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Функционирование оптовых рынков э/э
Либерализация рынков электроэнергии

∙ На протяжении большей части ХХ века преобладающая
модель рынка электроэнергии - монополия

∙ Электроэнергия производилась, передавалась и
распределялась крупными государственными компаниями

∙ В 80-90x годах правительства многих стран задумались о
переходе от монопольного устройства рынка к
конкурентной модели с целью повышения эффективности
функционирования отрасли

∙ Рынки разделились на монопольную (передача и
распределение) и конкурентную (производство и сбыт)
части

∙ Большая часть производимой электроэнергии реализуется
на оптовых рынках
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Функционирование оптовых рынков э/э
Организация рынков электроэнергии

∙ Электроэнергия - товар, который невозможно эффективно
складировать в масштабах ЭС

∙ Для подготовки энергосистемы к работе, торги
производятся на каждый час за 24 часа до фактической
поставки

∙ Эти торги осуществляются на Рынке на сутки вперед
(РСВ, day-ahead, pool, forward market ...)

∙ Отклонения от плановых значений торгуются на
Балансирующем рынке (БР, balancing or real-time market)
практически в режиме реального времени

∙ Существуют также рынки резерва, регулирования частоты
и т.д.

Владимир Дворкин Высшая школа экономики 23 октября 2016 г. 4 / 42



Функционирование оптовых рынков э/э
Рынок на сутки вперед

∙ Большая часть электроэнергии торгуется на рынке на
сутки вперед

∙ Производители и потребители заблаговременно подают
заявки на каждый час предстоящих суток, указывая цену
предложения или покупки и соответствующий объем
электроэнергии

∙ Оператор рынка собирает эти заявки и проводит клиринг
рынка

∙ По итогам аукциона определяются плановые объемы
удовлетворенного спроса и предложения, а также
равновесная цена (клиринговая цена)
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Функционирование оптовых рынков э/э
Рынок на сутки вперед

∙ Аукцион РСВ - классическая задача линейного
программирования

∙ Задача оператора рынка - максимизировать общественное
благосостояние
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Функционирование оптовых рынков э/э
Балансирующий рынок

∙ Балансирующий рынок функционирует в режиме
реального времени

∙ Основной задачей БР является компенсация небалансов,
вызванных отклонениями от плановых значений РСВ
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Функционирование оптовых рынков э/э
Организация рынков электроэнергии

Источник: Pierre Pinson personal website
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Функционирование оптовых рынков э/э
Примеры оптовых рынков электроэнергии

∙ Российский рынок ОРЭМ: за развите, контроль и
оперирование рынка отвечают НП Совет рынка, АТС ЕЭС,
СО ЕЭС

∙ Европейские рынки: NordPool, EEX, EXAA, APX UK и т.д.

∙ Американские: ISO New England, PJM, California ISO
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Источники неопределенности на рынках э/э

∙ Любой процесс принятия решений требует некоторого
набора входных данных для выработки оптимального
решения

∙ Если входные данные являются детерминированными, то
процесс принятия решения является тривиальным

∙ Однако в реальной практике оперирования энергосистем,
эти данные имеют стохастическую природу

∙ Это и образует неопределённость среды, в которой
функционируют рыночные агенты
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Источники неопределенности на рынках э/э
Неопределенность спроса

Чемпионат мира по гандболу, Хорватия-Франция, 01/02/2009,
ЭС Хорватии

Прогноз спроса Фактический спрос
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Источники неопределенности на рынках э/э
Неопределенность спроса

Появление аккумуляторов достаточной емкости и мощности
видоизменяет график нагрузки потребителей

Tesla Energy Powerpack ABB ESM
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Источники неопределенности на рынках э/э
Неопределенность спроса
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Источники неопределенности на рынках э/э
Неопределенность предложения ВИЭ

∙ Современные энергосистемы демонстрируют
стремительный переход от производства на основе
традиционных источников энергии к производству на
основе ВИЭ

∙ Renewable goals (доля от электропотребления): Дания -
50% к 2020, 84% к 2035; Германия - 35% к 2020, 60% к
2050; США - 20% к 2020

∙ Дания - мировой лидер по внедрению ветровой генерации
∙ Отбор ценовых заявок РСВ по виду топлива (клик)
∙ Функционирование энергосистемы в режиме реального

времени (клик)
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Источники неопределенности на рынках э/э
Неопределенность предложения ВИЭ

∙ Производство на основе ВИЭ обладает стохастической
природой

∙ Производство на основе ВИЭ сложно предсказать за 24
часа до фактической поставки электроэнергии
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Источники неопределенности на рынках э/э
Неопределенность предложения ВИЭ

∙ Wind turbine power curve
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Источники неопределенности на рынках э/э

∙ С чем еще связана неопределенность?
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Источники неопределенности на рынках э/э

∙ С чем еще связана неопределенность?

Регулирование в электроэнергетике!

Владимир Дворкин Высшая школа экономики 23 октября 2016 г. 18 / 42



Case study

Совершенствование механизмов торгов на оптовых рынках с
большои долеи производства на основе ВИЭ

∙ Цель исследования - усовершенствовать модель
двухэтапного стохастического клиринга рынка
электроэнергии при помощи координации рынков РСВ и
оперативного резерва

∙ В работе последовательно рассматриваются три модели
клиринга оптового рынка

∙ Традиционный клиринг (ТК)
∙ Стохастический клиринг (СК)
∙ Усовершенствованный клиринг (УК)
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Case study
Допущения

∙ Спрос является неэластичным по отношению к цене →
задача максимизации общественного благосостояния
трансформируется в задачу минимизации затрат на
производство э/э

∙ Стоимость отключения нагрузки велика
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Case study
Допущения

∙ Неопределенность связана только со стохастической
выработкой на основе ВИЭ, которая может быть описана
набором сценариев 𝜔 ∈ Ω с соответствующими значениями
вероятности 𝜋𝜔

(︀∑︀
𝜔∈Ω 𝜋𝜔 = 1

)︀
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Case study
Допущения

∙ Тепловые станции способны производить э/э в объеме от
0 МВт до 𝑃𝑚𝑎𝑥

∙ Рассматривается узловое ценообразование
∙ Производители э/э указывают предельные издержки в

ценовых заявках (true costs)
∙ Функция издержек производства станций - линейная
∙ Участники не демонстрируют стратегического поведения
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Case study
Модель традиционного клиринга (ТК)

∙ ТК максимально близко приближена к реальной практике
оперирования оптового рынка

∙ За 24 часа до фактической поставки проводится клиринг
РСВ

∙ Предполагается, что ВИЭ указывают ожидаемое значение
объема производства в ценовых заявках

∙ Через 24 часа проводится клиринг балансирующего рынка
для соблюдения баланса активной мощности
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Case study
Модель традиционного клиринга (ТК)

Клиринг РСВ на некоторый час предстоящих суток

Min
Φ𝐷

𝐶𝐷(Φ𝐷)

S.t. h𝐷(Φ𝐷)− L = 0 : 𝜆𝐷

g𝐷(Φ𝐷) ≤ 0

Обозначения

Φ𝐷 − Вектор переменных РСВ

𝐶𝐷 − Функция издержек РСВ

L − Спрос в каждом узле ЭС

𝜆𝐷 − Цена РСВ в каждом узле

Φ𝐷 включает переменные, относящиеся к отбору мощности ТЕС pG и ВИЭ pW,
а также угол напряжения 𝛿
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Case study
Модель традиционного клиринга (ТК)

Клиринг БР для некоторого исхода 𝜔′

Min
Φ𝐵

𝜔′

𝐶𝐵(Φ𝐵
𝜔′ )

S.t. h𝐵(Φ𝐷*,Φ𝐵
𝜔′ )−W𝜔′ = 0 : 𝜆𝐵

𝜔′

g𝐵(Φ𝐵
𝜔′ ,Φ

𝐷*;W𝜔′ ) ≤ 0

Обозначения

Φ𝐵
𝜔′ − Вектор переменных БР

𝐶𝐵 − Функция издержек БР

W𝜔′ − Реализация пр-ва ВИЭ

𝜆𝐵
𝜔′ − Цена БР в каждом узле

Φ𝐵
𝜔′ включает переменные, относящиеся к балансированию энергосистемы в

режиме реального времени, а именно:

∙ Активирование резерва ↑ или резерва ↓, r↑
𝜔′ и r↓

𝜔′

∙ Гашение производства ВИЭ, W𝑆𝑃
𝜔′

∙ Отключение нагрузки, L𝑆𝐻
𝜔′

∙ Угол напряжения 𝛿𝜔′
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Case study
Стохастический клиринг (СК)

∙ В основе СК лежит идея о совместной минимизации
затрат РСВ и ожидаемого значения затрат БР

∙ Это позволяет учесть влияние отбора РСВ на стоимость
балансирования системы через 24 часа
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Case study
Стохастический клиринг (СК)

Min
Φ𝐷,Φ𝐵

𝜔

𝐶𝐷(Φ𝐷) +
∑︁
𝜔∈Ω

𝜋𝜔Φ
𝐵
𝜔

S.t. h𝐵(Φ𝐷,Φ𝐵
𝜔 ) −W𝜔 = 0 : 𝜆𝐵

𝜔 ∀𝜔 ∈ Ω

g𝐵(Φ𝐵
𝜔 ,Φ

𝐷;W𝜔) ≤ 0 ∀𝜔 ∈ Ω

h𝐷(Φ𝐷) − L = 0 : 𝜆𝐷

g𝐷(Φ𝐷) ≤ 0
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Case study
Усовершенствованный клиринг (УК)

∙ СК действительно позволяет значительно сократить
совокупные затраты (РСВ + БР) на оперирование
энергосистемы

∙ Было доказано, что СК гарантирует возмещение затрат
для традиционных станций, обеспечивающих поддержание
оперативного резерва в системе (клик)

∙ Однако в некоторых исходах неопределенности
производства ВИЭ эти ’маневренные станции’ несут
убытки. Это в том числе вызвано тем, что отбор на РСВ
производится с нарушением принципа монотонного
возрастания кривой предложения

∙ Для решения этой проблемы предлагается внедрить в
модель СК рынок оперативного резерва
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Case study
Усовершенствованный клиринг (УК)

∙ Пример рынка оперативного резерва

Min
𝑅↑

𝑖 ,𝑅
↓
𝑖

∑︁
𝑖∈𝐼

(︁
𝑐↑𝑖𝑅

↑
𝑖 + 𝑐↓𝑖𝑅

↓
𝑖

)︁
S.t.

∑︁
𝑖∈𝐼

𝑅↑
𝑖 = 𝐷↑ : 𝜆↑

∑︁
𝑖∈𝐼

𝑅↓
𝑖 = 𝐷↓ : 𝜆↓

0 ≤ 𝑅↑
𝑖 ≤ 𝑅

↑
𝑖

0 ≤ 𝑅↓
𝑖 ≤ 𝑅

↓
𝑖

Обозначения

𝑅↑
𝑖 , 𝑅

↑
𝑖 − Отбираемый резерв

𝑅
↑
𝑖 , 𝑅

↓
𝑖 − Объемы предложения

𝑐↑𝑖 , 𝑐
↓
𝑖 − Стоимость предложения

𝐷↑, 𝐷↓ − Спрос на резерв

𝜆↑, 𝜆↓ − Цена резерва
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Case study
Усовершенствованный клиринг (УК)

UL-Problem

Minimize Total Costs
s.t. Balancing constraints

Reserve demand limits
Wind power limits

LL-Problem #1

Minimize Reserve Costs
s.t. Reserve balance

Reserve limits

Minimize Energy Costs

s.t. Power balance
Generation limits
Transimission limits

pw,max
kt

pit, p
w
kt, δ

d
nt

DUR
t , DDR

t

RU
it , R

D
it

RU
it , R

D
it

LL-Problem #2
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Case study
Усовершенствованный клиринг (УК)

Min
Φ𝐷,Φ𝑅,Φ𝐵

𝜔 ,D
𝑅
,W

𝐶𝐷(Φ𝐷) +
∑︁
𝜔∈Ω

𝜋𝜔Φ
𝐵
𝜔

S.t. h𝐵(Φ𝐷,Φ𝐵
𝜔 )−W𝜔 = 0 : 𝜆𝐵

𝜔 ∀𝜔 ∈ Ω

g𝐵(Φ𝐵
𝜔 ,Φ𝑅,Φ𝐷;W𝜔) ≤ 0 ∀𝜔 ∈ Ω

g𝑙𝑖𝑚(D
𝑅
,W) ≤ 0

Φ𝐷 ∈ arg

{︃
Min
Φ𝐷

𝐶𝐷(Φ𝐷)

h𝐷(Φ𝐷)− L = 0 : 𝜆𝐷

g𝐷(Φ𝐷,Φ𝑅;W) ≤ 0

}︃

Φ𝑅 ∈ arg

{︃
Min
Φ𝑅

𝐶𝑅(Φ𝑅)

h𝑅(Φ𝑅)−D
𝑅

= 0 : 𝜆𝑅

g𝑅(Φ𝑅) ≤ 0

}︃
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Case study
Усовершенствованный клиринг (УК)

∙ УК является примером двухуровневой оптимизационной
проблемы (Bilevel problem)

∙ Проблема верхнего уровня стремится минимизировать
совокупные ожидаемые затраты на РСВ и БР

∙ Проблемы нижнего уровня (i) определяют обязательное
условие монотонного возрастания функции издержек
производителей и (ii) внедряют рынок оперативного
резерва для создания нового источника прибыли для
’маневренных’ станций

∙ Требуется применить условия KKT для представления
задачи в виде одноуровневой проблемы MILP
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Case study
Иллюстрированный пример

∙ Двухузловая ЭС

For ease of comparison, the short form ‘‘ImpD’’ is used to refer
to the conventional dispatch model (1) where cW in (1d) is replaced
with the optimal value of pmax

W that results from (4).
Lastly, it should be noticed that both StochD and ImpD assume

that producers’ bids to the balancing market are known at the time
of clearing the day-ahead market. This information is needed to
compute the expectation of the balancing costs in (3a) and (4a),
respectively, and thus improve the overall market efficiency under
a high penetration of stochastic generation (Bouffard & Galiana,
2008; Pritchard et al., 2010; Morales et al., 2012).

2.4. Energy-only market settlement

We now introduce a standard settlement scheme whereby mar-
ket participants are paid for energy only.

Consider a certain market participant k and define ED
k as the

amount of energy sold (if positive) or purchased (if negative) in
the day-ahead market, and EB

kx0 as the amount of energy sold (if
positive) or purchased (if negative) in the balancing market in
scenario x0. These quantities are directly derived from the power
schedule that is solution to the dispatch model under consider-
ation. The payment to (if positive) or from (if negative) market
participant k under scenario x0 is then given by

kD
sðkÞE

D
k þ kB

sðkÞx0E
B
kx0 ; ð5Þ

where sðkÞ indicates the node where market participant k is located.
The locational day-ahead market price kD

sðkÞ is obtained from either
ConvD, StochD, or ImpD, while the locational balancing market
price kB

sðkÞx0 is computed from (2) after the day-ahead market is
cleared and the actual realization x0 of the stochastic production
becomes known.

Morales et al. (2012) shows that, if generating units are fully
dispatchable from zero to their maximum capacities (the problem
of pricing in markets with non-convexities is not treated here; see
e.g. Bjørndal & Jörnsten (2008) for further information on this to-
pic), the energy-only settlement scheme (5) under the stochastic
dispatch model (3) guarantees cost recovery for flexible producers
only in expectation. This expectation is, besides, contingent on the
probabilistic characterization of the stochastic production at a
market-wide level, which is in possession of the TSO and out of
the control of the individual producers. Furthermore, we show in
the illustrative example of Section 3 that StochD may actually dis-
patch flexible units in the day-ahead market in a loss-making
position.

On the contrary, the conventional dispatch model, either in the
traditional form of ConvD or in the variant ImpD proposed in this
paper, ensures cost recovery for flexible producers for any possible
realization of the stochastic production.

3. Results and discussion

In this section, we first make use of a small two-node system to
intuitively illustrate the main features of the previously discussed
dispatch models. Then, we provide meaningful results from a more
realistic case study.

3.1. Illustrative example

The different dispatch models are illustrated next using the
two-node system depicted in Fig. 1. This small system consists of
one line, two loads (L1 and L2), three conventional generators
(G1;G2, and G3), and one wind power plant (WP). The capacity
and reactance of the line are 100 MW and 0.13 pu, respectively.
Loads L1 and L2 are assumed to be inelastic and equal to 80 and
90 MW, respectively. The demand that is involuntarily shed is val-

ued at $200/MW h. The stochastic power output of the wind farm
is modeled by two plausible scenarios, which are referred to as high
(50 MW) and low (10 MW), with probabilities of occurrence equal
to 0.6 and 0.4.

Data for the conventional units are collated in Table 1, where P
is the unit capacity; C is the price offer for energy sale in the day-
ahead market (which we assume equal to the generating unit’s
marginal cost of production); Cþ and C$ are, respectively, the price
offers for energy sale and purchase in the balancing market; and Rþ

and R$ are, in that order, the upper bounds of the energy sale and
purchase offers in the balancing market. Note that, in comparative
terms, unit G1 is expensive, but flexible; unit G2 is a little bit cheap-
er, but inflexible; and unit G3 is very cheap, but inflexible. There-
fore, G1 is the only unit in the system that can be re-dispatched
to provide balancing energy. Besides, observe that, for this unit,
Cþ > C and C$ < C, meaning that producer G1 is willing to be flex-
ible in return for a price premium on the energy traded during the
balancing operation (Pritchard et al., 2010).

The marginal cost of the energy produced by the wind farm is
considered to be zero. The expected wind power production is
50% 0:6þ 10% 0:4 ¼ 34 MW.

3.1.1. Dispatch models
Firstly, we consider the conventional dispatch model (1), which

writes for this particular example as follows:

Min: 35pG1
þ 30pG2

þ 10pG3
ð6aÞ

s:t: pG1
þ pG2

þ pW $ 80 ¼ $ d0
2

0:13
; ð6bÞ

pG3
$ 90 ¼ d0

2

0:13
; ð6cÞ

pG1
6 100; pG2

6 110; pG3
6 50; ð6dÞ

$ 100 6 d0
2

0:13
6 100; ð6eÞ

pW 6 34; ð6fÞ
pG1

; pG2
; pG3

; pW P 0; ð6gÞ

where bus 1 is considered as the reference node, i.e., d0
1 ¼ 0. Optimi-

zation problem (6) aims at minimizing the day-ahead production
costs (6a). The dispatch problem is built upon a DC modeling of
the transmission network, which leads to the set of nodal power
balance equations (6b) and (6c), and includes generation and

Bus 1
Bus 2

L1 (80 MW)

L2 (90 MW)

G1 G2
WP

100 MW

G3

High: (50 MW, 0.6)

Low: (10 MW, 0.4)

Fig. 1. Two-bus power system.

Table 1
Unit data—two-bus system.

Unit G1 G2 G3

P (MW) 100 110 50
C ($/MW h) 35 30 10
Cþ ($/MW h) 40 – –
C$ ($/MW h) 34 – –
Rþ (MW) 20 0 0
R$ (MW) 40 0 0

768 J.M. Morales et al. / European Journal of Operational Research 235 (2014) 765–774

Unit 𝐺1 𝐺2 𝐺3

𝑝𝑖, MW 100 110 50
𝑐𝑖, $/MWh 35 30 10
𝑐↑𝑖 , $/MW 40 35 12
𝑐↓𝑖 , $/MW 34 28 9
𝑅

↑
𝑖 , MW 10 10 5

𝑅
↓
𝑖 , MW 20 20 5

∙ Стоимость отключения нагрузки - 200 $/MW
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Case study
Иллюстрированный пример: традиционный клиринг

For ease of comparison, the short form ‘‘ImpD’’ is used to refer
to the conventional dispatch model (1) where cW in (1d) is replaced
with the optimal value of pmax

W that results from (4).
Lastly, it should be noticed that both StochD and ImpD assume

that producers’ bids to the balancing market are known at the time
of clearing the day-ahead market. This information is needed to
compute the expectation of the balancing costs in (3a) and (4a),
respectively, and thus improve the overall market efficiency under
a high penetration of stochastic generation (Bouffard & Galiana,
2008; Pritchard et al., 2010; Morales et al., 2012).

2.4. Energy-only market settlement

We now introduce a standard settlement scheme whereby mar-
ket participants are paid for energy only.

Consider a certain market participant k and define ED
k as the

amount of energy sold (if positive) or purchased (if negative) in
the day-ahead market, and EB

kx0 as the amount of energy sold (if
positive) or purchased (if negative) in the balancing market in
scenario x0. These quantities are directly derived from the power
schedule that is solution to the dispatch model under consider-
ation. The payment to (if positive) or from (if negative) market
participant k under scenario x0 is then given by

kD
sðkÞE

D
k þ kB

sðkÞx0E
B
kx0 ; ð5Þ

where sðkÞ indicates the node where market participant k is located.
The locational day-ahead market price kD

sðkÞ is obtained from either
ConvD, StochD, or ImpD, while the locational balancing market
price kB

sðkÞx0 is computed from (2) after the day-ahead market is
cleared and the actual realization x0 of the stochastic production
becomes known.

Morales et al. (2012) shows that, if generating units are fully
dispatchable from zero to their maximum capacities (the problem
of pricing in markets with non-convexities is not treated here; see
e.g. Bjørndal & Jörnsten (2008) for further information on this to-
pic), the energy-only settlement scheme (5) under the stochastic
dispatch model (3) guarantees cost recovery for flexible producers
only in expectation. This expectation is, besides, contingent on the
probabilistic characterization of the stochastic production at a
market-wide level, which is in possession of the TSO and out of
the control of the individual producers. Furthermore, we show in
the illustrative example of Section 3 that StochD may actually dis-
patch flexible units in the day-ahead market in a loss-making
position.

On the contrary, the conventional dispatch model, either in the
traditional form of ConvD or in the variant ImpD proposed in this
paper, ensures cost recovery for flexible producers for any possible
realization of the stochastic production.

3. Results and discussion

In this section, we first make use of a small two-node system to
intuitively illustrate the main features of the previously discussed
dispatch models. Then, we provide meaningful results from a more
realistic case study.

3.1. Illustrative example

The different dispatch models are illustrated next using the
two-node system depicted in Fig. 1. This small system consists of
one line, two loads (L1 and L2), three conventional generators
(G1;G2, and G3), and one wind power plant (WP). The capacity
and reactance of the line are 100 MW and 0.13 pu, respectively.
Loads L1 and L2 are assumed to be inelastic and equal to 80 and
90 MW, respectively. The demand that is involuntarily shed is val-

ued at $200/MW h. The stochastic power output of the wind farm
is modeled by two plausible scenarios, which are referred to as high
(50 MW) and low (10 MW), with probabilities of occurrence equal
to 0.6 and 0.4.

Data for the conventional units are collated in Table 1, where P
is the unit capacity; C is the price offer for energy sale in the day-
ahead market (which we assume equal to the generating unit’s
marginal cost of production); Cþ and C$ are, respectively, the price
offers for energy sale and purchase in the balancing market; and Rþ

and R$ are, in that order, the upper bounds of the energy sale and
purchase offers in the balancing market. Note that, in comparative
terms, unit G1 is expensive, but flexible; unit G2 is a little bit cheap-
er, but inflexible; and unit G3 is very cheap, but inflexible. There-
fore, G1 is the only unit in the system that can be re-dispatched
to provide balancing energy. Besides, observe that, for this unit,
Cþ > C and C$ < C, meaning that producer G1 is willing to be flex-
ible in return for a price premium on the energy traded during the
balancing operation (Pritchard et al., 2010).

The marginal cost of the energy produced by the wind farm is
considered to be zero. The expected wind power production is
50% 0:6þ 10% 0:4 ¼ 34 MW.

3.1.1. Dispatch models
Firstly, we consider the conventional dispatch model (1), which

writes for this particular example as follows:

Min: 35pG1
þ 30pG2

þ 10pG3
ð6aÞ

s:t: pG1
þ pG2

þ pW $ 80 ¼ $ d0
2

0:13
; ð6bÞ

pG3
$ 90 ¼ d0

2

0:13
; ð6cÞ

pG1
6 100; pG2

6 110; pG3
6 50; ð6dÞ

$ 100 6 d0
2

0:13
6 100; ð6eÞ

pW 6 34; ð6fÞ
pG1

; pG2
; pG3

; pW P 0; ð6gÞ

where bus 1 is considered as the reference node, i.e., d0
1 ¼ 0. Optimi-

zation problem (6) aims at minimizing the day-ahead production
costs (6a). The dispatch problem is built upon a DC modeling of
the transmission network, which leads to the set of nodal power
balance equations (6b) and (6c), and includes generation and

Bus 1
Bus 2

L1 (80 MW)

L2 (90 MW)

G1 G2
WP

100 MW

G3

High: (50 MW, 0.6)

Low: (10 MW, 0.4)

Fig. 1. Two-bus power system.

Table 1
Unit data—two-bus system.

Unit G1 G2 G3

P (MW) 100 110 50
C ($/MW h) 35 30 10
Cþ ($/MW h) 40 – –
C$ ($/MW h) 34 – –
Rþ (MW) 20 0 0
R$ (MW) 40 0 0

768 J.M. Morales et al. / European Journal of Operational Research 235 (2014) 765–774

Таблица: Отбор РСВ и БР [MW]

Модель Агент Рынок на сутки вперед Балансирующий рынок
𝑝𝑖 𝑅↓

𝑖 𝑅↑
𝑖 High Low

ТК 𝐺1 0 - - 0 10
𝐺2 86 - - 16 10
𝐺3 50 - - 0 0
𝑊𝑃 34 - - 0 0
𝐿1 80 - - 0 4
𝐿2 90 - - 0 0
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Case study
Иллюстрированный пример: стохастический клиринг

For ease of comparison, the short form ‘‘ImpD’’ is used to refer
to the conventional dispatch model (1) where cW in (1d) is replaced
with the optimal value of pmax

W that results from (4).
Lastly, it should be noticed that both StochD and ImpD assume

that producers’ bids to the balancing market are known at the time
of clearing the day-ahead market. This information is needed to
compute the expectation of the balancing costs in (3a) and (4a),
respectively, and thus improve the overall market efficiency under
a high penetration of stochastic generation (Bouffard & Galiana,
2008; Pritchard et al., 2010; Morales et al., 2012).

2.4. Energy-only market settlement

We now introduce a standard settlement scheme whereby mar-
ket participants are paid for energy only.

Consider a certain market participant k and define ED
k as the

amount of energy sold (if positive) or purchased (if negative) in
the day-ahead market, and EB

kx0 as the amount of energy sold (if
positive) or purchased (if negative) in the balancing market in
scenario x0. These quantities are directly derived from the power
schedule that is solution to the dispatch model under consider-
ation. The payment to (if positive) or from (if negative) market
participant k under scenario x0 is then given by

kD
sðkÞE

D
k þ kB

sðkÞx0E
B
kx0 ; ð5Þ

where sðkÞ indicates the node where market participant k is located.
The locational day-ahead market price kD

sðkÞ is obtained from either
ConvD, StochD, or ImpD, while the locational balancing market
price kB

sðkÞx0 is computed from (2) after the day-ahead market is
cleared and the actual realization x0 of the stochastic production
becomes known.

Morales et al. (2012) shows that, if generating units are fully
dispatchable from zero to their maximum capacities (the problem
of pricing in markets with non-convexities is not treated here; see
e.g. Bjørndal & Jörnsten (2008) for further information on this to-
pic), the energy-only settlement scheme (5) under the stochastic
dispatch model (3) guarantees cost recovery for flexible producers
only in expectation. This expectation is, besides, contingent on the
probabilistic characterization of the stochastic production at a
market-wide level, which is in possession of the TSO and out of
the control of the individual producers. Furthermore, we show in
the illustrative example of Section 3 that StochD may actually dis-
patch flexible units in the day-ahead market in a loss-making
position.

On the contrary, the conventional dispatch model, either in the
traditional form of ConvD or in the variant ImpD proposed in this
paper, ensures cost recovery for flexible producers for any possible
realization of the stochastic production.

3. Results and discussion

In this section, we first make use of a small two-node system to
intuitively illustrate the main features of the previously discussed
dispatch models. Then, we provide meaningful results from a more
realistic case study.

3.1. Illustrative example

The different dispatch models are illustrated next using the
two-node system depicted in Fig. 1. This small system consists of
one line, two loads (L1 and L2), three conventional generators
(G1;G2, and G3), and one wind power plant (WP). The capacity
and reactance of the line are 100 MW and 0.13 pu, respectively.
Loads L1 and L2 are assumed to be inelastic and equal to 80 and
90 MW, respectively. The demand that is involuntarily shed is val-

ued at $200/MW h. The stochastic power output of the wind farm
is modeled by two plausible scenarios, which are referred to as high
(50 MW) and low (10 MW), with probabilities of occurrence equal
to 0.6 and 0.4.

Data for the conventional units are collated in Table 1, where P
is the unit capacity; C is the price offer for energy sale in the day-
ahead market (which we assume equal to the generating unit’s
marginal cost of production); Cþ and C$ are, respectively, the price
offers for energy sale and purchase in the balancing market; and Rþ

and R$ are, in that order, the upper bounds of the energy sale and
purchase offers in the balancing market. Note that, in comparative
terms, unit G1 is expensive, but flexible; unit G2 is a little bit cheap-
er, but inflexible; and unit G3 is very cheap, but inflexible. There-
fore, G1 is the only unit in the system that can be re-dispatched
to provide balancing energy. Besides, observe that, for this unit,
Cþ > C and C$ < C, meaning that producer G1 is willing to be flex-
ible in return for a price premium on the energy traded during the
balancing operation (Pritchard et al., 2010).

The marginal cost of the energy produced by the wind farm is
considered to be zero. The expected wind power production is
50% 0:6þ 10% 0:4 ¼ 34 MW.

3.1.1. Dispatch models
Firstly, we consider the conventional dispatch model (1), which

writes for this particular example as follows:

Min: 35pG1
þ 30pG2

þ 10pG3
ð6aÞ

s:t: pG1
þ pG2

þ pW $ 80 ¼ $ d0
2

0:13
; ð6bÞ

pG3
$ 90 ¼ d0

2

0:13
; ð6cÞ

pG1
6 100; pG2

6 110; pG3
6 50; ð6dÞ

$ 100 6 d0
2

0:13
6 100; ð6eÞ

pW 6 34; ð6fÞ
pG1

; pG2
; pG3

; pW P 0; ð6gÞ

where bus 1 is considered as the reference node, i.e., d0
1 ¼ 0. Optimi-

zation problem (6) aims at minimizing the day-ahead production
costs (6a). The dispatch problem is built upon a DC modeling of
the transmission network, which leads to the set of nodal power
balance equations (6b) and (6c), and includes generation and

Bus 1
Bus 2

L1 (80 MW)

L2 (90 MW)

G1 G2
WP

100 MW

G3

High: (50 MW, 0.6)

Low: (10 MW, 0.4)

Fig. 1. Two-bus power system.

Table 1
Unit data—two-bus system.

Unit G1 G2 G3

P (MW) 100 110 50
C ($/MW h) 35 30 10
Cþ ($/MW h) 40 – –
C$ ($/MW h) 34 – –
Rþ (MW) 20 0 0
R$ (MW) 40 0 0

768 J.M. Morales et al. / European Journal of Operational Research 235 (2014) 765–774

Таблица: Отбор РСВ и БР [MW]

Модель Агент Рынок на сутки вперед Балансирующий рынок
𝑝𝑖 𝑅↓

𝑖 𝑅↑
𝑖 High Low

СК 𝐺1 10 - - 10 0
𝐺2 90 - - 0 10
𝐺3 50 - - 20 0
𝑊𝑃 20 - - 0 0
𝐿1 80 - - 0 0
𝐿2 90 - - 0 0

Владимир Дворкин Высшая школа экономики 23 октября 2016 г. 35 / 42



Case study
Иллюстрированный пример: Усовершенствованный клиринг

For ease of comparison, the short form ‘‘ImpD’’ is used to refer
to the conventional dispatch model (1) where cW in (1d) is replaced
with the optimal value of pmax

W that results from (4).
Lastly, it should be noticed that both StochD and ImpD assume

that producers’ bids to the balancing market are known at the time
of clearing the day-ahead market. This information is needed to
compute the expectation of the balancing costs in (3a) and (4a),
respectively, and thus improve the overall market efficiency under
a high penetration of stochastic generation (Bouffard & Galiana,
2008; Pritchard et al., 2010; Morales et al., 2012).

2.4. Energy-only market settlement

We now introduce a standard settlement scheme whereby mar-
ket participants are paid for energy only.

Consider a certain market participant k and define ED
k as the

amount of energy sold (if positive) or purchased (if negative) in
the day-ahead market, and EB

kx0 as the amount of energy sold (if
positive) or purchased (if negative) in the balancing market in
scenario x0. These quantities are directly derived from the power
schedule that is solution to the dispatch model under consider-
ation. The payment to (if positive) or from (if negative) market
participant k under scenario x0 is then given by

kD
sðkÞE

D
k þ kB

sðkÞx0E
B
kx0 ; ð5Þ

where sðkÞ indicates the node where market participant k is located.
The locational day-ahead market price kD

sðkÞ is obtained from either
ConvD, StochD, or ImpD, while the locational balancing market
price kB

sðkÞx0 is computed from (2) after the day-ahead market is
cleared and the actual realization x0 of the stochastic production
becomes known.

Morales et al. (2012) shows that, if generating units are fully
dispatchable from zero to their maximum capacities (the problem
of pricing in markets with non-convexities is not treated here; see
e.g. Bjørndal & Jörnsten (2008) for further information on this to-
pic), the energy-only settlement scheme (5) under the stochastic
dispatch model (3) guarantees cost recovery for flexible producers
only in expectation. This expectation is, besides, contingent on the
probabilistic characterization of the stochastic production at a
market-wide level, which is in possession of the TSO and out of
the control of the individual producers. Furthermore, we show in
the illustrative example of Section 3 that StochD may actually dis-
patch flexible units in the day-ahead market in a loss-making
position.

On the contrary, the conventional dispatch model, either in the
traditional form of ConvD or in the variant ImpD proposed in this
paper, ensures cost recovery for flexible producers for any possible
realization of the stochastic production.

3. Results and discussion

In this section, we first make use of a small two-node system to
intuitively illustrate the main features of the previously discussed
dispatch models. Then, we provide meaningful results from a more
realistic case study.

3.1. Illustrative example

The different dispatch models are illustrated next using the
two-node system depicted in Fig. 1. This small system consists of
one line, two loads (L1 and L2), three conventional generators
(G1;G2, and G3), and one wind power plant (WP). The capacity
and reactance of the line are 100 MW and 0.13 pu, respectively.
Loads L1 and L2 are assumed to be inelastic and equal to 80 and
90 MW, respectively. The demand that is involuntarily shed is val-

ued at $200/MW h. The stochastic power output of the wind farm
is modeled by two plausible scenarios, which are referred to as high
(50 MW) and low (10 MW), with probabilities of occurrence equal
to 0.6 and 0.4.

Data for the conventional units are collated in Table 1, where P
is the unit capacity; C is the price offer for energy sale in the day-
ahead market (which we assume equal to the generating unit’s
marginal cost of production); Cþ and C$ are, respectively, the price
offers for energy sale and purchase in the balancing market; and Rþ

and R$ are, in that order, the upper bounds of the energy sale and
purchase offers in the balancing market. Note that, in comparative
terms, unit G1 is expensive, but flexible; unit G2 is a little bit cheap-
er, but inflexible; and unit G3 is very cheap, but inflexible. There-
fore, G1 is the only unit in the system that can be re-dispatched
to provide balancing energy. Besides, observe that, for this unit,
Cþ > C and C$ < C, meaning that producer G1 is willing to be flex-
ible in return for a price premium on the energy traded during the
balancing operation (Pritchard et al., 2010).

The marginal cost of the energy produced by the wind farm is
considered to be zero. The expected wind power production is
50% 0:6þ 10% 0:4 ¼ 34 MW.

3.1.1. Dispatch models
Firstly, we consider the conventional dispatch model (1), which

writes for this particular example as follows:

Min: 35pG1
þ 30pG2

þ 10pG3
ð6aÞ

s:t: pG1
þ pG2

þ pW $ 80 ¼ $ d0
2

0:13
; ð6bÞ

pG3
$ 90 ¼ d0

2

0:13
; ð6cÞ

pG1
6 100; pG2

6 110; pG3
6 50; ð6dÞ

$ 100 6 d0
2

0:13
6 100; ð6eÞ

pW 6 34; ð6fÞ
pG1

; pG2
; pG3

; pW P 0; ð6gÞ

where bus 1 is considered as the reference node, i.e., d0
1 ¼ 0. Optimi-

zation problem (6) aims at minimizing the day-ahead production
costs (6a). The dispatch problem is built upon a DC modeling of
the transmission network, which leads to the set of nodal power
balance equations (6b) and (6c), and includes generation and

Bus 1
Bus 2

L1 (80 MW)

L2 (90 MW)

G1 G2
WP

100 MW

G3

High: (50 MW, 0.6)

Low: (10 MW, 0.4)

Fig. 1. Two-bus power system.

Table 1
Unit data—two-bus system.

Unit G1 G2 G3

P (MW) 100 110 50
C ($/MW h) 35 30 10
Cþ ($/MW h) 40 – –
C$ ($/MW h) 34 – –
Rþ (MW) 20 0 0
R$ (MW) 40 0 0

768 J.M. Morales et al. / European Journal of Operational Research 235 (2014) 765–774

Таблица: Отбор РСВ и БР [MW]

Модель Агент Рынок на сутки вперед Балансирующий рынок
𝑝𝑖 𝑅↓

𝑖 𝑅↑
𝑖 High Low

УК 𝐺1 15 15 0 15 0
𝐺2 95 20 0 20 0
𝐺3 50 5 0 5 0
𝑊𝑃 10 - - 0 0
𝐿1 80 - - 0 0
𝐿2 90 - - 0 0
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Case study
Иллюстрированный пример: Сравнение моделей
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Иллюстрированный пример: Сравнение моделей

For ease of comparison, the short form ‘‘ImpD’’ is used to refer
to the conventional dispatch model (1) where cW in (1d) is replaced
with the optimal value of pmax

W that results from (4).
Lastly, it should be noticed that both StochD and ImpD assume

that producers’ bids to the balancing market are known at the time
of clearing the day-ahead market. This information is needed to
compute the expectation of the balancing costs in (3a) and (4a),
respectively, and thus improve the overall market efficiency under
a high penetration of stochastic generation (Bouffard & Galiana,
2008; Pritchard et al., 2010; Morales et al., 2012).

2.4. Energy-only market settlement

We now introduce a standard settlement scheme whereby mar-
ket participants are paid for energy only.

Consider a certain market participant k and define ED
k as the

amount of energy sold (if positive) or purchased (if negative) in
the day-ahead market, and EB

kx0 as the amount of energy sold (if
positive) or purchased (if negative) in the balancing market in
scenario x0. These quantities are directly derived from the power
schedule that is solution to the dispatch model under consider-
ation. The payment to (if positive) or from (if negative) market
participant k under scenario x0 is then given by

kD
sðkÞE

D
k þ kB

sðkÞx0E
B
kx0 ; ð5Þ

where sðkÞ indicates the node where market participant k is located.
The locational day-ahead market price kD

sðkÞ is obtained from either
ConvD, StochD, or ImpD, while the locational balancing market
price kB

sðkÞx0 is computed from (2) after the day-ahead market is
cleared and the actual realization x0 of the stochastic production
becomes known.

Morales et al. (2012) shows that, if generating units are fully
dispatchable from zero to their maximum capacities (the problem
of pricing in markets with non-convexities is not treated here; see
e.g. Bjørndal & Jörnsten (2008) for further information on this to-
pic), the energy-only settlement scheme (5) under the stochastic
dispatch model (3) guarantees cost recovery for flexible producers
only in expectation. This expectation is, besides, contingent on the
probabilistic characterization of the stochastic production at a
market-wide level, which is in possession of the TSO and out of
the control of the individual producers. Furthermore, we show in
the illustrative example of Section 3 that StochD may actually dis-
patch flexible units in the day-ahead market in a loss-making
position.

On the contrary, the conventional dispatch model, either in the
traditional form of ConvD or in the variant ImpD proposed in this
paper, ensures cost recovery for flexible producers for any possible
realization of the stochastic production.

3. Results and discussion

In this section, we first make use of a small two-node system to
intuitively illustrate the main features of the previously discussed
dispatch models. Then, we provide meaningful results from a more
realistic case study.

3.1. Illustrative example

The different dispatch models are illustrated next using the
two-node system depicted in Fig. 1. This small system consists of
one line, two loads (L1 and L2), three conventional generators
(G1;G2, and G3), and one wind power plant (WP). The capacity
and reactance of the line are 100 MW and 0.13 pu, respectively.
Loads L1 and L2 are assumed to be inelastic and equal to 80 and
90 MW, respectively. The demand that is involuntarily shed is val-

ued at $200/MW h. The stochastic power output of the wind farm
is modeled by two plausible scenarios, which are referred to as high
(50 MW) and low (10 MW), with probabilities of occurrence equal
to 0.6 and 0.4.

Data for the conventional units are collated in Table 1, where P
is the unit capacity; C is the price offer for energy sale in the day-
ahead market (which we assume equal to the generating unit’s
marginal cost of production); Cþ and C$ are, respectively, the price
offers for energy sale and purchase in the balancing market; and Rþ

and R$ are, in that order, the upper bounds of the energy sale and
purchase offers in the balancing market. Note that, in comparative
terms, unit G1 is expensive, but flexible; unit G2 is a little bit cheap-
er, but inflexible; and unit G3 is very cheap, but inflexible. There-
fore, G1 is the only unit in the system that can be re-dispatched
to provide balancing energy. Besides, observe that, for this unit,
Cþ > C and C$ < C, meaning that producer G1 is willing to be flex-
ible in return for a price premium on the energy traded during the
balancing operation (Pritchard et al., 2010).

The marginal cost of the energy produced by the wind farm is
considered to be zero. The expected wind power production is
50% 0:6þ 10% 0:4 ¼ 34 MW.

3.1.1. Dispatch models
Firstly, we consider the conventional dispatch model (1), which

writes for this particular example as follows:

Min: 35pG1
þ 30pG2

þ 10pG3
ð6aÞ

s:t: pG1
þ pG2

þ pW $ 80 ¼ $ d0
2

0:13
; ð6bÞ

pG3
$ 90 ¼ d0

2

0:13
; ð6cÞ

pG1
6 100; pG2

6 110; pG3
6 50; ð6dÞ

$ 100 6 d0
2

0:13
6 100; ð6eÞ

pW 6 34; ð6fÞ
pG1

; pG2
; pG3

; pW P 0; ð6gÞ

where bus 1 is considered as the reference node, i.e., d0
1 ¼ 0. Optimi-

zation problem (6) aims at minimizing the day-ahead production
costs (6a). The dispatch problem is built upon a DC modeling of
the transmission network, which leads to the set of nodal power
balance equations (6b) and (6c), and includes generation and

Bus 1
Bus 2

L1 (80 MW)

L2 (90 MW)

G1 G2
WP

100 MW

G3

High: (50 MW, 0.6)

Low: (10 MW, 0.4)

Fig. 1. Two-bus power system.

Table 1
Unit data—two-bus system.

Unit G1 G2 G3

P (MW) 100 110 50
C ($/MW h) 35 30 10
Cþ ($/MW h) 40 – –
C$ ($/MW h) 34 – –
Rþ (MW) 20 0 0
R$ (MW) 40 0 0

768 J.M. Morales et al. / European Journal of Operational Research 235 (2014) 765–774

Таблица: Оптовые цены, $/MW

Модель 𝜆𝐷
𝑛 𝜆↑ 𝜆↓ 𝜆𝐷

𝑛𝜔/𝜋𝜔
Исход

Узел High Low
𝑁1 𝑁2 - - 𝑁1 𝑁2 𝑁1 𝑁2

ТК 30 30 - - 28 28 200 200
CK 30 30 - - 25.7 25.7 36.5 36.5
УК 30 30 12 34 0 0 75 75
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For ease of comparison, the short form ‘‘ImpD’’ is used to refer
to the conventional dispatch model (1) where cW in (1d) is replaced
with the optimal value of pmax

W that results from (4).
Lastly, it should be noticed that both StochD and ImpD assume

that producers’ bids to the balancing market are known at the time
of clearing the day-ahead market. This information is needed to
compute the expectation of the balancing costs in (3a) and (4a),
respectively, and thus improve the overall market efficiency under
a high penetration of stochastic generation (Bouffard & Galiana,
2008; Pritchard et al., 2010; Morales et al., 2012).

2.4. Energy-only market settlement

We now introduce a standard settlement scheme whereby mar-
ket participants are paid for energy only.

Consider a certain market participant k and define ED
k as the

amount of energy sold (if positive) or purchased (if negative) in
the day-ahead market, and EB

kx0 as the amount of energy sold (if
positive) or purchased (if negative) in the balancing market in
scenario x0. These quantities are directly derived from the power
schedule that is solution to the dispatch model under consider-
ation. The payment to (if positive) or from (if negative) market
participant k under scenario x0 is then given by
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where sðkÞ indicates the node where market participant k is located.
The locational day-ahead market price kD

sðkÞ is obtained from either
ConvD, StochD, or ImpD, while the locational balancing market
price kB

sðkÞx0 is computed from (2) after the day-ahead market is
cleared and the actual realization x0 of the stochastic production
becomes known.

Morales et al. (2012) shows that, if generating units are fully
dispatchable from zero to their maximum capacities (the problem
of pricing in markets with non-convexities is not treated here; see
e.g. Bjørndal & Jörnsten (2008) for further information on this to-
pic), the energy-only settlement scheme (5) under the stochastic
dispatch model (3) guarantees cost recovery for flexible producers
only in expectation. This expectation is, besides, contingent on the
probabilistic characterization of the stochastic production at a
market-wide level, which is in possession of the TSO and out of
the control of the individual producers. Furthermore, we show in
the illustrative example of Section 3 that StochD may actually dis-
patch flexible units in the day-ahead market in a loss-making
position.

On the contrary, the conventional dispatch model, either in the
traditional form of ConvD or in the variant ImpD proposed in this
paper, ensures cost recovery for flexible producers for any possible
realization of the stochastic production.

3. Results and discussion

In this section, we first make use of a small two-node system to
intuitively illustrate the main features of the previously discussed
dispatch models. Then, we provide meaningful results from a more
realistic case study.

3.1. Illustrative example

The different dispatch models are illustrated next using the
two-node system depicted in Fig. 1. This small system consists of
one line, two loads (L1 and L2), three conventional generators
(G1;G2, and G3), and one wind power plant (WP). The capacity
and reactance of the line are 100 MW and 0.13 pu, respectively.
Loads L1 and L2 are assumed to be inelastic and equal to 80 and
90 MW, respectively. The demand that is involuntarily shed is val-

ued at $200/MW h. The stochastic power output of the wind farm
is modeled by two plausible scenarios, which are referred to as high
(50 MW) and low (10 MW), with probabilities of occurrence equal
to 0.6 and 0.4.

Data for the conventional units are collated in Table 1, where P
is the unit capacity; C is the price offer for energy sale in the day-
ahead market (which we assume equal to the generating unit’s
marginal cost of production); Cþ and C$ are, respectively, the price
offers for energy sale and purchase in the balancing market; and Rþ

and R$ are, in that order, the upper bounds of the energy sale and
purchase offers in the balancing market. Note that, in comparative
terms, unit G1 is expensive, but flexible; unit G2 is a little bit cheap-
er, but inflexible; and unit G3 is very cheap, but inflexible. There-
fore, G1 is the only unit in the system that can be re-dispatched
to provide balancing energy. Besides, observe that, for this unit,
Cþ > C and C$ < C, meaning that producer G1 is willing to be flex-
ible in return for a price premium on the energy traded during the
balancing operation (Pritchard et al., 2010).

The marginal cost of the energy produced by the wind farm is
considered to be zero. The expected wind power production is
50% 0:6þ 10% 0:4 ¼ 34 MW.

3.1.1. Dispatch models
Firstly, we consider the conventional dispatch model (1), which

writes for this particular example as follows:

Min: 35pG1
þ 30pG2

þ 10pG3
ð6aÞ

s:t: pG1
þ pG2

þ pW $ 80 ¼ $ d0
2

0:13
; ð6bÞ

pG3
$ 90 ¼ d0

2

0:13
; ð6cÞ

pG1
6 100; pG2

6 110; pG3
6 50; ð6dÞ

$ 100 6 d0
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0:13
6 100; ð6eÞ

pW 6 34; ð6fÞ
pG1

; pG2
; pG3

; pW P 0; ð6gÞ

where bus 1 is considered as the reference node, i.e., d0
1 ¼ 0. Optimi-

zation problem (6) aims at minimizing the day-ahead production
costs (6a). The dispatch problem is built upon a DC modeling of
the transmission network, which leads to the set of nodal power
balance equations (6b) and (6c), and includes generation and
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Fig. 1. Two-bus power system.

Table 1
Unit data—two-bus system.

Unit G1 G2 G3

P (MW) 100 110 50
C ($/MW h) 35 30 10
Cþ ($/MW h) 40 – –
C$ ($/MW h) 34 – –
Rþ (MW) 20 0 0
R$ (MW) 40 0 0
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Таблица: Ожидаемые затраты, $

Модель Всего Рынок на сутки вперед Балансирующий рынок
ТК 3431.2 3080 351.2
CК 3150 3550 -400
УК 3206 3875 -669
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Таблица: Прибыль традиционных генераторов, $

Модель Агент РСВ ОР БР Всего
Исход Исход

High Low High Low 𝐸𝑥𝑝

ТК 𝐺1 0 - 0 1600 0 1600 640
𝐺2 0 - 0 1650 0 1650 660
𝐺3 1000 - 0 0 1000 1000 1000

СК 𝐺1 -50 - 83,3 0 33,3 -50 0
𝐺2 0 - 46,7 15 46,7 15 34
𝐺3 1000 - 0 0 1000 1000 1000

УК 𝐺1 -75 510 510 0 945 435 741
𝐺2 0 680 560 0 1240 680 1016
𝐺3 1000 170 45 0 1215 1170 1197
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Case study
Предварительные выводы

∙ Двухуровневая архитектура позволяет внедрить
дополнительные условия в модель СК

∙ Моделирование на примере миниатюрной ЭС показало,
что координация ОР, РСВ и БР позволяет учесть
вариативность производства на основе ВИЭ и
гарантировать возмещение затрат ’маневренных’ станций

∙ Дальнейшие шаги:
∙ Рассмотреть обратный порядок клиринга, РСВ → ОР
∙ Осуществить моделирование на примере ЭС реального

масштаба. Например, IEEE 24 Test System
∙ Найти оптимальное распределение затрат на оперативный

резерв среди потребителей и ВИЭ.
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http://www.pserc.cornell.edu/matpower/docs/ref/matpower5.0/case24_ieee_rts.html


Спасибо за внимание!
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