tmp_"%gams.user1%".xlsx @tmp_"%gams.user1%".txt'
execute 'del    tmp_"%gams.user1%".gdx '
*$else.OptSkipExcelOutput
*$  log Excel output skipped
*$endif.OptSkipExcelOutput
execute 'del                                                                    tmp_"%gams.user1%".txt'

$OnListing

StarGenLite_SDUC in GAMS (vii)

Bounds on variables

Solve the optimization
problem

Scaling the results

Write output to Excel
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StarGenLite_SDUC in Julia/JuMP (i)
(https://pascua.iit.comillas.edu/aramos/StarGenLite_SDUC_J.zip)
# StarGen Lite Stochastic Daily Unit Commitment of Thermal and Hydro Units (SDUC)

# Developed by

#    Andres Ramos
#    Instituto de Investigacion Tecnologica
#    Escuela Tecnica Superior de Ingenieria - ICAI
#    UNIVERSIDAD PONTIFICIA COMILLAS
#    Alberto Aguilera 23
#    28015 Madrid, Spain
#    Andres.Ramos@comillas.edu

#    MIT Energy Initiative
#    Massachusetts Institute of Technology
#    arght@mit.edu

#    July 9, 2019

# Define the packages
using JuMP          # used for mathematical programming
using ExcelReaders  # used for data input from Excel
using DataFrames    # used for data frames
using Gurobi        # used as the solver
using CSV           # used for writing csv files
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StarGenLite_SDUC in Julia/JuMP (ii)
N  = 24  # hours
SC =  3  # scenarios
G  = 13  # thermal and hydro generating units

# reading data from Excel
InputFile = openxl("StarGenLite_SDUC.xlsm")
dfDemand        = readxl(InputFile, "DemandReserveIG!D6:D29")
dfOperReserve   = readxl(InputFile, "DemandReserveIG!I6:I29")
dfOperReserveUp = readxl(InputFile, "DemandReserveIG!N6:N29")
dfOperReserveDw = readxl(InputFile, "DemandReserveIG!S6:S29")
dfIntermGen     = readxl(InputFile, "DemandReserveIG!X6:Z29")
dfThermalGen    = readxl(InputFile, "Generation!D7:R19"     )

#  parameters
pScenProb      = [0.3, 0.5, 0.2]            # probability of scenarios      [p.u.]
pENSCost       = 10                         # energy not served  cost       [MEUR per GWh]
pCO2Cost       =  5                         # CO2 emission       cost       [ EUR per tCO2]
# scaling of parameters to GW and MEUR
pDemand        =        dfDemand[1:N     ] * 1e-3  # hourly load                   [GW]
pOperReserve   =   dfOperReserve[1:N     ] * 1e-3  # hourly operating reserve      [GW]
pOperReserveUp = dfOperReserveUp[1:N     ] * 1e-3  # hourly operating reserve up   [GW]
pOperReserveDw = dfOperReserveDw[1:N     ] * 1e-3  # hourly operating reserve down [GW]
pIntermGen     =     dfIntermGen[1:N,1:SC] * 1e-3  # stochastic IG generation      [GW]

pMaxProd       = dfThermalGen[1:G, 1] * 1e-3                                                       # maximum output            [GW]
pMinProd       = dfThermalGen[1:G, 2] * 1e-3                                                       # minimum output            [GW]
pIniOut        = dfThermalGen[1:G, 3] * 1e-3                                                       # initial output > min load [GW]
pRampUp        = dfThermalGen[1:G, 4] * 1e-3                                                       # ramp up                   [GW per   h]
pRampDw        = dfThermalGen[1:G, 5] * 1e-3                                                       # ramp down                 [GW per   h]
pSlopeVarCost  = dfThermalGen[1:G, 7] * 1e-3 .* dfThermalGen[1:G,6] .+ dfThermalGen[1:G,9] * 1e-3  # slope     variable cost   [MEUR per GWh]
pInterVarCost  = dfThermalGen[1:G, 8] * 1e-6 .* dfThermalGen[1:G,6]                                # intercept variable cost   [MEUR per   h]
pMinTU0        = dfThermalGen[1:G,10]                                                              # minimum time up           [h]
pMinTD0        = dfThermalGen[1:G,11]                                                              # minimum time down         [h]
pEmissionCost  = dfThermalGen[1:G,12] * 1e-3  * pCO2Cost                                           # emission           cost   [MEUR per GWh]
pStartUpCost   = dfThermalGen[1:G,13] * 1e-6 .* dfThermalGen[1:G,6]                                # startup            cost   [MEUR]
pShutDownCost  = dfThermalGen[1:G,14] * 1e-6 .* dfThermalGen[1:G,6]                                # shutdown           cost   [MEUR]
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StarGenLite_SDUC in Julia/JuMP (iii)
pIniUC = zeros(Int64,G)
pMinTU = zeros(Int64,G)
pMinTD = zeros(Int64,G)

for g in 1:G
  # if the initial output of the unit is above its minimum load then the unit is committed, otherwise it is 
not committed
  if   pIniOut[g] >= pMinProd[g]
       pIniUC[g]   = 1
  else pIniOut[g] <  pMinProd[g]
       pIniUC[g]   = 0
  end
  # if the minimum up or down times are 0, they are changed to 1
  if pMinTU0[g] == 0
     pMinTU[g]  =  1
  end
  if pMinTD0[g] == 0
     pMinTD[g]  =  1
  end
  # round these integer parameters to integer numbers
  pMinTU[g] = round(Int,pMinTU0[g])
  pMinTD[g] = round(Int,pMinTD0[g])
end



192Escuela Técnica Superior de Ingeniería ICAI Impact of RES in Short-Term Generation Planning

StarGenLite_SDUC in Julia/JuMP (iv)
function solve_mSDUC(UC, N, SC, G, pMaxProd, pMinProd, pIntermGen, pDemand, pOperReserve, pOperReserveUp, pOperReserveDw, pSlopeVarCost, pEmissionCost, pInterVarCost, pStartUpCost, pShutDownCost, pIniUC, pIniOut, pMinTU, pMinTD, pCommitt_Lo, pCommitt_Up, pStartup_Lo, 
pStartup_Up, pShutdown_Lo, pShutdown_Up)

  # stochastic daily unit commitment (UC) model
  mSDUC = Model(solver=GurobiSolver(MIPGap=0.0))

  # decision variables
  @variable(mSDUC, 0 <=    vOutput[sc=1:SC,n=1:N,g=1:G] <=   pMaxProd[g ]            )  # output of the unit             [GW]
  @variable(mSDUC, 0 <= vOutput2nd[sc=1:SC,n=1:N,g=1:G] <=   pMaxProd[g ]-pMinProd[g])  # output of the unit > min load  [GW]
  @variable(mSDUC, 0 <=        vIG[sc=1:SC,n=1:N      ] <= pIntermGen[n,sc]          )  # intermittent generation        [GW]
  @variable(mSDUC, 0 <=       vENS[sc=1:SC,n=1:N      ] <=    pDemand[n ]            )  # energy not served              [GW]

  @variable(mSDUC,    vCommitment[        n=1:N,g=1:G], Bin                         )  # binary commitment of the unit  {0,1}
  @variable(mSDUC,       vStartup[        n=1:N,g=1:G], Bin                         )  # binary startup    of the unit  {0,1}
  @variable(mSDUC,      vShutdown[        n=1:N,g=1:G], Bin                         )  # binary shutdown   of the unit  {0,1}

  # fix values of binary variables to get the dual variables of the relaxed problem
  setlowerbound.(vCommitment , pCommitt_Lo )
  setupperbound.(vCommitment , pCommitt_Up )
  setlowerbound.(vStartup , pStartup_Lo )
  setupperbound.(vStartup , pStartup_Up )
  setlowerbound.(vShutdown, pShutdown_Lo)
  setupperbound.(vShutdown, pShutdown_Up)

  # objective function total system variable cost     [MEUR]
  @objective(mSDUC, :Min, sum(     pENSCost    *      vENS[sc,n  ] * pScenProb[sc] for sc=1:SC,n=1:N      ) +
                          sum(pSlopeVarCost[g] *  vOutput[sc,n,g] * pScenProb[sc] for sc=1:SC,n=1:N,g=1:G) +
                          sum(pEmissionCost[g] *  vOutput[sc,n,g] * pScenProb[sc] for sc=1:SC,n=1:N,g=1:G) +
                          sum(pInterVarCost[g] *  vCommitment[   n,g]                 for         n=1:N,g=1:G) +
                          sum( pStartUpCost[g] *  vStartup[   n,g]                 for         n=1:N,g=1:G) +
                          sum(pShutDownCost[g] * vShutdown[   n,g]                 for         n=1:N,g=1:G) )

  # load generation balance        [GW]
  @constraint(mSDUC, eBalance[sc=1:SC,n=1:N], sum(vOutput[sc,n,g] for g=1:G) + vIG[sc,n] + vENS[sc,n] == pDemand[n])

  # operating reserve              [GW]
  @constraint(mSDUC, eOpReserve[n=1:N], sum(pMaxProd[g] * vCommitment[n,g] for g=1:G) >= pOperReserve[n] + pDemand[n])

  # operating reserve upwards and downwards    [GW]
  @constraint(mSDUC, eReserveUp[sc=1:SC,n=1:N], sum(pMaxProd[g] * vCommitment[n,g] - vOutput[sc,n,g] for g=1:G) >=   pOperReserveUp[n])
  @constraint(mSDUC, eReserveDw[sc=1:SC,n=1:N], sum(pMinProd[g] * vCommitment[n,g] - vOutput[sc,n,g] for g=1:G) <= - pOperReserveDw[n])

  # maximum and minimun output of a committed unit [GW]
  @constraint(mSDUC, eMaxOutput[sc=1:SC,n=1:N,g=1:G], vOutput[sc,n,g] / pMaxProd[g] <= vCommitment[n,g])
  @constraint(mSDUC, eMinOutput[sc=1:SC,n=1:N,g=1:G], vOutput[sc,n,g] / pMinProd[g] >= vCommitment[n,g])

  # total output of a committed unit [GW]
  @constraint(mSDUC, eTotOutput[sc=1:SC,n=1:N,g=1:G], vOutput[sc,n,g] == pMinProd[g]*vCommitment[n,g] + vOutput2nd[sc,n,g])

  # bounds on up and down ramps      [GW]
  @constraint(mSDUC, eRampUp[sc=1:SC,n=  1,g=1:G], vOutput2nd[sc,n,g] -      max(pIniOut[g] - pMinProd[g],0) <=   pRampUp[g])
  @constraint(mSDUC, eRampDw[sc=1:SC,n=  1,g=1:G], vOutput2nd[sc,n,g] -      max(pIniOut[g] - pMinProd[g],0) >= - pRampDw[g])
  @constraint(mSDUC, eRampUp[sc=1:SC,n=2:N,g=1:G], vOutput2nd[sc,n,g] - vOutput2nd[sc,n-1,g]                  <=   pRampUp[g])
  @constraint(mSDUC, eRampDw[sc=1:SC,n=2:N,g=1:G], vOutput2nd[sc,n,g] - vOutput2nd[sc,n-1,g]                  >= - pRampDw[g])

  # relation among commitment startup and shutdown
  @constraint(mSDUC, eUCStrShut[n=1  ,g=1:G], vCommitment[n,g] - pIniUC[      g] == vStartup[n,g] - vShutdown[n,g])
  @constraint(mSDUC, eUCStrShut[n=2:N,g=1:G], vCommitment[n,g] - vCommitment[n-1,g] == vStartup[n,g] - vShutdown[n,g])

  # minimum up (committed) and down (not committed) time       [GW]
  @constraint(mSDUC, eMinTUp[g=1:G,n=pMinTU[g]:N], sum( vStartup[nn,g] for nn=n+1-pMinTU[g]:n) <=     vCommitment[n,g])
  @constraint(mSDUC, eMinTDw[g=1:G,n=pMinTD[g]:N], sum(vShutdown[nn,g] for nn=n+1-pMinTD[g]:n) <= 1 - vCommitment[n,g])

  writeLP(mSDUC, "modelJuMP.lp", genericnames=false)

  # Solve statement
  if   UC == 1
    status = solve(mSDUC; relaxation=false)
    return status, getobjectivevalue(mSDUC), getvalue(vOutput), getvalue(vIG), getvalue(vCommitment), getvalue(vStartup), getvalue(vShutdown)
  else UC == 0
    status = solve(mSDUC; relaxation=true)
    return status, getobjectivevalue(mSDUC), getvalue(vOutput), getvalue(vIG), getvalue(vCommitment), getvalue(vStartup), getvalue(vShutdown), getdual(eBalance)
  end

end
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StarGenLite_SDUC in Julia/JuMP (v)
# solve the stochastic daily unit commitment problem
UC = 1
pCommitt_Lo  = zeros(Int64,N,G)
pCommitt_Up  =  ones(Int64,N,G)
pStartup_Lo  = zeros(Int64,N,G)
pStartup_Up  =  ones(Int64,N,G)
pShutdown_Lo = zeros(Int64,N,G)
pShutdown_Up =  ones(Int64,N,G)
(status_opt, obj, pProduct_opt, pIG_opt, pCommitt_opt, pStartup_opt, pShutdown_opt) =
solve_mSDUC(UC, N, SC, G, pMaxProd, pMinProd, pIntermGen, pDemand, pOperReserve, pOperReserveUp, pOperReserveDw, pSlopeVarCost, pEmissionCost, pInterVarCost, pStartUpCost, 
pShutDownCost, pIniUC, pIniOut, pMinTU, pMinTD, pCommitt_Lo, pCommitt_Up, pStartup_Lo, pStartup_Up, pShutdown_Lo, pShutdown_Up)

# solve the economic dispatch problem with binary variables fixed to their binary values
UC = 0
pCommitt_Lo  =  pCommitt_opt
pCommitt_Up  =  pCommitt_opt
pStartup_Lo  =  pStartup_opt
pStartup_Up  =  pStartup_opt
pShutdown_Lo = pShutdown_opt
pShutdown_Up = pShutdown_opt
(status_opt, obj, pProduct_opt, pIG_opt, pCommitt_opt, pStartup_opt, pShutdown_opt, pSRMC_opt) =
solve_mSDUC(UC, N, SC, G, pMaxProd, pMinProd, pIntermGen, pDemand, pOperReserve, pOperReserveUp, pOperReserveDw, pSlopeVarCost, pEmissionCost, pInterVarCost, pStartUpCost, 
pShutDownCost, pIniUC, pIniOut, pMinTU, pMinTD, pCommitt_Lo, pCommitt_Up, pStartup_Lo, pStartup_Up, pShutdown_Lo, pShutdown_Up)

# scaling of the results
pProduct_opt = pProduct_opt * 1e3
for sc in 1:SC
  for n in 1:N
      pSRMC_opt[sc,n]    = pSRMC_opt[sc,n]    * 1e3 / pScenProb[sc]
  end
end

# output of the results
dfProduct = DataFrame(vcat(hcat("Scenario", "Generator", reshape(1:N,1,N)), hcat(sort!(repeat(1:SC,G)), repeat(1:G,SC), reshape(pProduct_opt,SC*G,N))))
dfIG      = DataFrame(vcat(hcat("Scenario",              reshape(1:N,1,N)), hcat(             1:SC,                     reshape(pIG_opt     ,SC,  N))))
dfUC      = DataFrame(vcat(hcat(            "Generator", reshape(1:N,1,N)), hcat(                              1:G,     reshape(pCommitt_opt,   G,N))))
dfSRMC    = DataFrame(vcat(hcat("Scenario",              reshape(1:N,1,N)), hcat(             1:SC,                     reshape(pSRMC_opt   ,SC,  N))))
CSV.write("Output.csv", dfProduct, delim = ";")
CSV.write("IG.csv",     dfIG,      delim = ";")
CSV.write("UC.csv",     dfUC,      delim = ";")
CSV.write("SRMC.csv",   dfSRMC,    delim = ";")
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Task assignment
• Run a deterministic model version for every scenario (three cases). Run a deterministic 

model version for the mean value scenario (fourth case). Run the stochastic daily unit 
commitment model (fifth case)

– Determine the committed units and the output of each unit and explain the 
differences

• Compare the results of the five cases
– Total expected variable costs
– Committed thermal units
– Thermal unit and wind power output

• Introduce in the stochastic case two additional extreme intermittent generation 
scenarios with very low probability (1 %, for example) and analyze the results

– Do the main results (UC and operation decisions) depend on the scenarios defined?
• Formulate using the previous symbols and introduce a constraint in the UC with a 

maximum emission allowance per unit and system for every scenario or all scenarios
• What are the specific changes in the mathematical formulation and the code to modify 

the time step of the model to 15 minutes?
• Formulate the introduction of Demand Side Management (load shifting, load shedding, 

etc.) strategies in the model mathematically
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Deterministic solution for scenario 1
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Deterministic solution for scenario 2
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Deterministic solution for scenario 3
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Deterministic solution for mean scenario
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Stochastic solution for the scenario tree
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Summary of results

Scenario 1
p=0.3

Scenario 2
p=0.5

Scenario 3
p=0.2

Mean
scenario

Stochastic
Solution

Objective function [M€] 2.563975 2.514956 2.328417 2.488835 2.493131

Objective function [%] 3.0 1.0 -6.4 0.2

Thermal generation [MWh] 62329 61386 56270 60646 60646

Thermal generation [%] 2.8 1.2 -7.2 0.0

Wind power [MWh] 13805 14748 19863 15488 15488

Wind power [%] -10.9 -4.8 28.2 0.0
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