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Executive summary

This Deliverable, which is the major output of Task T5.1, proposes a novel Dynamic Virtual Power
Plant (DVPP) planning model, that is composed, exclusively, by Renewable Energy Sources
(including hydro, wind, solar PV, solar thermal and biomass), and flexible demands. The model
considers the optimal configuration and operation of the DVPP for different business cases. The
goal is to demonstrate that, by appropriately combining the features and efforts from RESs of
different nature that are currently installed and operating in a power system, one can achieve
higher economical and operational benefits than other solutions that imply the installation of
large electrochemical (battery) energy storage systems (BESSs).

The DVPP model proposed in this document is the first stone that will pave the way towards a
tool that is being developed in this WP that will provide system operators, aggregators, retailers
and consumers with the instruments to operate RESs in a viable, competitive and reliable way.

To this aim, the DVPP optimization model includes features to account for the different
characteristics of the DVPP itself, the electrical network to which it is connected, and the
market mechanisms that can help the DVPP become economically efficient. Such
characteristics include: i) the electrical network in the form of, e.g., nodal power balances and
line active power flow limits; (ii) the DVPP components, such as generating units, demands, and
RES-based storage units (pumped-hydro, solar thermal); (iii) the markets in which the DVPP may
participate, such as energy markets and ancillary service markets; and (iv) the uncertainties
that characterize several parameters of the model, such as stochastic energy sources (wind
and sun), market prices, and demand behavior.

Different business models for the DVPP have been identified in the form of the electric energy
and power markets that can be suitable for its partficipation. Among all market schemes
currently implemented across Europe, the most relevant from the DVPP perspective are the
day-ahead and intra-day markets from the energy perspective, and the secondary reserve
market from the power (ancillary service) perspective. With this in mind, the DVPP manager
could select the appropriate objective functions within the proposed model presented so that
the DVPP can participate in one or more of such markets. Other markets with some potential
for the DVPP (mainly other ancillary service markets) have also been identified and described
in this document.
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1 Infroduction

1.1 WP5 and Task 5.1 Overview

The main goal that is pursued in this Work Package (WP) is to investigate how to optimally
configure and operate a Dynamic Virfual Power Plant (DVPP) composed of Renewable Energy
Sources (RESs) - both dispatchable and nondispatchable - and flexible loads so that it can
outperform, from the economical and operation points of view, solutions based on
electrochemical battery energy storage systems (BESSs). With this aim, the first task T5.1 of this
WP is focusing on the development and formulation of the model of the DVPP that will be later
implemented and used to analyze the optimal operation and configuration of such a DVPP.

1.2 Objectives and Outline of the Deliverable

The optimization model of the DVPP needs to be general enough to account for all the features
and particularities of (i) the electrical network, (i) the DVPP components, (i) the markets in
which the DVPP may participate, (iv) the uncertainties that characterize several parameters of
the model, and (v) the constraints regarding the close-to-real-time operation of the DVPP.
However, to formulate such a model is an arduous task that needs to be meticulously
performed. It is not viable to formulate the complete model as a whole, to be later
implemented and tested all at once. Instead, such a formulation needs to be developed in a
modular manner, and careful tests need to be carried out progressively to validate each
feature that is being added into the model.

With this aim, this deliverable D5.1 presents and discusses the core of the DVPP model for its
optimal operation and configuration. The model core includes:

e the business models of a DVPP participating in the electric energy markets (day-ahead
and infra-day), and in the main ancillary service market that is currently implemented
(secondary reserve market);

e the constraints that represent each of the assets that compose the DVPP, comprising
several RES technologies (hydro, biomass, wind, solar photovoltaic (PV), concentrated
solar plants), flexible demands (industrial, residential, and others), and storage devices
(pumped hydro, solar thermal units with storage);

e the constraints that represent the electrochemical BESSs; and
e the constraints that represent the electric grid to which the DVPP is connected.

Although not explicitly formulated, the deliverable also thoroughly discusses relevant aspects
related to the characterization of the uncertainties that characterize some of the parameters
of the model, such as the stochastic profiles of wind speed and solar irradiation, the prices of
the different markets, and the available flexibility from demands depending on their daily
consumption profiles.

Future Tasks of this WP will focus on the formulation and implementation of other functionalities
of the DVPP model such as the robustness against uncertainties, the close-to-real-time
operation, and the possibility that the DVPP can participate in other, a priori less relevant
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markets which nevertheless show some potential. Such functionalities will be gradually
implemented and tested along with the model core presented in this document, and will be
duly reported in future Deliverables of this WP.

1.3 Structure of the Deliverable

The remainder of this Deliverable is organized as follows.

Chapter 2 provides a general overview of the role of conventional Virtual Power Plants (VPPs)
and the dynamic counterpart proposed in the POSYTYF project, the DVPP, in the electric
energy frading business. The different energy market floors that are broadly implemented in
most European countries, namely the day-ahead and infra-day markets, are also described.

Chapter 3 follows with a detailed description of the main ancillary service markets that are
available to DVPPs based on the broad selection of ancillary services that an aggregation of
RESs, flexible loads and storage devices can provide to an electric grid.

Chapter 4 presents and discusses the model core of the DVPP that will be used in subsequent
Tasks of this WP. The opfimization model proposed includes three objective functions, which
can be chosen depending on the business case followed by the DVPP manager. The model
also comprises all technical constraints of the different units that can be part of a DVPP. Finally,
network constraints including nodal power balance, and active power flow limits, are also
presented.

Chapter 5 discusses the characterization of the different parameters that define the DVPP
model proposed in Chapter 4. The Chapter focuses particularly on parameters that insert a
level of uncertainty intfo the problem, such as stochastic sources, market prices and demand
profiles. Finally, the Chapter also introduces the approach chosen to cope with such
uncertainties, namely the robust optimization, which will be duly addressed in Task 75.2 and
reported in Deliverable D5.2.

Chapter 6 presents and discusses a series of examples and case studies that serve fo illustrate
and validate the model core presented in Chapter 4. The case considered is a DVPP in aregion
of South Spain, which participates in the Spanish day-ahead and infra-day markefts.

Finally, Chapter 7 draws conclusions, and outlines future work directions in the WP.
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2 DVPPs in Electricity Markets

2.1 DVPP Definition and Context

The initial concept of VPP germinated from the need of tackling the relatively low
competitiveness of the back then emerging nondispatchable renewable energy sources (ND-
RESs) such as wind and solar generation when compared with large, dispatchable
conventional generation such as hydro and thermal power plants. To increase this
competitiveness is clearly essential to pave the way to an eventual mass integration of such
renewable sources. The concept of VPP has naturally brought (and still does) an enormous
interest during the last two decades, and a huge number of new assets, applications, scenarios
and business cases have been studied, tested, and to some extent, implemented in practice.
However, the main idea behind the VPP concept remains the same, i.e., to combine a number
of independent assets in order to provide a flexible and economic solution to utilities that
otherwise could not.

An alternative to the VPP concept that is rapidly gaining interest is the installation of
electrochemical BESSs due to their capability to provide both active and reactive power
regulatfion with very short time responses (down to several tens of milliseconds) [1]. Moreover,
the advances in the BESS technology and their modularity imply a remarkable flexibility that
allows the installation of BESSs of up to 100 MW and over 100 MWh such as the lithium-ion BESS
installed in Hornsdale, Australia, by Tesla Inc. in 2017. The potential of BESSs to provide a large
number of ancillary services and to mitigate the impact of the stochastic nature of ND-RESs,
tfogether with the gradual decrease in the price per MW and MWh, justify their current
popularity as a solution to increase the competitiveness of ND-RESs.

However, the main limitations of BESSs that prevent their massive integration in the power grids
are their still high installation (capital) costs, their relatively short life span (up to 7 years, or a few
thousands of cycles), their intrinsic self-discharge (up to two percentual digits per day of their
state of charge (SoC)), the limited availability of the materials required in their construction,
and their negative environmental impact at the time of their disposal.

This project proposes a new concept called Dynamic Virtual Power Plant (DVPP), which
comprises exclusively RESs of different nature (both dispatchable and non-dispatchable), as
well as flexible demands. They are selected with the aim to ensure safe and reliable grid
operation by offering their combined flexibility (e.g., fast ramp-up/down capability for
frequency conftrol), the possibility of balancing internally the stochastic RES fluctuations, and
selling their aggregate generation output in the wholesale market [2].

The RES-based DVPP proposed in this work thus appears as a promising approach to overcome
the limitations of BESSs listed above, and as a competitive solution to increase the viability of
non-dispatchable RESs. Note that the additional cost involved in the setfting-up of a DVPP from
already installed RESs and flexible loads reduces to the installation costs of the deployment of
the communication infrastructure required to coordinate all assets. Moreover, by optimally
operating all assets, the increase of non-dispatchable RES competitiveness may even surpass
the benefits achieved with BESS solutions.

The remainder of this Chapter provides details of the main business frameworks that are
available for DVPPs, i.e., the wholesale electricity markets.
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2.2 Electric Energy Markets Suitable for DVPPs

The most widespread strategy used in electric energy frading relies on power and energy
markets. This is so since the late 1990s, where a transition from optimal control strategies took
place worldwide at a remarkable pace [3].

Long-term electricity trading is mostly based on bilateral contracts, whereas short-term trading
is generally based on competitive auctions or pools. The latter represents over 75% of the total
energy traded [4].

In this stage of the project, the main focus is on the short-term markets, since they are the most
relevant for our studies given their competitive nature. Short-term electricity trading usually
spans a time window of 24 hours, and different pools take place prior to the power delivery.
Two main groups of participants are present in such pools, namely generation (electricity
producers) and demand (retailers and large consumers). According to the quantity tfraded,
short-term electricity markets can be also categorized into energy markets, in which the market
operator gives/receives payments according to the amount of energy supplied to/consumed
from the network. Other markets are based on, e.g., the frading of power (mostly active,
although reactive power-based markets are starting fo become relevant).

This Section focuses on the energy market pools, namely the day-ahead and the intra-day
energy markets. The main features of these markets, and the impact of the different DVPP
components presented later in Chapter 4, are discussed below.

2.2.1 Day-Ahead Market

The first pool that is cleared in the electric energy frading covers the whole 24-hour window,
split evenly in 24 periods of one hour. This pool is commonly referred fo as day-ahead market
(DAM), although other terms can be found such as spot market (Europe) and forward market
(USA). In this market, which is usually cleared 12 hours before the first period of power delivery
of the covered market window, generation and demand participants submit selling offers and
purchasing bids, respectively, for each and every period of such a window. Such offers/bids
conisist in individual blocks characterized by an amount of energy generators/demands are
willing to sell/buy, and the corresponding price. The market is then cleared by the market
operator by constructing the so-called sale/purchase curves by sorfing the offering/bidding
blocks according to their corresponding prices, from lower to higher, and whose intersection
determines the electricity price? and the total energy tfraded. This wholesale price is then used
fo remunerate/charge all generation/demand units whose offers/bids prices were
lower/higher than or equal to the cleared one, i.e., the generating/demand units with the
highest/lowest prices are excluded from the trading.

This is graphically illustrated in Figure 2-1, where generic sale (offer)/purchase (bid) curves are
represented for a given period t of the market window. Note that such curves are, purposely,
monotonically increasing and decreasing, respectively. The cheapest generation units, i.e., the
ones at the leffmost side of the offer curve, usually correspond to the renewable energy
sources, both stochastic (mostly wind and solar generation) and dispatchable (hydroelectric
generation), and that are characterized by nearly zero supply cost. In rather particular
occasions, prices offered by such sources can even be negative.

2 Note that, if no network constraints are considered, a single price is determined by the DAM,
whereas if transmission network limits and losses are included, several locational marginal
prices may result from market clearance.
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Sale curve
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Figure 2-1 Example of sale/purchase curve used to clear each period of the day-ahead
market.

Note that, as the share of cheap (renewable) generation units increase, the sale curve will be
shiffed to the right, thus increasing the amount of energy traded while decreasing its unit price.
Conversely, if such share decreases, the offer curve is shiffed do the left, thus decreasing the
total fraded energy, which is cleared at a higher price. This is illustrated in Figure 2-2.

Sale curve (base case)
Sale curve (low ND-RES)

Sale curve (high ND-RES)

-

Price [€/MWh]

— Purchase curve

_l_l_

0 ey PATOT Energy [MWh]

Figure 2-2 Example of market clearing results for different energy levels offered by
renewable energy generation.
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Anotherrelevant feature of the DAM clearing process is that the cleared energy quantities and
prices are not determined based on the actual realizations of the generation and consumption
blocks offered/bid, but on their predicted values. In the past, where the vast majority of the
electric energy was supplied by dispatchable power plants, such predictions where rather
accurate at the time of offering/bidding prior the DAM clearing time (usually 12 hours before
the start of the first delivery period). The main source of uncertainties was the load profile, for
which good forecasting methods were available. However, with the advent of ND-RESs, DAM
offer blocks show substantially higher uncertain profiles, even considering the highly
sophisticated weather forecasting methods currently available. Such uncertainty aggravates
as the forecast horizon increases, i.e., predictions for latest delivery periods (up to 35 hours in
advance) are less accurate than those provided for the first periods (from 12 hours in advance)
[5]. [é].

However, despite the uncertainty that characterizes the predicted energy values of the offer
blocks from ND-RESs, these are nevertheless prioritized over more accurate offer blocks from
dispatchable generating units, and they are accepted first due to their low price (the so-called
merit-order effect). However, one must carefully consider the implications of generation (and
load) uncertainties in the clearing process with respect to their actual realizations. If during the
period of energy delivery, there is more energy available from ND-RESs than predicted at the
market clearance, the excess of energy needs to be curtailed, thus “wasting” cheap
generation that could have been used to reduce the unit price of the energy. A potentially
worse situation may occur in the opposite situation, i.e., when available ND-RES energy is lower
than the amount cleared. In this case, two main solutions are available to maintain the power
balance at all periods of the fime horizon. On one hand, more expensive dispatchable units
can be used to provide the deficit of energy, thus increasing the overall energy price. However,
in the case where such energy cannot be delivered, e.g., if dispatchable units are not flexible
enough (i.e., their ramp rates do not allow changing their power production fast enough), the
alternative solution to maintain the power balance is to curtail load, which implies very high
economic and societal costs.

For the reasons above, market operators apply different strategies of penalties to ND-RES
owners if their forecasts are inaccurate, thus leading to mismatches between offered and
generated energy. Moreover, the large number of incentives that were provided to ND-RES
owners in the past are, for the most part, no longer available. ND-RESs are therefore compelled
to participate in the DAM under the same market condifions as dispatchable generation units,
and with the risk of penalization if forecasts are not accurate, placing ND-RESs at a
disadvantage position.

To cope with the increasing number and volume of uncertainties in the DAM, both in offers and
bids, operators have designed different market mechanisms that allow offer and bid units to (i)
“update” their submitted energy volumes after the DAM has been cleared, and (i) to
compensate any unpredicted imbalance.

This set of solutions comprise additional market windows complementary to the DAM. In this
regard, the most common one is the Infra-day Market (IDM) (see Section 2.2.2), which allows
for updating the offer/bid blocks with more accurate weather/demand forecasts and is
cleared after the DAM, up to several minutes before the start of the first delivery period of the
fime horizon, which uses a series of reserves, mainly from dispatchable units, scheduled in the
DAM to compensate any unpredicted imbalance and is usually cleared a few minutes before
the power delivery.

Note that other markets aside fromm DAM and IDM are available (see, e.g., the ancillary service
markets described in Chapter 3). Most of such markets are based on the availability of certain
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levels of power reserves that were adequately scheduled in advance. This is done in the DAM,
where reserves and energy capacities are optimally cleared based on the offers/bids of
generation/demand units. In this case, units need to submit two sets of capacity-price blocks,
one for energy and another one for reserve. The optimal scheduling can be performed in two
ways. One solution is to first schedule the traded energy as usual, and consecutively schedule
the reserve capacity. The second strategy implies a simultaneous schedule of energy and
reserve capacities. The latteris usually the preferred option, since it tends to minimize the overall
costs from the operator’'s perspective without observing a significant increase in profits for
generators.

In this WP, the optimization problem that provides the simultaneous scheduling of energy supply
and reserve of the DVPP is formulated and implemented. Uncertainties of, e.g., intermittent
generation, prices and load profiles are considered in the optimization problem by means of
the Robust Optimization (RO) formulation that is described in Section 5.2, and whose main
objective is to minimize the cost under the worst-case realization of the uncertain scenarios
that will be addressed in the balancing stage.

The formulation of the simultaneous schedule of energy dispatch and reserves in the DAM
under uncertainties by means of the RO from the system operator’s perspective is conceptually
summarized below [7].

Objective function:

Minimize Day-ahead energy dispatch costs + Day-ahead reserve capacity costs
+ Worst-case energy redispatch (balancing stage) costs

Constrains:

Power balance (day-ahead stage)

Reserve capacity determination

Energy and reserve capacity bounds

Power balance (worst-case scenario at balancing stage)

Network constrains (worst-case scenario at balancing stage)

Provided reserve determination (worst-case scenario at balancing stage)

Nonnegativity of pertinent variables

2.2.2 Intra-Day Market

We have seen in Section 2.2.1 how the fraditional market structure of the DAM works in
detriment to ND-RES owners despite their general prioritization over dispatchable generation in
the pool. In the DAM, offers are submitted several hours before the delivery period based on
predictions of available energy. Uncertainfies in such predictions are not negligible, and
cumulate over the delivery period. Risks and penalties associated to such uncertainties are thus
the main aspects that limit the competitivity of ND-RESs in the energy market.

Minimizing the uncertainties at the fime of placing the offers is thus crucial for ND-RESs. This can
be achieved by having a DAM clearing time closer to the actual delivery period, thus reducing
the forecast horizon. However, this cannot be implemented in practice, as dispatchable
generation units need to now the result of the schedule well in advance given their relafively
low flexibility against changes in their generation. As an intermediate solution, intra-day
markets, also referred to as adjustment markefs have been developed and implemented. IDMs




POSYTYF Deliverable 5.1

are trading pools (usually more than one) that close between the DAM clearing fime and the
start of the delivery period (the last IDM usually clears 30 minutes or 1 hour before the delivery
period). IDMs thus allow ND-RESs and other market participants to “adjust” their offer/bid blocks
according to updates on their predictions in weather/load profiles, which are characterized
by higher certainty, and which usually imply higher profits with lower volatility.

IDMs are therefore essential for ND-RESs, and thus, for the DVPP developed in the POSYTYF
project, o increase their competitiveness and viability. Note that the formulation of the IDM as
an optimization problem formally shares most of the characteristics of the DAM, and is thus not
repeated here.

2.2.2.1 IDMs in Spain

To illustrate the participation of a DVPP in DAM and IDMs, the particular case of Spain is
described below. The Spanish market has been considered due to the fact that it is particularly
tailored to allow renewable energy sources to adjust, several fimes throughout the day, their
energy volumes to be traded. Moreover, WP5 partners have deep knowledge of its market
characteristics. WP5 industrial partners have also abundant historical data readily available to
feed the DVPP model.

The Spanish market structure is illustrated in Figure 2-3. The market operator of the Spanish
system (OMIE)3 is responsible for clearing the DAM and IDMs, which govern the day-to-day
running of electricity provision and consumption in the Spanish system with some additional
arrangements associated with ensuring reliability and secure operation of the energy system
imposed by the Spanish transmission system operator, Red Eléctrica de Espana (REE)4 [8].

e Dav-Alcad Market (DAM) Energy Delivery Periods

Intra-Day Market (IDM) _ IDM7
IDM6
IDM5
IDM4
1DM3
IDM2
IDM1
T/ DN

Day before operation (D-1) Day of operation (D)

12 01213 .16 17 18 19 .. 22 23 24 |1 23 456 78 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

IR e

o

DAM  Additional [IDM1 IDM?2 IDM3 IDM4  IDM5 IDM6 IDM7
Upward
Reserve
Secondary Tertiary
Reserve Reserve

Figure 2-3 Sequence of Spanish Electric Energy Markets - adapted from [8].

After DAM clearance, secondary reserve market which is associated with automatic
generation control is carried out (see Section 3.1.2). This is fo ascertain the source of provision
of the up and down regulation for the 24 hours of the operation day. Subsequently, IDMs are
instantiated to adjust the DAM cleared bids and correct infeasible schedules. These

3 https://www.omie.es/en
4 https://www.ree.es/en
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modifications or corrections can be due to unplanned shutdown of dispatchable sources of
generation, changes in ND-RES outputs, demand changes and/or line faults. There are seven
IDM sessions; the first and second cover 24 hours of the operation day while the remaining five
sessions cover a receding subset of the 24 hours.

A consortium of generation and demand assets (i.e., a DVPP), participating in the Spanish
energy market can thus capture the operational flexibility which the different energy market
segments offer in order fo maximize its revenue.

20
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3 Ancillary Service Markets

Ancillary services are necessary control actions required to ensure the reliability and stability of
the transmission system while balancing real time generation and demand, and they are
gaining even more prominence as ND-RESs share increases. Depending on the system
(country), some of these services can be procured competitively in so-called Ancillary Service
Markets (ASMs), whereas some others are mandatory, and are imposed and supervised by the
System Operator (SO).

Being system dependent, to provide a general taxonomy of the currently existing ancillary
services which can be applicable in all systems is a convoluted matter. However, there is a
general agreement on classifying, at a general level, the different services into three main
families, depending on the purpose of such a service [?]. Such families are:

i Frequency control services, which, through active power support, are aimed at
maintaining the active power balance between generation and consumption in the
grid, thus keeping the system frequency as constant as possible around its reference
value (50 Hz in Continental Europe);

ii. Voltage confrol services, which, through reactive power support, help maintain
voltage levels within acceptable bounds, thus ensuring secure and reliable operation;
and

ii.  Emergency services, such as black-start services, required after severe events (e.g.,
blackouts).

Areview of the current structure of different balancing markets in countries where such services
are procured based on auctions or markets is developed in Task T1.3. In the remainder of this
Section, a conceptual overview of each of the main ancillary service markets in which DVPPs
can potentially participate is provided. When relevant, specific details of the market structure
of each service in the Spanish system are also discussed. The reasons behind the selection of
this system in particular are provided in Section 2.2.2.

3.1 Balancing Markets

Competitive auction markets employed in the procurement of the active power reserves used
for frequency control services are known as balancing services. Depending on the response
fime of such services, they can be categorized as Primary, Secondary and Terfiary Reserves,
for which different market auctions exists.

Reference [10] provides arecent review of the three European balancing markets above, and
in which different categories have been developed with the aim to evaluate the “quality” of
the markets in several European countries, as follows:

e access of emerging technologies to the balancing markets, where the entry barriers in
terms of requirements such as the minimum bid size and aggregation possibilities are
analyzed;

e measurement and prequdlification requirements, where the goal is to understand
whether such verification requirements act as a prohibitive barrier for new market
participants;
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¢ market segmentation and size, aimed at analyzing the health of the market based on
several aspects such as the participants, capacities fraded, diversity of technologies,
etc.;

e transparency, where the detail and ease of access of the information provided by the
system operator is studied; and

e upcoming changes of the current market design and legislation in terms of depth of
change and timelines proposed.

The three balancing service markets are briefly summarized below.
3.1.1 Primary Reserve (FCR)

Also known as Frequency Containment Reserve (FCR), and is responsible for responding
against power unbalances occurred in the system within few seconds after its detection, i.e.,
following the inertial response of synchronous generators (both conventional and virfual),
preventing the frequency from deviating from its reference value. A key feature of
conventional, fossil fuel-based power plants is their generally low ramping capability, which
leads to slow primary response. RESs on the other hand show a much faster response times
when required to change their power output as a response to changes in system load and/or
generation [11]. This makes the RES-based DVPP proposed in the project a remarkably
promising agent in this ASM. The Transmission System Operators (TSOs) from Austria, Belgium,
the Netherlands, France, Germany, Switzerland, Slovenia and West Denmark currently procure
their FCR in a common market.

3.1.1.1 FCR Market in Spain

Currently, there is no market structure developed for FCR in Spain. FCR is a non-remunerated
service that is provided on a mandatory basis by every generator connected to the
fransmission network.

3.1.2 Secondary Reserve (FRR)

Also known as Frequency Restoration Reserve (FRR) and Automatic Generation control (AGC).
Secondary ancillary service is used, automatically (aFRR) or manually (mFRR) after primary
reserve has acted, and its main purpose is to bring the system frequency back to the reference
value. To ensure stability, FRR time response is considerably slower than the FCR (usually from
30 seconds to 15 minutes) to avoid undesired couplings between regulators. For this reason,
the system frequency is, for a substantial amount of time, different from the synchronous one
[12], [13].

The power plants included in the FRR scheme are selected based on qualification tests, during
which the units must be capable of deploying the required power, within a given response
fime, and for an unlimited period of time. Usually, hydroelectric and gas-fired combined-cycle
power plants are the most suitable to provide this service, with nuclear and other thermal
generators close behind. Regarding ND-RESs, which are based on stochastic sources, the
response time requirement can be easily met (see Sectfion 3.1.1 above). However, the
requirement for providing the service for an unlimited fime period is clearly limiting the possibility
of ND-RESs to become FRR service providers by themselves.

Combining stochastic ND-RESs with dispatchable units such as hydro power plants, and with
green storage systems such as pumped hydro and STUs in the form of a DVPP thus becomes
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apparent. DVPPs would allow stochastic ND-RESs to compensate for their inherent power
output variations, and meet the unlimited time provision requirement.

3.1.2.1 aFRR Market in Spain

The Spanish TSO, REE, is responsible for keeping the security of the Spanish power system [14],
[15]. Unlike the energy markets (DAM and IDM), which are supervised by the Spanish Market
Operator, OMIE, the balancing markets are settled by REE. In the case of power unbalances
due to, e.g., equipment outages or sudden load increase, the FCR is the first one to act, and is
responsible of bringing the frequency back to steady-state conditions. After a few tens of
seconds, aFRR comes into play with the aim to bring back the frequency toits reference value,
and maintain the area powerinterchange at the schedule point. The unit that wants to provide
aFRR in the market needs to be qualified by REE. The main requirements are providing reserve
for 15 min uninterruptedly in the resolution time of 1 hour and with a response time of 100 s.

The control underlying the Spanish aFRR, the AGC, is a hierarchical control, consisting of a
cenftral controller sending reference signals to zonal conftrollers. A zone compirises all qualified
generating units of a generation company, which can be distributed across the overall system,
and should not be understood as a specific geographic area. Inreal time, REE assigns the aFRR
requirement for each zone of the Spanish system according to the cleared relative regulation
band, and each zone sends commands fo its units for providing reserve. Each zone has thus
the responsibility for providing its determined reserve. Participants in the aFRR market receive
the marginal price of the market (€/MW) and energy price (€/MWh) if REE activates aFRR in
real-time.

We consider the DVPP is qualified for participation in the Secondary Reserve Market (SRM) as
a balance responsible party. The current SRM market is a capacity market where individual
generators bid capacity. The relation between up and down reserve is however guaranteed
at azonal level. Before the DAM is cleared, the DVPP owner can co-optimize the selling energy
in the DAM, and the up/down capacity (single product and asymmetrical) and actual energy
(very volatile and difficult to predict) in the SRM. At that stage, the DVPP owner only sends to
the market operator the offers/bids of the share of energy related to the DAM at that fime.
Before the gate closure of the SRM, DVPP owner can optimize again up/down capacity of SRM
considering the updated forecasts of uncertain parameters (e.g., SRM prices, and stochastic
generation); the DAM bid/offer values that had already been assigned; and the first IDM
session (IDM1). In the above optimization problem, it is possible to consider the IDM1 as an
arbitrage opportunity because the gate closure time of IDM1 is very close to that of the SRM,
and the predictions related to IDM1 in the gate closure of SRM are more accurate at that
instant (compared to DAM). This way, the schedule of the DVPP is able to be updated in order
to free up the capacity band.

The SRM has moderate liquidity (typical numbers are 700 MW for up and 500MW down reserve
in 2012), and the payment can be higher than that of the DAM considering both capacity and
energy. This is due to the reserve requirement in the system with high RES and the high demand
during drought in some years. So, from the DVPP owner's perspective, it seems logical to co-
optimize the SRM and DAM at a first stage to maximize the SRM benefit. In the SRM, the
possibility of no settlement of the energy offer could also be considered. Thus, in this condition,
REE only pays for capacity. This issue leads to the opportunity cost that DVPP owners should
consider in the optimization problem (e.g., selling that energy in DAM or IDM). However, the
DVPP elements can compensate, to some extent, the power surplus/shortage of each other
so that the need for RES curtailment can be decreased. DVPP owner also needs to be ready
fo provide energy requirements if called by REE, since not safisfying the energy requirement or
response criteria brings about penalization or dismissal from the market.
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3.1.2.2 Application of PICASSO

The Platform for the International Coordinatfion of Automated Frequency Restoration and
Stable System Operation (PICASSO) is the implementation project endorsed by all TSOs through
the ENTSO-E Market Committee to establish the European platform for the exchange of
balancing energy from aFRR.

The implementation of PICASSO will bring some modifications to the current SRM in Spain. The
future SRM is executed every 15 minutes with market closing about 30 min before the instant of
delivery. Balance service providers can bid different energy blocks with different prices instead
of capacity. REE will assign the aFRR requirement according fo the merit order of energy bids.
This is different to the current scheme since in the current scheme all zones vary output
according to relative size of the zonal regulation band, whereas in the future only those zones
vary the output with energy bids at or below the aFRR requirement. Consequently, the bids will
be cleared every 4 s (according to the activation of the ordered energy bids).

3.1.3 Tertiary Reserve (RR)

Also known as Replacement Reserve (RR). This is called if secondary service is exhausted, and
generators (both spinning and non-spinning) connected to the fransmission grid can provide
this service. RR is activated manually when requested by the system. As the power unbalances
can be negative or positive, the tertiary reserve is determined and activated for both the
upward and downward regulation.

Generally, RR is slow, with small ramp-up rates and high start-up fimes. RR is thus provided
generally by thermal power plants, which are noftified with enough time whenever they will be
required to change their power output.

Regarding the potential participation of the RES-based DVPP developed in this project in RR
markets, same discussion as that provided in Section 3.1.2 for the FRR can be applied.

3.1.3.1 RR Market in Spain

The goal of the Tertiary Reserve Market (TRM) in Spain is to replace SRM if FRR cannot
completely bring back frequency to its schedule value. Unlike FCR and aFRR, RR is manual, and
it is mandatory.

There is no payment for capacity, and only there are energy payments at the marginal price
(€/MWh) if the energy is required in real-time. Therefore, it seems logical that the DVPP owner
does not consider this market before the DAM gate closure, as opposed to the co-optimization
of SRM and DAM described in the previous Section. Thus, the DVPP only offers the remaining
capacity after the second IDM session (IDM2) in the TRM. The DVPP owner should offer his
remaining resources before the TRM gate closure to provide separate up and down reserve
(without payment) and the actual energy of the TRM. As the gate closure of TRM is closer to
real-time, the RES forecasts are more accurate, and if the market is called, the revenue of DVPP
is characterized by a small degree of uncertainties.

3.2 Reactive Power / Voltage Control

Voltage is confrolled in the grid by deploying reactive power resources. Reactive
power/voltage control can be a mandatory or supplementary service. In case of mandatory
services, service providers have to fulfil compulsory connections requirements according to the
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voltage level at their connection point and the provider's capacity. The supplementary
services refer fo non-mandatory, addifional reactive power/voltage control services.

Most countries in the EU make use of a mandatory scheme for reactive power/voltage control
serviced. In some countries, this service is remunerated and in others, it is not. Certain Distributed
Energy Resources (DERs), depending on the size, have to provide voltage control as well.

3.2.1.1 Voltage Control Market in Spain

Currently, there is no market structure developed for voltage control in Spain. Voltage control
is a non-remunerafed service that is provided on a mandatory basis by every generator
connected to the transmission network.

A partially obligatory, partially subject to payment based on performance evaluation scheme
was proposed for the provision of voltage control service [16], [17]. According to this proposal,
after the mandatory requirement, remaining capacity is remunerated at a fixed regulated
price sef by the transmission system operator. Providers of voltage control ancillary service are
generally generating units greater than 30MW capacity of rated power and qualified
consumers greater than 15MW. These generating units are directly connected to the
fransmission grid (i.e. 400kV and 220kV levels). Demands of this service are qualified consumers
and distribution companies. In Spain, there are four offers differentiated by the power factor
that represents them, as follows:

e Al -valid for peak and plateau hours;
e A2 -Valid for peak hours;
e B - valid for valley and plateau hours; and

e B2 - valid for valley hours.

3.3 Fast Frequency Response

Fast frequency response (FFR) is a service aimed at providing fast active power responses o
frequency variations in the fime frame following the inertial response. Activation time is thus
within a couple of seconds, being faster than the conventional FCR discussed in Section 3.1.1.
Given their different time frames, FFR and FCR offers can be efficiently combined.

This service attempts to partially offset the problems caused by low system-inertia levels. Lower
system-inertia levels affect the initial rate-of-change of frequency after an active power
unbalance. For instance, in the Nordic power system, FFR needs are estimated according to
the system inertia levels (there are higher needs during spring and summer and at night, but
this also depends on the hydrological year). Note however that FFR is not equivalent to inertial
response.

FFR assignment can be imposed by grid codes, through competitive auctions or through
market sessions. For instance, Spanish operation procedures consider a voluntary inertia
emulation by electric power modules of type B and C. HydroQuebec requires an inertia
emulation to all wind farms connected to the fransmission grid with a capacity larger than 10
MW.

5 See https://doi.org/10.3390/en13040917
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In Ireland, UK and Italy, competitive auctions have been or will be used to assign the FFR fo
bidders. For the Enhanced Frequency Response in UK, competifive auctions have been held
and service is remunerated according to the offered availability price, modified by
performance-related penalfies. A similar scheme has been used for Phase 1 of Stability
Pathfinder in UK. TERNA has also proposed an auction-based assignment with a price cap.
Finally, competitive auctions have been foreseen in Ireland to determine the price, but
regulated tariffs have been applied initially due to lack of market competition. Remuneration
is thus done according to the regulated tariffs modified by a set of scalars.

Market-based solutions have been or will be implemented in Finland and Denmark. In
Denmark, monthly capacity auctions for FFR are run with a remuneration according to pay-as-
cleared. In the future, a daily market with hourly bids will be implemented with a pay-as-
cleared remuneration. In Finland, a daily market with hourly bids has been implemented with
a pay-as-cleared remuneration.
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4 DVPP Objective Functions and
Components — Description,
Characterization and Modeling

A proper formulation of the DVPP model that is being developed in this task T5.1 is crucial for
an adequate analysis in subsequent tasks within this WP. This model should be detailed enough
fo cover all relevant aspects that can have an impact on the opfimal operation and
configuration of a DVPP that participates in the markets listed in Chapters 2 and 3. However, a
compromise of such level of detail must be met in order to prevent the optimization algorithm
from becoming too cumbersome and computationally too demanding. The model should also
be able to represent all key components of the DVPP, as well as all functionalities and scenarios
identified, and for a set of business models that will be defined.

To ensure the tractability of the problem of formulating the DVPP model, a modular design of
the model itself is being developed. In this regard, the first main objective is to develop the core
of the model which will represent all DVPP components, and a set of key features that is
representative of the first group of scenarios that will be considered for analysis. Then, the
modular structure of the model would allow the subsequent implementation of
complementary features and functionalities to cover all aspects to be studied within this WP.

The model core will thus include the models of the DVPP components such as dispatchable (D-
RES) and nondispatchable (ND-RES) renewable energy sources; flexible demands including
interruptible loads, “continuous” regulating loads (e.g., thermostatically controlled loads) and
electric-vehicle (EV) fleets (grid-to-vehicle, or G2V); and conventional, nonelectrochemical
energy storage systems (ESSs) such as pumped hydroelectric energy storage (PHES) and solar-
thermal units (STU) with storage capability.

The model core will consider one main business case for the DVPP, namely the so-called Power
Generation Business, and whose objective function is to maximize the profit from the
participation of the DVPP in the DAM and IDM, and the SRM. In future stages of the
development, other components could be included such as vehicle-to-grid (V2G) EV fleets, or
other converter-interfaced storage technologies such as flywheel-, ultracapacitor- or
compressed air-based solutions. Other market windows such as the remaining balancing
markets (FCR and mFRR), the voltage control market, and FFR market would also be
considered.

Given the nature of the business case considered, the model core will thus cover active power
fransfers between the DVPP and the main grid, modeling the network power flow constfrains
with the well-known DC-optimal power flow (DC-OPF). Future stages of the development will
include network constraints also for reactive power transfers (AC-OPF).
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4.1 Notation

This section presents and describes the notation used to formulate the DVPP model proposed
in this deliverable. In the remainder of this document, uppercase Latin letters indicate
parameters; lowercase Latin letters represent indexes of sets when used as subscripts, and
variables when they are nof; and script Latin letfters represent setfs of, e.g., buses, specific
devices, lines and time periods. Uppercase and lowercase Greek letters are seldom used for
very specific sefs, parameters and variables based on their commonly-used notation (e.g., §
for angles, A for increments), and they are duly described when required.

4.1.1 Indexes and Sets

b € B/B, Network buses / network buses connected to the main grid
CEC/C, Conventional D-RESs / D-RESs connected to bus b
d €D/D, Demands / demands connected to bus b

i)/ j® Sending- / receiving-end bus of line ¢

keXx IDM session

teL/L,/L, Networklines/network lines connected to bus b/m
pEP Load profiles

re€R/R, Stochastic ND-RESs / ND-RESs connected to bus b
SES/S, ESSs / ESSs connected to bus b

teT Time periods

v, v €V SRM calls on condition by DVPP operator

6 €0/0, STUs / STUs connected to bus b

YEeEW Set of all D-RESs, ND-RESs, ESSs, demands and STUs

EDA/EID/HSR

-
fa

Set of decision variables of DAM / IDM / SRM

4.1.2 Parameters
cl/ct Shut-down / start-up cost of D-RES ¢ (€]
cy Variable production cost of D-RES ¢ [€/MWh]
DO./UP, Number of periods D-RES ¢ has been offline / online prior to the [hour]
first period
DT./UT, Minimum down / up time of DRES ¢ [hour]
NOff/NOD Number of initial periods during which D-RES ¢ must be offline /  [hour]

online
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Maximum / minimum power production of D-RES ¢
Up / down ramping limit of D-RES ¢

Start-up / shut-down ramping limit of D-RES ¢

Up / down ramping limit of D-RES ¢

Initial commitment status of D-RES ¢ (1 if it is generating electricity,
0 otherwise)

[MW]
[MW/h]
[MW/h]
[MW/min]
[0/1]

Cost of load profile p of demand d

Minimum energy consumption of demand d throughout the
planning horizon

Lower bound of the power consumption of demand d in time
period t

Upper bound of the power consumption of demand d in time
period t

Maximum hourly consumption of profile p of demands
Up / down ramping limit of demand d

SRM up / down ramping limit of demand d

(€]
[MWh]

[MW]

[MW]

[MW]
[IMW/h]
[MW/min]

Operation and maintenance costs of ND-RESs
Available production level of ND-RES r in fime period t
Minimum power production of ND-RES r in fime period t

SRM up / down ramping limit of ND-RES r

[€]

[MW]
[MW]
[MW/min]

Total BESS unit cost,
operational costs

Energy capacity of ESS s

including installation and expected

Upper / lower bound of the energy stored in ESS s in fime period
t

Slope of the linear approximation of the expected life of BESS s
as a function of the cycles

Upper / lower bound of charging capacity of ESS s

Upper/ lower bound of discharging capacity of ESS s

SRM up / down ramping limit of ESS s

Upper / lower bound multiplier of ESS s at last period in schedule
Self-discharge rate of BESS s over a 24-hour period

Charging / discharging efficiency of ESS s

[€]

[MWh]
[MWh]
[-]

[MW]
[MW]
[MW/min]
[-]

[%]

[%]
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DOy /UPy Number of periods STU 8 has been offline / online prior to the first  [hour]
period

DTy /UT, Minimum down/up time of STU 6 [hour]

Ky Output multiplier at startup of STU 6 [-]

NS /Ngn Number of initial periods during which STU 8 must be offline / [hour]
online

Py /P, Maximum / minimum power production of STU IMW]

Py /Py Upper / lower bound of charging capacity of STU 8 thermal [MW)]
storage

Py /Py Upper/ lower bound of discharging capacity of STU 6 thermal [MW]
storage

Py Power thresholds delimiting the linear segments N € {1,2,3,4} for [MW]
the power conversion in the power block of STU 6

Pg’ﬁ Bound defined in each piece-wise linear function n of the power [MW]
block of STU 6

Py, Available production level of STU 8 in time period t [MW]

RR/R3} SRM up / down ramping limit of STU 8 [MW/min]

na /Mg Charging / discharging efficiency of STU 8 thermal storage (%]

Non Conversion factor between thermal and electrical power in  [%]
each piece-wise function n of the power block of STU 6

B, Susceptance of line £ [Q1]

P, Capacity of network line ¢ [MW]

P Maximum power that can be traded with the main grid atbus b [MW]

SB System power base [MVA]

X, Reactance of network line ¢ Q]

FSR Maximum SRM calls on duration time divided by the duratfion of [-]
a whole period

T Last period of schedule [-]

TSR Required time for SRM action [min]

At Duration of time periods [h]. [min]

e Price of IDM session k in time period ¢ [€/MWh]

At Price of DAM in time period t [€/MWh]

Ai‘}ﬁ/ziﬁ'* Price of up / down SRM in time period t [€/MW]




POSYTYF Deliverable 5.1

4.1.3 Variables

4.1.3.1 Continuous Variables

car/cds Auxiliary variable used to linearize the start-up cost of D-RES ¢ in  [€]
time period t
Pet Active power generation of D-RES ¢ in fime period t [MW]
pSRI /SR Up / down aFRR provided by D-RESs in time period t of SRM for [MW]
vet/vet calls on condition v by DVPP operator
Pat Active power consumption of demand d in tfime period t IMW]
TSR.T/TSRA Up / down aFRR provided by demand d in time period t of SRM  [MW]
vdt/ 'vdt ape
for calls on condition v by DVPP operator
Prt Active power generation of ND-RES r in fime period t [MW]
,,SR,tT/,,SR.tl Up / down aFRR provided by ND-RES r in time period t of SRM for  [MW]
o calls on condition v by DVPP operator
jeg Degradation cost per cycle of ESS s [€]
st Energy stored in ESS s in time period t [MWh]
Pst Active power output of ESS s in time period t (positive if [MW]
discharging)
Dst/Dsit Charging / discharging power level of ESS s in time period t [MW]
rSR.T/TSR.i Final up / down aFRR provided by ESS s in fime period t of SRM  [MW]
v,st/yst "
for calls on condition v by DVPP operator
rSR.t+.T/rSR.t+,i Up / down aFRR provided by ESS s when in charging state in fime  [MW]
o o period t of SRM for calls on condition v by DVPP operator
rSR‘t"T/rSR‘['l Up / down aFRR provided by ESS s when in discharging state in - [MW]
v . time period t of SRM for calls on condition v by DVPP operator
Ut Binary variable used o prevent the simultaneous charging and [ —]
discharging of ESS s in time period t
oSRT /g SRA Share of ESS s energy capacity allocated to provide up / down  [%]
aFRR
egt Energy stored in the thermal storage of STU 6 in time period t [MWh]
Dot Active power output of STU 6 in fime period t [MW]
pgfg Active power sent to the power block of STU 6 in fime period t [MW]
pg}; Active power output of the solar field of STU 6 in fime period t [MW]
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Do.c/ Dot Charging / discharging power level of STU 8 thermal storage in  [MW]
fime period t
rsg.l/rsg.i Final up / down aFRR provided by STU 8 in time period t of SRM  [MW]

for calls on condition v by DVPP operator
,,S};':‘T/r,,sg‘:’l Up / down aFRR provided by STU 8 when in charging stateinfime  [MW]
o o period t of SRM for calls on condition v by DVPP operator
SR~ /SR~ Up / down aFRR provided by STU 8 when in discharging state in - [MW]
time period t of SRM for calls on condition v by DVPP operator

n v,0,t
Non-negative continuous variable to write SOS-2 constraints for [ -]

v,0,t

xe’t'n . . .
STU 8 in fime period t
Dot Active power flow through line ¢ in time period t [MW]
Dot Active power flow through line ¢ in time period t for calls on [MW]
condition v by DVPP operator
Opt Voltage angle at bus b in time period t [rad]
Oyt Voltage angle at bus b in time period t for calls on condition by [rad]
DVPP operator
Dbt Active power scheduled to be bought from (+)/sold to (-) the [MW]
DAM and IDM markets at bus b in time period t
Tbe,T/Tbe.l Up / down aFRR provided by DVPP at main grid buses in time [MW]
' ' period t
SR SR . _ : [MW]
o/ Total up / down aFRR traded in the SRM in time period t
SR SR provided by DVPP aft main grid buses in fime period t for calls  [MW]
w on condition v by DVPP operator
pPA Total power traded in the DAM in time period t [MW]
piP Total power traded in the IDM in time period t [MW]

4.1.3.2 Binary Variables

Ut Binary variable that is 1 if D-RES ¢ is generating electricity in fime  [0/1]
period t, and 0 otherwise.
usk | Binary variable used to prevent the simultaneous provision of up  [0/1]

and down aFRR by D-RES ¢ in fime period t for calls on condition
v by DVPP operator

Ve Vet Binary variable thatis 1 if D-RES ¢ is shut down / started up in fime  [0/1]
period t, and 0 otherwise.

Ugp Binary variable to select profile p of demand d [0/1]

usk Binary variable used to prevent the simultaneous provision of up  [0/1]
and down aFRR by demand d in time period t for calls on
condition v by DVPP operator
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Uyt Binary variable to turn off the ND-RES r in time period t for calls  [0/1]
on condition v by DVPP operator
uﬁy‘;t Binary variable used to prevent the simultaneous provision of up  [0/1]

and down aFRR by ND-RES r in time period t for calls on condition
v by DVPP operator

Ugy Binary variable used to prevent the simultaneous charging and  [0/1]
discharging of ESS s in time period t
st Uk Binary variable used to prevent the simultaneous provision of up  [0/1]

and down aFRR by ESS s in time period t for calls on condition v
by DVPP operator for charging / discharging state

ug, Binary variable thatis 1 if STU 8 thermal storage is chargingin time  [0/1]
period t, and 0 otherwise.
uy st Uy Binary variable used to prevent the simultaneous provision of up  [0/1]

and down aFRR by STU 6 in time period t for calls on condition v
by DVPP operator for charging / discharging state

Vg e Binary variable that is 1 if power block of STU @ is shut down / [0/1]
started up in time period t, and 0 otherwise.

uls,,‘},t Binary variable used to prevent the simultaneous up and down  [0/1]

aFRR flow of line ¢ in fime period t for calls on condition v by
DVPP operator

Yot Binary variable to write the SOS-2 constraints [0/1]

4.2 DVPP Objective Functions — Business Models

The objective functions of the DVPP that wants to participate in a sequence of markets (Power
Generation Business), including DAM, SRM, and IDMs, are formalized in this section.

4.2.1 DAM Objective Function

The DVPP objective function (4.1) in the DAM maximizes the benefits that the DVPP can obtain
by selling energy in the DAM and selling up/down reserve in the SRM minus costs. The costs
include the operation cost of D-RES, maintenance and operation costs of ND-RES, the BESS
degradation costé, and the cost of selecting a particular load profile. The DVPP offers the
energy obtained by (4.1) before the gate closure of the DAM, but the value of up/down SR is
not offered in the DAM and will be reoptimized before the SRM gate closure.

¢ Note that BESSs are not part of the DVPP presented in this document. However, to have a
model core general enough to be able to simulate all possible scenarios, BESS characteristics
are also included, and can be enabled/disabled in the model when required.
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@%%Z[’IDA DAAt_l_ASRT SR,T ASRL SRl Z(CV(}?P?)M+C”+CN)
T cee (4.1)
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4.2.2 SRM Objective Function

Before the SRM gate closure, the DVPP maximizes the benefits of selling up/down reserve in the
SRM and energy in the first IDM (IDM1). The costs are the rescheduling operation costs of D-RES
and ND-RES in the IDM1 and the BESS degradation cost (if considered). The objective function
(4.2) provides the possibility fo consider the arbifrage opportunity between the SRM and IDM1.
The DVPP offers the up/down reserve obtained by (4.2) before the gate closure of the SRM, but
the value related to IDM1 energy is not offered before the SRM gate closure and will be kept
forthe IDM1.1n (4.2), we only consider the IDM1 and ignore other sessions. This is due to the fact
that IDM1 gate-closer is closer to the SRM rather than other sessions, which enhances the
possibility for more accurate forecast. Besides, the IDM1 has more liquidity compared to others.

-
=SR

teT

SRT.SRT | JSRL SRL |
Vi A e A(k 1), tp(k 1At — Z(Cg(pélr},):n,c,t)ﬂt +eoe + i)
cee (4.2)

d
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= D €000
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4.2.3 IDMs Objective Functions

The objective function of the DVPP for each of the seven sessions of Spanish IDM is calculated
based on (4.3). In each IDM session, the DVPP maximizes the benefits of selling energy minus
the D-RES and ND-RES operations costs and the battery degradation cost.

Zcfeg, VkeX  (43)

SES

H}I%X [Ak DAt — Z(CV(Pk LA+ CRoe F o) — Z(CR(Pk e )AL)
tz2t

cec TrER

4.3 Network

Each and every asset that composes the DVPP is necessarily connected to the main power
grid at a specific bus or node. The set of buses to which DVPP components are connected,
and the lines that link such buses among them and with the grid compose an electrical
network, and as such, needs to meet specific constrains related to power balance (buses) and
power flows (lines). This section presents the equations that model the network constrains, and
discusses the assumptions made in their formulation.

Such equations represent constrains of the optimization algorithm that is being developed in
this Task. For convenience in the implementation in the optimization soffware tools, and fo
facilitate the retfrieval of the solufion of the problem, all constrains are formulated as either
equalities or lower-than inequalities. This rationale applies also to the model of the DVPP assefs
described in subsequent Sections. A brief description of each equation is also provided.
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43.1 DAM Supply-Demand Balancing
Constraints

Constraints (4.4) and (4.5) enforce the supply-demand balancing for the DVPP units
considering both energy and up/down aFRR for the main grid buses and other buses,
respectively. We consider the DVPP as a balance responsible party that can asymmetrically
provide up/down SRM. No maftter the TSO calls for the up or down aFRR, the DVPP can exploit
its units’ up or down aFRR. We consider three states for each of the constraints (4.4) and (4.5).
When v = 0, the supply-demand balancing constraints are only held for the DAM power.
Alternatively, if v = 1 or v = 2, the supply-demand balancing constraints are held for the DAM
power and up SRM, or power and down SRM, respectively. The three states above keep the
power balance equations for all possible SRM situations in real-time (i.e., the aFRR not called
on, and up or/and down reserve called on). The goal is not to schedule the units according to
the actual realization of the reserve, as it is impossible to predict the aFRR activation sign and
value accurately. Instead, the logic behind these states is to assign power and aFRR boundaries
(according to delivery time possibilities) for offering the opfimal amounts of energy and reserve
to the market. Constraint (4.6) enforces the up/down reserve of DVPP units to be zero for state
v = 0. Constraints (4.7)-(4.9) assign the aFRR offered by the main buses to the market equals
zero, the up aFRR, and down aFRR for the states v =0, 1, and 2, respectively.

SR,T SR,{ SR,T SRl SRT SRl
Z(pct vct_rvct)-l_Z(prt vrt_rvrt)+2(pst vst vst

CEC) TERp SES)
SR,T SR
+ Z (pH ¢t rvg t~ Tvec) — Z P+ Z Dy,et (44)
' 21i(®)=b 2j(@=b
=Py +ToRe + z (Pai —Toms +1ons),  VYVEV,VDE B, VLET
d€eDy
SRT SR SRT SR,{ SRT SR,{
Z(pct vct vct)—l—Z(prt vrt vrt)+2(pst vst rvst
CECH TERp SES)H
SR,T SRl
+ Z (Pe et rve t Twet) ™ Z Poee t Z Pv,et (45)
6eop Lli(£)=b 2lj(0)=b
= ) @ae-E TS, WWEVVbEB/B, VEET
deDy
SR,T SR
Twmoypt = Tweoype =0 VP EP,VLET (4.6)
rokopt =0, VbEB,VtET (4.7)
TR bt =Tor', Vb EBy VtET (4.8)
TR bt =Tor, Vb EBy VtET (4.9)

43.2 SRM Supply-Demand Balancing
Constraints

The constraints (4.10)-(4.12) are very similar to (4.4)-(4.9). The difference is that the power
related to units and selling power by main buses in the DAM are fixed at their obtained values
from solving the DAM optimization problem. In addition to the above change, the IDM1 fraded
power is added fo (4.10) and (4.11) for considering the arbifrage opportunity between SRM
and IDM1.
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SRT SR SRT SRl
Z(pct+p(k 1)ct+ v,ct vct)+ Z(prt+p(k 1)rt+ v,r,t vrt

CceCp TERp
SRT SR,{
+Z(pst+p(k 1)st+ v,s,t rv,s,t
SESb
SRT SR,J 4.10
+ Z (pet + p(k D6t TToet ~Toor) — Z Py t+ Z Pvet ( )
6coy, 2li(®)=b 21j(@®=b
SRT | SR/l
= Phe + Plieype T Tobe + Z (i + Ple=1yae — Toar + o)

deDy
Vv EV,Vb € B, VtET

SRT SR SRT SRl
Z(pct+p(k 1)ct+ v,ct vct)+ Z(prt+p(k 1)rt+ v,r,t vrt

CECb rERb
SR,T SR
+ Z(pst+p(k 1),s,t +7 vst rv,s,t
< SRT SR, (4.11)
+ Z (PB ¢t p(k et T —Ter) T Z Pvet t z Dv,et
feoy 2]i()=b 21j(£)=b
= Z (p:l,t + p%l?:l),d,t vd t + rvs(l;tl vE v' Vb € B/Bm: vteT
d€Dy
(4.6)-(4.9) (4.12)

4.3.3 IDMs Supply-Demand Balancing
Constraints
In the case of IDMs, the power resulted from DAM settlement, up/down reserve capacities

resulted from SRM setftlement, and the power of previous IDMs are fixed in the supply-demand
constraints (4.13) and (4.14).

2 < D, SR, SR, (4.13)
p:,t+zpkct+pkct+rvct Tvct
CECb k=1
ID,* SR,T,x SR,,*
Z (prt+ § pkrt+pkrt+rvrt _Tvrt )

TERp

ID,* SRT* SR,
+Z<pst+zpkst+pkst Tost _rvst >

SES)

% ID,* SR 1% SR,,*
+ Z (pe,t+zpk6t+pk6t Mot ~Toor >_ Z Pt
k=1 {’li([):b

6eoy

+ Z Puet
¢1j()=b

I ID,* SR,*
_pb,t+zpkbt+pkbt bt

ID,* SRT* SR,,*
Z (Pdt"‘zpkat"‘Pkat oot tTThar ) )

d€eDy
Vv EV,Vb € B,,Vt > T
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E < D, SR1, SR,L (4.14)
p;,t+zpkct+pkct+ Toct _rv,c,;t'
CECH k=1
ID,* SR,T,* SR,
+ z (prt+ § pkrt+plchrt+ Dot ~Tort )

TERp
ID,* SR,T,* SR, L%
+Z<pst+zpkst+pkst+ st ~Tost )
SESb
« ID,* SR,T,% SR,,*
+ Z (pe,t+zpk6t+pk6t+ ot ~Tuort >_ Z Poet
6€op k=1 2i(D)=b
_ ID,* SRT* SR,*
+ Z pv.i’.t_z<pdt+zpkdt+pkdt Toct TThar >,
21j(@=b deDy,

veV,VbeB/B,, Vt=1

43.4 DAM Power Traded Consiraints

The DAM power traded to the main grid’s constraints are explained in this section. The
equations (4.15) and (4.16) limit the maximum and minimum power and reserve to be traded
in the market, respectively. The constraints (4.17)-(4.19) define the total power, the up reserve,
and the down reserve tfraded to the market according to the variables related to the main
buses of the network. Equations (4.20) and (4.21) set the maximum and minimum power tfraded
fo the market for the fransmission line or power transformer connected to the main buses of
the network, respectively.

pPA+TtSR,TSZPC+ZPM+ZP9+ZPS‘, VteT (4.15)

ceC TER 0e® SES
- (Z Py + Z Ps+> <pPr-rR wterT (4.16)
deD SES
pet = Z Poi, VEET (4.17)
bEBm,
SR,T _ SR,T
= Y Y, veeT (4.18)
bEB,
SR __ SR,{
o= Zr“ , VteT (4.19)
bEB,
Por + 1oy <P,  VbEB,VtET (4.20)
—Py <Ppr— 1yt  VDEB,VtET (4.21)

4.3.5 SRM Power Traded Constraints

The SRM constraints (4.22)-(4.27) are similar fo the DAM version. However, there are some
differences. First, the power that had already traded in the DAM is fixed in these constraints.
Second, the IDM1 power is added to these constraints, and its value is assigned by summation
on IDM1 power of all main grid buses in (4.24).
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pe™ 4 plooyy + 10 < Z P+ Z P+ Z Py + Z o, VteT (4.22)
cec TER 6€0 SES
_ (Z Py. + Z P;f) <pM +ploy Y, vterT (4.23)
deD SES
Pl = ) Plienpes  VEET (4.24)
bEBm,
Phi+ Plo—ipe + o <Py VDEB,VLET (4.25)
—P, <pp+Plb-iype —Tors  VYhEB,VEET (4.26)
(4.25)-(4.26) (4.27)

4.3.6 IDMs Power Traded Constraints

The IDMs power traded in each session is calculating according to (4.28)-(4.32). The DAM
power, the up and down reserve, and the power related to previous IDMs, which had already
been assigned in the previous markets, are fixed in these equations.

k-1
™ + Z Py + Pl + PR < Z P+ Z P, + Z Py + Z P-, Vkex,vt=>t (4.28)
k=1

cec TreER 0ed SES
k-1
- (Z Py + Z P;) < pP* + Z P Pl -, VkeK, VE=1 (4.29)
d€eD SES k=1
o= ) bl VkeX Vet (4.30)
DEB,
k—1
phe + Z Dy ¥ o + 1 <P, VKEXK,VbE B, VLET (4.31)
k=1
k—1
= * ID,* SR,
—P, <pp: + Z Prpe T pllcl.)b,t Tt Vb € B, Vt €T (4.32)
k=1

4.3.7 DC Power Flow Constraints

The equations for a DC, lossless power flow used for active power trading in DAM and SRM are
presented below. Note that, for IDMs parficipation, the time periods vary from vt € T to vt = 1.
The active power flow through line ¢ is represented in (4.33), whereas the bounds of active
power flow through line ¢ are imposed by (4.34). Finally, the voltage angle reference and angle
limits are set by (4.35) and (4.36), respectively.

Py,e, 1

;Bt = X_[(‘Sv,i(f),t — 81,‘]'({7)‘1;), Yv € V, Ve e L, VteT (433)
Py <Ppse <P, VVEVVLELVLET (4.34)
Syt =0, b:ref,VveV,VteT (4.35)

T < Oype < T, Vb € B\ b :ref., VvV EV,VtET (4.36)




POSYTYF Deliverable 5.1

44 Dispatchable Renewable Energy Sources

The first group of DVPP components discussed in this Section is the conventional, synchronous,
dispatchable RESs such as hydroelectric and biomass generation. These systems, specially the
hydro generation, have been present in market pools since the establishment of the electric
energy market. They are characterized by usually large power and energy capacifies,
relatively high ramp rates and low fuel costs, and long lifetime.

These features make large-scale D-RESs highly competitive in the energy markets as individual
offerors. However, their relevance to participate in such markets jointly with other assets is
apparent. On one hand, smaller-scale D-RESs can improve their competitiveness by joining
“efforts” among them, as well as with components of other nature such as ND-RESs and ESSs.
Moreover, large-scale D-RESs can largely increase the competitiveness and improve the
operation of stochastic ND-RESs if working jointly as a DVPP, in lieu of slightly worsening their
individual market position.

The equations that model a set of D-RESs belonging to a DVPP are listed below.

441 D-RES Constraints in the DAM

Constraints(4.37)-(4.38) define the commitment status of D-RES. Constraints (4.39)-(4.40) limit the
maximum and minimum production of each D-RES. In (4.41)-(4.42), the ramp-up/down rates of
each D-RES are restricted considering the worst cases of reserve activation. For example, the
worst case for the ramp-up constraint is when D-RES activates the down reserve in the last
minutes of (t — 1) period and the up reserve in the first minutes of t period, respectively. The
alias indices v’ (same as indices v) are used here to show all combinations for providing
up/down reserve in two sequential time periods. There are four possibilities, since when the
DVPP requests for up reserve, D-RES can provide the up or down reserve. In the opposite
condition, when DVPP requests for down reserve, D-RES can offer either up or down reserve.
Constraints (4.43)-(4.44) restrict the up/down reserve of D-RES considering the activation time
of reserve and SR ramp rate capabilities of D-RES. Besides, the binary variable uﬁ,‘},t does not
allow that a D-RES provides up and down reserve at the same fime. Constfraints(4.45)-(4.46)
illustrate the start-up and shut-down costs of D-RES as a linearized function.

Minimum up and down time of D-RESs are illustrated in (4.47)-(4.52) and adopted from [18]. The
parameters N°"=Min{ Z,(UT.-UP°) U%} and Nt =Min{7,(DT.-D0O%)(1-U°)} are the number of initial
periods during which D-RESs must be online/offline, respectively. Equation (4.47) defines the
initial status of D-RESs as defined by AR". Constraint (4.48) restricts the minimum up time during
all combination of the subsequent periods UT,. Constraint (4.49) defines the minimum up time
for the final periods UT, — 1. Constraints (4.50)-(4.52) are the minimum down time version of
(4.47)-(4.49). Constraints (4.53)-(4.54) impose that the start-up and shut-down costs of D-RES are
positive. Finally, constraint (4.55) shows the nature of binary variables.

Uee — U (r—1) = Vor —Vop  VCECVLET (4.37)

ver+ v <1, VcECVLET (4.38)

et +Tpnd <Patyy, VYU 21LVCECVLET (4.39)
SR,

Poucy S pee —Tcts VcECVLET (4.40)
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2 2]
(Pee +75%) = (Pee-n = Tmteery) < (Rette ooy + REVE AL, (4.41)
Vv=>1,Vv' >1,VcECVLtET
"
(Pece-n + 155 y) = (Pec = o) < (Rette + ROVE,)AL, (4.42)
Vv=>1Vv' >1,VcECVLtET

rond < TSRRSRUSR,, Vv > 1,VcECVLET (4.43)
rond STSRRSR(1—ufR,),  Vv=1,Vc€ECVLET (4.44)
C(} (uc’t - ucy(t_l)) S C(},t' VC E C, Vt E T (4.45)
Co(Uet—1) — Uer) < €24 VcECVtET (4.46)
g (4.47)
Y (-ug)=ovcec

t=1

t+UT~1
UT(Uer — Uee1)) < Z u.,, VceECVt=N"+1,.,T-UT.+1 (4.48)
t'=t

0< Z[umr = (uer —tuee-n)|], VYceECVt=T-UT,+2,...,T (4.49)
Ngff

z U, =0, VceC (4.50)
t=1

t+DT,—1

DT, (uci—1) — Uer) < Z (1-u,), VceCvt=NXM+1,..,T-DT.+1 (4.51)
0< Z[l — U, — (uc,(t—l) - uc‘t)], VceCVt=T-DT,+2,...,T (4.52)
0<ci, VcECVtET (4.53)
0<c¢d, VceCVteT (4.54)
Wk uee, vl e €{0,13, Vv>1VYcECVLtET (4.55)

442 D-RES Constraints in the SRM

The SRM constraints of D-RES are shown in equations (4.56)-(4.60). These constraints are similar
to the DAM version, but the power of DAM is fixed. On the other hand, the power related to
the IDM1 is added to the D-RES constraints when necessary.

Pie +roe + Plie1)ce S Pcley, Vv = 1,VCECVLET (4.56)

Poticy S Dip + Din=1)c R Vv21,VcECVLET (4.57)
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* SR,T * SR, D
(pc,t + pél?=1).c.t + rv',c,t) - (pc.(t—l) + p%l?=1),c,t - rv,c,(t—l)) = (Rcuc,(t—l) + Rgvcl',t)At: (4.58)
Vv=>1,Vv' >1,VcECVLtET

« ID
(pc (t-1) +p(k e t-1) T Ty C(t 1)) - (pc,t + Dk=1),ct — vct) (R Uee + R(C)v{(:),t)At' (4.59)
Vv=>1Vv' >1,VcECVLtET

(4.37) - (4.38), (4.43) — (4.55) (4.60)

4.4.3 D-RES Constraints in the IDM

The constraints of D-RES in the IDMs are depicted in (4.61)-(4.77). The DAM power, the up and
down reserve, and the power related to previous IDMs, which had already been assigned in
the previous markets, are fixed in these equations. Besides, in (4.63)-(4.65) the maximum value
between D-RES assigned reserve in the SRM when DVPP calls for up and down reserve is
selected to assure the worst cases. The minimum up and down time in (4.69)-(4.74) are
changed by considering each IDM session's beginning. Therefore, the parameters Nt =
Min{T — 7, (UT, - UP} )UR.} and  N¥=Min{T —7, (DT, - DP?)(1-UZ,)} are modified
accordingly.

Upr — Ue(p-1) = Var — VO,  VCECVELET (4.61)
ver+v2, <1, VceECVteT (4.62)
SRT* ID,*
pct+max(r(v Dot Twe 2)”) +Zpkct+pkct_Puct, Vk e K, VcECVt=>T (4.63)
Pouge <pic+ z p,I(DC*t + il . — max(r, i)Rll;ct' r(szlz;H vk e K,VcECVt=T (4.64)
ID, SR, (4.65)
p;,t+zpkct+pkct+max(r(v 1)ct' (v 2),ct

k-1

* ID,* ID SR,{,* SR, *

- (pc.(t—l) + Z Prie-1) T Pree-1) ~ max(r(v=1),c,(t—1)' r(v=2),c,(t—1))>
k=1

< (Raucr-1) + RIVE AL, VkEXK,VcECVE>T

< 1D ID SR,T SR,T (4 66)
Pe-1 T Z Pret-1) T Pree-1) T max(r(véi),c,(t—n' T(v:'z'),c,(t—n)
k=1

% ID,* SRl * SR,{,*
- (pc,t + Z Pree t pk ot — MAX\T(y-1) 000 Tw=2),c,t )

< (Reuer + Rgvgt)At, vk € K,VcECVt =T

Clluee —Uer-1) S Chery VKEX,VcECVE2T (4.67)
Co(e(t-1) — Ucr) < et Vk e X, VcECVt=T (4.68)
14N (4.69)

> (-ug)=0, vkexvcec
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t+UT.—1
UT,(ter — Uee1y) < Z u,, ,Vk € K,Vc €C,Vt =T+ Ngp,...,T —UT. +1 (4.70)
t'=t
T
0< Z[um' — (uer —ue-n)|, VeeCVE=T-UT. +2,...,T (4.71)
t'=t
t-1+NQf
Z u,, =0, Vk € X,Vc€eC (4.72)
t=1
t+DT.—1
DTC(uc,(t—l) - uC.t) < Z (1 - uc,t') , (473)
t=t
vk € K,VceC,Vt=1+N",...,T— DT, +1
T
0< 2[1 —ug, — (Uee-1) —Uer)|,  VkEX,VcECVE=T-DT.+2,..,T (4.74)
t'=t
0<Cieer VKEK,VCECVEZ2T (4.75)
0<cperr VKEX,VcECVE=T (4.76)
U, V20 Ve € {01}, VcECVt>T (4.77)

4.5 Nondispatchable Stochastic Renewable Energy
Sources

Although D-RESs show a large number of remarkable advantages, they nevertheless have
important disadvantages that prevent having a 100% D-RES scenario in practice. For instance,
large-scale hydroelectric power plants are currently exploited up to nearly the maximum
possible due to the orographic limitations that are intrinsic of this technology. Regarding
biomass generation, they have associated installation and operation costs that usually surpass
those of other solutions based on ND-RESs such as wind and solar generation.

Due to the reasons above, the penetration of ND-RESs has experienced a striking growth over
the past few decades. However, the stochastic nature of their sources (wind and sun) implies
ND-RESs being less reliable when having to ensure a certain amount of power injection over a
sufficiently long time period. This makes ND-RESs not suitable for participating in the energy
markets, as failing to comply with the contracted power in the DAM will lead to penalties from
the market operators. Therefore, ND-RESs usually include a control scheme that ensures the
generation of the maximum amount of active power possible according to the availability of
the renewable sources, in exchange of a given price of the energy that is generally lower than
that associated to market participants.

However, by integrating several ND-RESs and other flexible assets, the competitiveness of ND-
RESs in the energy markets and even in the ancillary service markets can be improved, so much
so that they could even become price makers, i.e., they can impact on the final price after
market clearance, thus maximizing even further their profit.

The model of the ND-DERs used in the model core discussed previously in this Chapter is
described below.
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As opposed to the D-DERs, which are based on synchronous machines, and thus, show ramping
limitations between time periods, ND-RESs are generally based on power inverters, and thus,
their response tfimes are much faster. Ramping limitations can therefore be neglected when
modeling ND-DERs for the purposes of this work. Moreover, start-up and shut-down can also be
considered to be zero. Therefore, the constraints that characterize the behavior of ND-RESs are
as follows.

Note that, despite the apparent simplicity of the ND-RES model considered, it hides a crucial
source of complexity, namely, the definifion of the value of the available renewable source,
P,.. asitis characterized by an uncertainty that is, in some cases, arduous to predict. Chapter
5 specifically deals with the characterization of such uncertainties, as well as those of price and
demand profiles.

4.5.1 ND-RES Constraints in the DAM

The ND-RES power and reserve provided in the DAM are constrained by equations (4.78)-(4.82).
Constraints (4.78)-(4.79) assign the maximum and minimum power provided by ND-RES,
respectively. The binary variable u,, ., assures the output power of ND-RESs to be zero when
they are off. Constraints (4.80)-(4.81) limit the up/down reserve that each ND-RES can provide
when the DVPP calls for up or down reserve. Constraint (4.82) shows the binary nature of w3k .,
which does not allow providing both up and down reserve at the same time.

SRT

Dre+Tory <Poitlyry, VYV=1LTreERVLET (4.78)
Pty < Pre— rvsﬁ'tl, Vv>1,VreRVtET (4.79)
Rl < TSRRSRWSR,  WYv 2 1,Vr€RVLET (4.80)
Rl < TSRRSR(1—uR,), Vv =21VreRVteT (4.81)
UproUpr , €01}, Vv =1, VreRVteT (4.82)

4.5.2 ND-RES Constraints in the SRM

The ND-RES power and reserve limitations in the SRM are similar fo the DAM, with some
differences. The power related to the DAM is fixed, and the IDM1 power is added to (4.83)-
(4.84).

Pre+1ont AP Retyre < Prillyre, VW2 1LVrERVLET (4.83)
Er,tuv,r,t S pr*,t - rv?f,‘tl + péE:l),r,t' Yv 2 1' Vr € :R' vVt € T (484)
(4.80) - (4.82) (4.85)

4.5.3 ND-RES Constraints in the IDMs

The ND-RES power produced in each session of the IDMs is limited in (5.3a)-(5.3b) according to
the DAM fixed power, the maximum amount of up or down reserve assigned in the SRM, and
the previous IDMs fixed power.
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k-1
* SR,T,% SR,T ID,* 5
Pre+ maX{T(u=1),c,p r(v:Z),c,t} + Z Pire T Pire < Pretlyre, VkEeK,VreERVt=>T (4.86)
k=1
k-1
* SR* SR*l D,

Pty < Pre — Max{r20) o o Toeyce) + Z Pire + Pire  VKEKVreRVE=T (4.87)

k=1

4.6 Flexible Demand

Another key component of DVPPs are the flexible loads or demands, which allow modifying
their active power consumption, either for regulation or market purposes, or both. Flexible
demands include (i) interruptible loads, whose consumption can be partially or totally reduced
in discrete intervals; (i) continuously regulated loads, such as an aggregation of
thermostatically confrolled loads; and (i) EV fleets. To achieve a relevant and efficient
demand flexibility is not a simple task [19]. First, the widespread installation of smart meters at
the demand side, as well as the real-fime communication of the energy price information are
essential. This also implies the existence of a fast, secure and efficient communication
infrastructure to coordinate all individual demands in order to properly construct load
aggregations.

The models that define the response of the different generating units (D-RES and ND-RES) of the
DVPP are, with the relevant exception of the STU (see Section 4.8), generally well-posed and
widely studied. However, modelling flexible demands who can vary their power consumption
according to a given strategy for market participation is still an open topic. This is due to the
absence of appropriate measures of benefits for consumers that provide such flexibility actions.
While technical constraints and economic costs of generating units are well-known by its
owners, few reliable tools have been formally provided to load owners to have full control over
what value they assign to this flexibility provision. In particular, DVPPs with flexible demands and
who offer prices to those demand owners for their flexibility provision have not been considered
in previous literature.

This Section presents and discusses the model proposed in this work that fills the gap above.
We propose a demand model with bi-level flexibility associated with different energy market
frading sessions [20]. In confrast to other studies, the demand owner maintains high level of
control over its own consumption by setting different profiles which the DVPP manager can
choose from in DAM at a cost. Moreover, the demand owner allows tolerances around the
chosen profile at IDM at no cost.

The set of equations that model the flexible demands considered in this WP is provided below.
Note that, at this stage, EVs are considered to have the grid-to-vehicle (G2V) technology, thus
they are only capable of modifying their speed of charge, and thus their aggregated active
power consumption. Therefore, their model is the same”” as that of other flexible demand
types. Later stages of the project will consider the possibility of including the vehicle-to-grid
(V2G) technology. In that case, EVs will be included in the category of energy storage systems,
as both charge and discharge stages of the EV batteries is enabled.

7 The main difference between EV fleets and other flexible demand types regards the
uncertainties of the charging behavior of the EVs
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4.6.1 Flexible Demands Constraints in the
DAM

Constraint (4.88) selects one of the predefined profiles of demands. Constraint (4.89) assures
that only one profile between several profiles of the load is selected. Constraints (4.90) and
(4.91) limit the up/down reserve by a specified amount of load selected by constraint (4.88).
The ramp-up and ramp-down limitations of load are restricted by (4.92) and (4.93). These
constraints define the worse condition of the ramp rate of the load when up and down reserve
be activated in two sequential periods. Constraints (4 94) and (4.95) bound the load capability
for providing the up/down reserve. Binary variable u3% , does not let both up and down reserve
at the same time. Constraint (4.96) confines the minimum energy that the demand should use.
This equation is written for the worse condition of providing reserve when the demand at all
periods provides the maximum up reserve. The auxiliary variable rdSl; 4 assigns the maximum

value of up reserve provided by demand between v =1 and v = 2 occording fo constraint
(4.97). Finally, constraint (4.98) defines the nature of binary variable uvdt

Par = Z Pupctiay VA EDVLET (4.88)
pEP

Z Ugp =1, VdED 14.89)

pEP

PSR o (fg 8) pae W ELVAEDVEET (4.90

Tt < (fgé) Pary, Yv=21,VdEDVtET (4.91)

(Pac +15me) — (Pace—1) —Tomte—n)) S ReAt, V0 =1,¥0' >1,Vvd €D, VLtET (4.92)

(Pae-n + Tomse-1) — (Par —Toat) S RqAt, Vv 21,V0' >1,VdED,VEtET (4.93)
< TSRRER(1-uSR,), VYv=>1,vdeDVvteT (4.94)

j}}g < TSRRSRUSR |, Vv >1,Vd €D, VtET (4.95)

E, < Z(pd,tAt —FSRSR wy>1,vdeD,VEET (4.96)
teT

ol <rert, Vv 21,YdEDVtET (4.97)

usk  €{0,1}, Vv>1,vVd ED,VtET (4.98)

4.6.2 Flexible Demands Constraints in the
SRM

The constraints of demand in the SRM are like DAM constraints with some differences. The DAM
power of demand is fixed at its optimal solution, and IDM1 power of demand is added to the
equations (4.99)-(4.103) to ensure the arbitrage strategy for DVPP.
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D SR, Py
p(k=1),d,t + r‘l],d,’f S 100 pd t VU 2 1, Vd E D, Vt E T (4.99)
ID SR,T Pas
Pl=1)d,t — Tode = (100> Patr Vvv>1VYdE€DVteET (4.100)
* ,l * ,T D
(Pd,r + pél?:l),d,t + rvs',i.t) - (pd,(t—l) + pél]<3=1),d,(t—1) - Tvs.l;,(t—l)) < RqAt, (4.101)
Vv >1,Vv' >1,Vd €D, VtET )
" SR,{ * SR,T
(pd,(t—l) + pél?:l),d,(t—l) + va,l}i,(t_l)) - (Pd,t + p{l]cjzl),d,t - Tv,g,t) < R4At, (4.102)
Vv >1,vv' > 1,vd € D,VteT
EdSZ(ptht-l_p(k 1)tht—FSR SRT), vd € D (4.103)
teT
(4.94) — (4.95), (4.97) — (4.98) (4.104)

4.6.3 Flexible Demands Constraints in IDMs

The constraints of the demand in the IDMs are shown in (4.105)-(4.109). The DAM power of
demand, the maximum reserve assigned in the SRM, and the power of demand in the previous
IDMs are fixed at their optimal values.

k-1 _
P
Z p,lfd*t + oo+ max{r(vR ll;dt, r(iRlZ;‘dt < <100> Pats Vk e K,Vd ED,Vt>1 (4.105)
k=1
k-1 p
p,I(Dd*t + pkd . max{rg,R Tl;‘dt, T(izRTz;dt < (I?)(t)) Dt vk e K,Yd €DVt >t (4.106)
k=1

* ID,* SR,
Pa: t Z Prsie + Dicae + max{r(v D Twes)drt )
k=

/N

(pd(t 1)+Zpkd(t 1)+pkd(t 1) (4.107)

SR,T,* SR,T,% D
- maX{r(v:l),d,(t—l)' T(v:l),d,(t—l)}> < R4At,

Vke KX, Vvd €D, Vt=>t

k—1
% ID,* ID SR,{,* SR, *
(Pa,(t—n + Z Prae-1) 1 Prae-1 t max{r(v=1),d,(t—1)’ r(sz),d,(t—l)})

k=1
D, SR SR (4.108)
—| pae + Z Picde + Picwr — Max{r,27) 4 0 Tty 4 | < RaAt,
vk € K,Vd E D,Vt=>T1
-1 k-1
* ID,* SR*T SR g
Eg < (pd,tAt + Z Diae At — FSR max{r(v:l).d o Tw=2),a.t )
t=1
T ID, SRT+ SR, (4.109)
+Z Da,At +Z(pkdt + D) At — FSRmaX{ w=D,a,¢ Tw=1),d,t

vk € KX,vd €D
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4.7 Energy Storage Systems

ESSs are a fundamental part of power systems, and as such, they have been around for over
a century. By far, the most widespread ESS technology is the PHES, with nearly 200 GW of total
capacity installed globally according to the Department of Energy (DoE) Global Energy
Storage Database. However, similarly fo conventional hydroelectric generation, PHESs have
already been exploited to nearly the maximum in developed counfries. This fact, together with
the outstanding development of power converters, have led in recent years to the study,
prototyping and installation of other energy storage technologies at a remarkably high pace.
Among such converter-interfaced storage technologies, the most popular is the
electrochemical BESSs. However, a broad variety of other technologies are also available, with
different levels of maturity [1]. These include fechnologies based on ultracapacitors, flywheels,
compressed-air, superconducting coils, flow batteries, thermal energy, and a large etcetera.

Although BESSs show a huge potential in improving the flexibility and reliability of power systems,
they nevertheless also show important economic and technical limitations. Therefore, and as
discussed in Section 2.1, BESSs are intentionally left out of the DVPP configuration. In the same
vein, other converter-interfaced solutions that are explicitly commissioned for improving the
competitiveness and reliability of ND-RESs are not considered in this work.

Consequently, in this WP, the only storage technologies that are considered are (i) already
existing showing a substantial share in the global power system portfolio (i.e., PHESs, STUs with
thermal storage), or (i) going to be installed for other purposes and that, as by-product, can
participate as a DVPP asset (i.e., V2G-EVs). Note that, at this stage of the project EVs are
considered to be based on the G2V technology, and thus, they are modelled as a type of
flexible demand. The possibility of considering V2G-EVs will be studied in subsequent Tasks.

Usually, large-scale ESSs (including PHES and BESS) do not “actively” participate in the different
market pools seeking maximum profit on their own. Instead, such ESSs are usually regulated
facilities operated by the system operator for the benefit of the market as a whole. In the
context of POSYTYF, this implies that a comparison of the economic viability between DVPP-
and BESS-based solutions should be performed from the system point of view, and not from the
“device"” perspective.

The equations that represent an ESS in the model core of the optimization algorithm are listed
below. Note that ESSs can typically vary their active power generation and consumption faster
than conventional generating units [21]. Thus, their ramping constrains are unbounded and not
included in the model.

4.7.1 ESS Constraints in the DAM

The ESS formulation in the DAM is presented in (4.110)-(4.131). The constraints (4.110)-(4.113) limit
the charging and discharging capability of ESS considering providing aFRR. Constraint (4.114)-
(4.117)define the aFRR ramp capability of ESSs. The output power of ESS is assigned by (4.118).
The final up/down aFRR provided in the SRM by the storage are calculated by (4.119) and
(4.120). The energy level of ESS is related to its power by (4.121). Constraint (4.122) defines the
self-discharge value of ESS. A specified amount of ESS’s energy is assigned only to provide up
and down reserve by (4.123)-(4.126). Constraint (4.123) limits this specified amount of energy
considering the maximum up reserve is called on for all periods. Constraint (4.124) assures the
worst case between states v = 1 and v = 2 when the up reserve is maximum. Constraints (4.125)
and (4.126) are down reserve cases of (4.123) and (4.124). The energy of ESS is limited by (4.127)
and (4.128) considering the value of energy assigned o provide the aFRR. The upper and lower
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limits for the last period are assigned by (4.128) at specific value to energy not be completely
depleted or to be full af the beginning of the next period. Constraint (4.129) assigns the possible
values for the ESS’s energy coefficient in the last period. The ESS degradation cost is defined in
(4.130). The nature of binary variables is defined in (4.131).

ph ot < Brug, Vw2 1VsESVLET (4.110)
Pruge <pd —ron W >1,VsESVLET (4.111)
Pt ot < B(1—ug,), Vv=1VSESVELET (4.112)
Pr(1—ug) <pse—roet,  Vv=1Vs€ESVLET (4.113)
Rt < TSRRSRUSRY, wu > 1,Vs€ES,VEET (4.114)
Rt < TSRRSR(1 — upy Vv >1,VsESVtET (4.115)
roRtt < TSRRSRYSRY Vo> 1,VsES VEET (4.116)
TRl < TSRRSR(1—wpRt),  ww>21,VseSVEteET (4.117)
Dst = Dst — Datr VSsES VtET (4.118)
rvsyfyf— vsft T+r,,s§t“, Vv>1,VsESVLET (4.119)
ot =Ry SR vp 2 1,VsES VEET (4.120)
PstAt
e = (1 —¥s)(es - 1))+pstnSAt— ey VsESVtET (4.121)
S
0<y,<100, Vse€S (4.122)
SR/, TAt
Z (FSR”—_> <o"(E,—E), Vs€S (4.123)
ter s
Rl <SR wu>1,vseSVEET (4.124)
> R ntan < oM E - ), vses (4.125)
teT
ot <SR Wu 2 1,VsESVEET (4.126)
E, +a§'RT(E —E) <ey < E,—0aM(E,—E,), VseSVE<T-1 (4.127)
SR,T - SR,{
a, (E + oSR(E, — Es)) < eger) < @ (Bs — oS (B, — E )) Vs€ES (4.128)
0<ag,<a;<1, VseS (4.129)
M, |C
d -
€= E—Z pseAt,  VSES (4.130)
S'ter

U, Upr usit €01}, Vv =1,VsESVLET (4.131)

v,S,t? US t
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4.7.2 ESS Constraints in the SRM

The constraints of ESS in the SRM are formulated in this section. The differences with the DAM
formulation are that the power of DAM is fixed, and the power of IDM1 is added in the
constraint (4.118).

Pse + Plk=1yst = Pst — Py VSESVLET (4.132)

(4.110) = (4.117), (4.119) = (4.131) (4.133)

4.7.3 ESS Constraints in the IDMs

The ESS equations (4.134)-(4.144) are written for each intra-day session period. The maximum
amount of aFRR provided in SRM is used in (4.134)-(4.137) to define the charging and
discharging capability of ESSs. The power produced by ESS is updated in (4.138) by considering
the power of ESS in the DAM and the IDMs. The energy values assigned for up and down aFRR
by variables aS* and ¢3*" are fixed in the IDMs in (4.140) and (4.141).

pie + max{rolny o Y < Brug,,  VseS,vExt (4.134)
Pfug, < ps, — max{r, SVR J{)Ts*t, (iR ;’)Ts*t VsES,Vt>1 (4.135)
ps; + max{rs 1)Ts*t,réR Z)Ts*t} <P (1-uy) VseSVt=t (4.136)
Pr(1—ug,) <ps:— max{r(vR 1)ls*t,rg,R 2)ls*t VSES, Vt=>1 (4.137)
pic+ Z Dire ¥ DM e =Dt — Dy VKEX, VSESVE>T (4.138)
- At
s = (1 —¥s)(ese—1)) + piend At — ps%, VseES,Vt=>1 (4.139)
N
Es+ 00" (Bs —Es) < ey, < Eg— o™ (s —E;), Vs€ESVI<t<T-1 (4.140)
SR, T,* SR, *
aS(E + o, (ES—ES))<eS(t T)<0(S(Es—as (E, E)) VsES (4.147)
0<a,<a;<1, VsES (4.142)
cd
%= Z PseAt,  VSES (4.143)
us, €{0,1}, VseESVt>1 (4.144)

4.8 Solar Thermal Units

STUs are synchronous generating plants that rely on a stochastic renewable source (solar
iradiation). Additionally, they usually include storage capability for as much as 8 hours af full
power capacity [22]. Moreover, conversion between thermal and electrical power that takes
place in the Power Block (PB) of the STU needs to be appropriately formulated. For these
reasons, STUs cannot be accurately represented by parametrizing any of the sets of constraints
above, and they require a specific set in the DVPP model proposed in this work, which is
formulated below [23].
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4.8.1 STU Constraints in the DAM

The STU formulation in the DAM is presented in (4.145)-(4.176). The STU can provide up/down
reserve by exploiting its thermal storage. Constraint (4.145) shows the bounds for power
generation of the solar field. Constraints (4.146)-(4.149) limit the charging and discharging
power of thermal storage by considering the provision of aFRR in the SRM. The maximum
capability of STU's thermal storage to provide up and down reserve are defined in (4.150)-
(4.153). The binary variables ui%'; and uf,,Re"J; do not allow both up and down reserve provision
at the same time. Thermal power and reserve delivered to the STU power block are given in
(4.154). The final up/down aFRR provided by the thermal storage are calculated by (4.155) and
(4.156). The maximum and the minimum output power of the turbine are defined in (4.157) and
(4.158). Constraints (4.159) and (4.160) define the commitment status of STUs. The electrical
power output of STU by considering the provision of the aFRR is confined in (4.161).

The relation between energy and power of thermal storage is calculated in (4.162). A specified
amount of thermal storage energy is assigned for the provision of up/down reserve by
considering the worst condition of reserve provision in (4.163)-(4.166). The thermal energy of
storage for the provision of power in the DAM is depicted in (4.167) and (4.168). Constraint
(4.169) assigns the possible values for the thermal storage’s energy coefficient in the last period.
The minimum up and down time constraints for STUs in (4.170)(4.175) are similar to those for D-
RES. The parameters N§”=min{7,(UT,-UF{)UJ} and Ny =Min{T,(DT,-D0)(1-Uj)} are changed
accordingly for STUs. The nature of binary variables is shown in (4.176).

0<psh <Py, VOEOVLET (4.145)
P+l < Pyuf,  Yv=1,V0EOQVLET (4.146)
Piud, <pd,—1ogr ", vOEOQVLET (4.147)
PSS By (1-uf), wesiveovieT (4.148
Po(1—ud,) <poe—Toe™™ ™", VOEOVLET (4.149)
TSRl < TSRRSRUSRT Vo> 1,0 €O VLET (4.150)
el Tt < TSRRSR(1-uSRY),  Yw>1,v0EOQVtET (4.151)
el Rt < TSRRSRUSRY vy >1,v0 €0 vtET (4.152)
el Rt < TSRRSR(1—uSRY),  vv>1,v0eOQVvteT (4.153)
Dot + Tope —Toge = Dot T Por T Tope  —Phe—Toge  — Kovg P§®, (4.154)
VVEV,VOEQVLET
ooy S Rl = SR L STUSRET vy > 1,v0 €Q,VtET (4.155)
TSRt = SR L SIUSREL vy > 1, v €0, vt ET (4.156)
pEE + 1y < PPPug,, Vv >1Y0€EQVLET (4.157)
PSBug, < phE —riei™, Y >1,V0€EQVLET (4.158)

Uge — Ug—1) = Vg — Vo  VOEOVLET (4.159)
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Vg +vg, <1, VOEOVLET (4.160)
SR,T SR,
PottToat —Toot
: PB PB,SR,T PB,SR,l PB _ pPB
N,(n=1) X 0 f0<pge+1,0r —Togr = Pom=1)=PFs
PB PB,SR,T PBSRI\ :¢ pPB PB PB,SR,T PB,SR, PB
Nom=2)(Pbr +Tooe ~Tope ) If Poine) S Dot +Toge —Toor < Poin=z) (4.161)
PB PB,SR, PBSR!\ :¢ pPB PB PB,SR,T PB,SR, PB ’
’79.(n=3)(p0,t t7her T Toer if Potn=2) S Pot T Topr  —Topr = Pom=3) (-
PB PBSRT _ _PBSR!) .c pPB PB PBSRT _  PBSRI PB
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4.8.2 STU Constraints in the SRM

The electrical output power of STU in the SRM is updated by considering the STU power change
in the IDM1 according to (4.177). Other constraints are like the DAM.

Pet+P(k et T vsgl Tvsgzlc
No,(m=1) X 0 if 0<pEE+mpe s —Tope s S Pitneny )
Non=2)(Pos + o —Tuge ) if Poo (n n<poe+ PB,}SRT Toor < Potne)
= {Mo,(n= 3)(p9t PgtSRT_rxfeB,'tSR'l if P (n 2) —pet PeBtSRT rfeBtSRl <P9(n 3) (4.177)
T+ EEN < B i Ly 2 2N <l |
No.n=s)(Pos +Tugr " —Tuor ) if Plus) < Dot +rferRT Tobi " < Pgnes)

VvEeEV,VO EOB,VLET

(4.145) - (4.160), (4.162) — (4.176) (4.178)

4.8.3 STU Constraints in the IDMs

The STU constraints in the IDMs are defined in (4.179)(4.200). The time span for each session of
IDM is considered in the formulation. Besides, the output power of STU is updated based on the
DAM output power of STU, the maximum reserve provision in the SRM, and the power change
in the previous IDM sessions in (4.189). The minimum up and down fime in (4.194)-(4.199) are
changed by considering each IDM session's beginning. Therefore, the parameters
Ny =min{ T-7,(UTy-UFl,)Us o} and Ny =min{ 7-7,(DT,-DOY ) (1-U},)} are modified accordingly.
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484 SOS-2 Formulation for Piece-Wise
Linear Functions

The Special Ordered Set of type 2 (SOS-2) constraints (4.201)-(4.206) are written to model the
piece-wise function (4.161) in alinear form [24].

ph: = Z P®xp1n, VOEO,VLET (4.201)
nenN

z Xgen = 1, VOeO,VteT (4.202)

neN
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5 Parameter Characterization

5.1 DVPP Model Parameters

A crucial aspect of any model that represents a real-life system is the proper characterization
of the parameters that define such a system. It is evident that, for the same set of equations
that compose a model, using different parameters will lead to different results of the system
behavior. Moreover, some models naturally show high sensitivities to parameter variations,
meaning that relatively small differences in system parameters can lead to substantially large
differences in system dynamic behavior in case of dynamic system models, or optimal values
of the objective function and variables of an optimization system model.

In the context of the model that is developed in this WP, the task of properly characterizing the
model parameters is remarkably challenging, mainly due to (i) the large number of parameters
that need to be defined, and (i) the highly uncertain nature of some of such parameters.

Table 5-1 collects an assortment of the parameters of the DVPP model that need to be defined.
They are characterized based on their deterministic (fixed) or uncertain nature. Note that the
list of parameters provided below is but a preliminary selection based on the stage of
development of the model at the time of writing this report. It is expected that such a list will
be, on one hand, extended with other parameters arising from the inclusion of new
functionalities to the model core, and on the other hand, reduced by removing the
dependency of the model on parameters whose impact in the solution of the algorithm is
found to be negligible based on simulation results.

From the parameters listed in Table 5-1, those related to the D-RESs and the network are usually
well-known and relatively easy to characterize. Similarly, for mature ESS technologies such as
the PHES and the BESS, their models can be easily parametrized.

Demand technical parameters are, for the most part, deterministic and well-known. However,
demand parameters that depend on the behavior of the consumers, e.g., the consumption
profile of the component of the load that is not flexible, and the charging profile of G2V-EVs,
include alevel of uncertainty that, in principle, is difficult to predict. Although such uncertainties
are not considered in the model core presented in this document, their proper characterization
will be required for futures stages of the model development.

The stochasticity and uncertainty of the renewable source profiles such as wind speed and sun
irradiation are the main drawbacks of ND-RESs that limit their competitiveness compared to D-
RESs. Despite being a field of research for several decades, prediction of weather conditions
and, thus, of renewable source profiles is still a remarkably challenging task. Although today’s
predictions show relatively high accuracy, uncertainties are sfillinherent, especially as the time
horizon extends. Therefore, a proper characterization of the uncertainties related to the
available power production of ND-RESs is crucial for the work conducted in this WP.

The last source of uncertainties that is relevant for the model presented in this document
regards the different markets in which the DVPP can participate. In auction-based electricity
markets, where producers and consumers submit offers and bids, respectively, the final price is
only known after the market clearance. As a consequence, at the time of submitting the
offers/bids, the producers/consumers need to predict the final price in order to be able to
submit an optimal offer/bid that maximizes/minimizes their respective revenues/costs.
Therefore, market price characterization is also essential for the purposes of the model
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developed. The model presented in Chapter 4 considers uncertainties of the DAM, the IDM
and the SRM. Additional functionalities of such a model will consider the participation of the
DVPP in other ASMs, and thus their respective prices will also be properly characterized.

Table 5-1 Parameters of the DVPP optimization algorithm

Device/Tool | Parameter | Nature
Shut-down cost Deterministic
Start-up cost Deterministic
Variable production cost Deterministic
Minimum power production Detferministic
D-RES Maximum power production Deterministic
Down ramping limit Deterministic
Up ramping limit Deterministic
Shut-down ramping limit Deterministic
Start-up ramping limit Deterministic
Minimum energy consumption throughout the .
olanning horizgrz/ P g Deterministic
Lower bound of the power consumption Deterministic
Upper bound of the power consumption Deterministic
Demand S o
Down ramping limit Deterministic
Up ramping limit Deterministic
Non-regulated load profile Uncertain
EV charging profile Uncertain
ND-RES Available production level Uncertain
Lower bound of the energy stored Deterministic
Upper bound of the energy stored Deterministic
Charging capacity Deterministic
ESS Discharging capacity Deterministic
Charging efficiency Deterministic
Discharging efficiency Deterministic
Self-discharge coefficient Deterministic
Degradation coefficient Deterministic
DAM energy price Uncertain
IDM energy price Uncertain
Market ASM energy price Uncertain
Time horizon Deterministic
Time periods Deterministic
Line susceptance Deterministic
Line capacity Deterministic
Network Line reactance Deterministic
ngimum power that can be traded with the main Deterministic
grid at connection buses
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5.2 Modelling Uncertainties

The DVPP model presented in this document includes a set of parameters that are
characterized by uncertainties that need to be considered in the model as identified in Table
5-1, namely:

i Available production level of the ND-RESs
ii. Energy prices of the DAM

iii. Energy prices of the IDM

iv. Load consumption

V. EV charging profile

The inclusion of uncertainties in optimization algorithms has been an intense research topic for
some decades, and as a consequence, a rich literature can be found with different
approaches to deal with parameter uncertainty.

In this WP, the so-called “Robust Optimization (RO)” will be implemented [25], [26], [27], [28]. In
the RO, uncertain parameters are characterized by a *main”, most probable value, which can
vary within an interval delimited by some, usually symmetric, upper and lower confidence
bounds. For instance, the available power production of the ND-RES r at a fime period t, i.e.,

P, .. will be defined by a main or nominal value, ?’r,t, and confidence bounds P, ;, as follows:
Pr,te[Pr,t_pr,tipr,t+Pr,t]' VTE:R,VIIET (5.])
P,>0, VreERVtET (5.2)

Similar expressions can be obtained for the DAM and IDM prices, namely 24 and AP,
respectively. More details about the RO can be found in Appendix B.

Therefore, assuming that one infends to obtain the optimal schedule of a DVPP participating
in the DAM and that includes a wind power plant, it will be required that the wind speed profile
is predicted for the next day, i.e., for a time horizon of 24 hours, in 24 intervals of 1 hour each.
For each of such 24 intervals it is required to define the nominal wind speed value, i.e., the
predicted value of the wind at each period, and the confidence bounds, i.e., the maximum
absolute variation of such nominal value expected. This is graphically illustrated in Figure 5-1.

Note that all parameters characterized by uncertainty discussed so far show also a
dependency on the time period t € 7.8 This implies that, to feed the optimization algorithm
described in this document, it is required to provide the fime series of the predicted nominal
values and confidence bounds for each time period. Moreover, if the DVPP participates in the
IDM and/or ASM, updates of the predictions of the uncertain profiles need to be also
generated and fed into the algorithm prior to the intfra-day time periods of such markets.

8 Notfe also that most of the deterministic parameters shown in Table 5-1 are also fixed in time,
i.e., they are equal for all time periods.
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Figure 5-1 Graphical representation of the predicted nominal value and confidence
bounds of the wind speed at a generic location.

For the sake of example, let assume that a DVPP with a wind power plant participates in the
DAM and in the IDM. The DAM comprises one time horizon of 24 hours, divided into 24 segments
of one hour each. Let also assume that the IDM comprises four fime horizons in a single day,
and distributed as illustrated in Figure 5-2. The DAM clears at noon the day before the market
schedule realization. The IDM clears one hour before each of the starfing time of the four
market windows in Figure 5-2.

IDM #]

IDM #2 - |
IDM #3 - |
IDM #4 - I

0 2 4 6 8 10 12 14 16 18 20 22
Time [h]

Figure 5-2 Illustrative example of daily IDMs sequence.

In the example above, the prediction of the DAM prices (24 nominal values and 24 confidence
bounds, assuming a symmetric feasible region) needs to be calculated in a daily basis and fed
into the optimization algorithm before the DAM market clearance, i.e., before noon the day
before the schedule realization.

On the other hand, the prediction of the IDM prices needs to be calculated before the
clearance of each of the four market windows, based on the updates of the ND-RES uncertain
profiles that need also to be forecasted prior such clearances. For each of the IDM windows,
only the forward periods until the end of the current day are required. For instance, in the
example above, predictions for the next 24 periods need to be provided for the first IDM
window (IDM #1), whereas for IDM #2, #3 and #4, only the next 18, 12 and 6 periods need to
be forecasted, respectively. Note also that, in this example, offers/bids for the DAM for the next
day are also submitted before the first period of the IDM #3, not necessarily simultaneously.
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Other requirements for parametrizing the DVPP model discussed in this document are listed

below.

1.

The robustness and performance of the optimization algorithm developed in this task
will be exhaustively analyzed in futures stages of the project. With this aim, a broad set
of scenarios is required, not only in the sense of different DVPP configurations and
applications, but also in the sense of weather conditions and market price variatfions. In
this regard, predictions and realizations of the different uncertain profiles discussed in
this Section need to be available for different scenarios such as:

a. low and high variability of prices and ND-RES profiles,
b. before and during the first confinement due to the COVID-19 outbreak,
c. low and high expected estimation errors of the predictions, and

d. ND-RESs installed within the same geographical region, and from different,
geographically distributed regions.

The RO requires that the uncertain parameters of the algorithm are uncorrelated, i.e.,
variability of each parameter is independent from the others. In this regard, historical
data of prices, ND-RES generation and demand consumptions is used o determine the
correlation among profiles. Such dependence is defined through the correlation
coefficient, p, . Which takes values within the interval p,, € (—1,1) such that the two
parameters a and b show perfect linear correlation if p,;, = 1 (increasing) or p,, = —1
(decreasing), and no correlation if p, , = 0.

For instance, qualitatively, it can be assumed that the prices of the DAM and IDM are
highly correlated, i.e., |pADA’AID| < 1, i.e., IDM prices, generally, do not differ substantially

from DAM prices. Similarly, the correlation between market prices and the available
generation of ND-RESs of relatively small capacity can be assumed fo be negligible,
i.e. [psoa p | 2 0, i.e., variations in the generation of a small ND-RES plant do not have a

visible impact on the market prices. However, there are several of other correlations
that cannot be known a priori. Moreover, all correlations need to be determined
quantitatively. With this information, it would be possible to reformulate the model such
that the correlations between uncertain parameters are removed.

The resolution of the data is also a crucial factor in the formulation of the opfimization
algorithm and the model. The optimal DVPP schedule for the DAM is usually calculated
considering a set T of 24 periods t of 1 hour of duratfion. However, this is not the case
for the IDMs and ASMs, which can consider time periods of 15 minutes and even shorter.
To help ensure an opfimal solution of the algorithm for the DVPP schedule, the
predictions of the uncertain data should have a resolution of, at least, the smallest fime
period of the problem to be solved.

To duly analyze the practicality and viability of the DVPP solutions, they will be
comprehensively compared with solutions based on electrochemical BESSs. To this aim,
accurate data pertaining to BESSs are essential. Such data comprises technical
parameters (power and energy capacities, efficiencies, self-discharge coefficients,
etc.) and economic parameters (capital and variable costs, incentives, Levelized Cost
of Storage, etc.).
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5.3 Prices

The time horizon and the associated resolutions for the different markets have to be considered
when forecasting prices associated with these different markets. While the DAM uses an hourly
resolution, shorter time spans are utilized especially in the ASMs. Considering for instance the
Spanish case, which is the one considered in the illustrative examples and preliminary results
presented in Chapter O, a historical dataset is provided by the market operator in Spain (OMIE)
and the TSO, REE, through its information system (e-sios)?.

In order to obtain the prices used for the examplesin Chapter 0, descriptive analysis was initially
carried out. Subsequently, simple tools for making inferences for future outcomes were then
utilized for generating price forecasts. For instance, for the 10 of March, 2014 which is a clear
day, historical time series data for similar days in the past were obtained. Also, prices for all days
leading up to that particular date were acquired. Analyzing these sets of data gave the
average value (mean), the spread (standard deviation) and also the correlation of the prices
with respect to the time of day. Thereafter, using regression, the forecasted price of the exact
day (10/03/2014) was obtained with some level of confidence. The same idea was utilized for
generating price forecasts for other illustrative examples. Figure Figure 5-3 shows the DAM
marginal price time series data for Jan 2010 — Dec 2013 acquired from e-sios price analysis
webpage. Time series for infraday market price indicators were also obtained from the website
and analyzed appropriately.

FROM 01-01-2010 AT 00:00 TO 31-12-2013 AT 23:50 GROUPED BY HOUR

€/MWh

160.00

140.00

120.00

100.00

80.00

60.00

408.00

20.00

Jan 2010 Jul 2010 Jan 2011 Jul 2011 Jan 2012 Jul 2012 Jan 2013 Jul 2013

Figure 5-3 Time series data for DAM marginal prices

? https://www.esios.ree.es/en/analysis/
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5.4 Renewable Generation

Inclusion of renewable energy systems in DVPPs is not frivial due to their intermittency which
generally pose operation challenges. Forecasts are generally not equal to real-fime
observations, and DVPP management activities will include giving frade offers well before
power delivery. In a DAM scenario for example, this will be about 12 hours before the first period
of energy delivery and 36 hours before the final energy delivery. Thus, management of the
discrepancies between forecasts and real-time realization is also an important aspect of the
DVPP manager's duties. In this WP, wind and solar power are the two primary renewable
generation sources considered.

Some clarifications should be made on these renewable generafion units in ferms of
differences in forecasts. For daily solar irradiation (which solar power depends on), they
generally span about half of the day (more in summer periods, less in winter periods), and thus
their forecasts also follow that trend. This is in contrast to that of wind profile forecasts which
span the 24 hours of a 24-hour resolution day. Thus, methodologies and/or considerations for
the forecasts need to be chosen appropriately.

With respect to solar power plants, project partner CIEMAT is working on using time-windowed
solar radiation profiles for assessing the uncertainty of solar generation forecasts. In modelling
output forecasts for solar generation, reliance is generally made on real-time weather forecasts
of the direct normal irradiance (DNI) of the solar plant’s location. Additionally, the forecasts
need to be made in synchronization with other factors. The most important being the periods
when production offers are made in the energy markets because simulation on solar irradiation
is time-sensitive. The forecasting hours selected were thus made to coincide with the offer
submission periods of the energy markets the DVPP is expected to parficipate. Let us analyze
how forecast for the submission of DAM bids is done.

Considering that the DAM closes at 12:00 the day (D) before energy delivery, thus, forecasting
hour would be D-13 (11:00) i.e., 13 hours before the first delivery of the offered energy. This
chosen period gives ample fime for submission of bids and also make the period close enough
for a high level of confidence on the forecasts. After the appropriate time is chosen, a number
(n) of solar radiation profiles are generated from DNI data. The generation of the DNI data is
made with carefully selected lower and upper bounds and correction factors for the
geographical location under consideration. These DNI profiles are then utilized as input to the
solar plant simulation model to obtain n electricity production results. The output from the
simulation is compared with the reference/actual production of the plant. The process is then
repeated a sufficiently high number of times to make probability distributions and thereby
characterize the uncertainty values for each forecasting hour and days that are analyzed.

Validation of the power plant model was made by comparing the simulated values with real
DNI profiles and production data of a commercial solar thermal plant in Spain. Figure 5-4 gives
the histogram of 1,000 simulations carried out per forecasting horizon, and the associated
probability density functions (PDFs) of the net electric power generated. The forecasting
horizons correspond to DAM (FH -13), IDM1(FH 1), IDM5 (FH 8) and IDMé (FH 12). With this
histogram, any final submitted offer/bid has an associated level of confidence associated with
if.

Figure 5-5 gives the net electricity power output for two clear, sunny days and a partly cloudy
day.
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Figure 5-4 Histograms of net daily electricity production and corresponding PDFs for
24th March, 2018, using different forecasting horizons (FH).

With respect to characterizing uncertainty in wind power output, there are two approaches
which are hybridized for more accurate realizations, namely physical and statistical
approaches [29], [30]. The physical approach focuses on wind flow and the wind plant power
curve for estimation of the power outfput. This method utilizes the wind farm and terrain
characteristics, numerical weather prediction, and SCADA data as inputs fo obtain the wind
furbine power curve and finally the wind generation forecast. This approach has high level
accuracy for long term horizons including DAM and also bilateral markets.

The statistical approach, on the other hand, employs historical data and meteorological
predictions to estimate new generation output. Meteorological variables such as wind speed,
wind direction and temperature are the main inputs in this method while the outfput is a
statistical model (e.g., probability density function) that gives the wind generation forecast. The
statistical approach is especially accurate for infra-day energy market updates as well as for
short term ancillary service markets horizon. Losses associated to both of these approaches are
wake (dependent on wind direction), environmental losses are also factored info the models
for more accurate forecasts.

A hybrid of these two approaches can also be made to achieve their accuracy benefits for
better wind generation forecasts within specified confidence levels.

With respect to the wind uncertainties considered in this WP, historical data of actual
measurements from different wind farms in Spain were prepared and provided by project
partner Iberdrola. Such data was then processed in order to obtain the most likely value and
its confidence bounds for each time period of each market horizon.
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Figure 5-5 Net electric power generated by a commercial STU plant and obtained from
the simulation model, including measured DNI, for three representative days: (a) 24t
March 2018, (b) 8t July 2018 and (c) 9t December 2018.

63



POSYTYF Deliverable 5.1

5.5 Demand

Another source of uncertainty in DVPP operation is demand. Appropriate characterization of
the associated demand uncertainty is especially required with the generation components of
the DVPP which are subject to inherent uncertainties themselves. Several demand
management frameworks have been infroduced to cater for demand uncertainty [31], [32].
However, many of these studies in one way or the ofther affect consumer’'s comfortability. In
this WP, we propose another way to consider demand inclusion in DVPP participating in energy
and/or power markets. This method involves bi-level flexibility associated with the different
energy markets, DAM and IDM to take care of inherent demand uncertainty (see Section 4.6).

We consider particularly large (industrial, airport) or aggregated loads (residential) with enough
volume to provide flexibility for the stochastic generation sources in the DVPP. The choices of
these loads are made weighing their inclusion in an actual future DVPP. Each of these loads
has a default profile that represent their normal activities. For example, normal load profile of
an industry might be a daily morning to evening shift (8am-épm) with a fairly constant
consumption of x MWh. At other periods (7pm-7am), hourly consumption might stand at y MWh
per hour with y < x. In our framework, the DVPP manager invites the industrial demand fo
present other profiles that mirror other operation activities. E.g., splitting the 10 hours constant
profile info 5 hours (8am-12pm) peak and 5 hours (1pm-6pm) valley and vice versa. For the
different profiles, the total daily consumption is expected to be kept equal.

The same idea can be extended to other demand types such as an airport and aggregated
residential demands. In these two cases however, dramatic alterations of the default activities
are not expected. For instance, in an airport, flights generally take off in the early and late
hours. Thus, it is expected that load profile shifts e.g., peak shifting does not very greatly. The
same reasoning can be applied to residential demands. Studies have been done fo
characterize the evolution of consumption activity in airports and also for aggregated
demands. The profiles utilized in the illustrative examples presented in Chapter 0 were obtained
in [33] for airport load and [34] for residential demands. The selection of an optimal profile
based on the forecasted energy market prices is the first stage of solving uncertainty.

Finally, for the second level, it is expected that each demand, at the point of presenting the
profiles, gives a tolerance value over its nominal consumption. This, on one hand, helps to cater
for demand operational nuances. On the other hand, it also could be a source of flexibility for
the generation units in the DVPP if they fall short of their scheduled production offers.
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6 lllustrative Examples and Preliminary Results

6.1 DVPP Participation in Energy Markets

In this Section, a set of illustrative examples are discussed which serve to test and validate the
RES-based DVPP model presented in this document [23]. The study considers the network-
constrained unit commitment model of the DVPP to submit DAM auctions and consequently
participates in IDM to correct for deviations. Finally, the DVPP operation on different weather
conditions of uncertainty is assessed.

6.1.1 Description of the Case Study

The DVPP are distributed across a 12-node network connected to a main grid through a Point
of Common Coupling (PCC) as shown in Figure 6-1. The network is a representation of a typical
area in Southern-Europe, that was proposed in Deliverable D1.1.

B2

L10 @_ ——

AC network

—
2

Figure 6-1 Scheme of the Southern-Europe 12-node network

The capacities of D-RES, namely hydro (bus 6) and biomass (bus ?), are 111 and 5 MW
respectively. The ND-RESs (wind-farm at bus 4 and a solar PV at bus 8), and the STU (bus 1)
power block have rated capacities of 50 MW each. The thermal storage capacity of the STU is
1100 MWh (thermal). Note that thermal storage can only be charged from the solar field and
not from the main grid. The demands considered are industrial, airport and residential loads
(buses 3, 9 and 12, respectively) with minimum daily consumption of 800, 580, and 600 MWh
respectively. Three profiles are associated with each demand and total consumption for each
profile is the same.
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6.1.2 Input Parameters

The DVPP participates in DAM and then in IDM of the Spanish market, described in Section

2.2.2, to adjust its offers based on ND-RES updates, unplanned shutdowns and/or network
contingencies.

A time horizon of 24 hours with an hourly timescale is utilized during DAM, while a subset of the
24 hours is used for each IDM session (see Figure 2-3). The DVPP has the possibility to supply its
internal demand, partially or entirely, by buying energy from the main grid at the PCC if
needed. In our case, the maximum value of energy that the DVPP can buy is 110 MWh.

Furthermore, we make computations for different seasons and days based on historical data
of actual and forecast profiles. Figure 6-2 shows estimated wind power output and irradiation

levels in Southern Spain for a clear, sunny day in March 2014 and a day with cloud covers in
March 2018.

For demands, we show the three loads in Figure 6-3, namely industrial, airport, and residential,

with three different available profiles provided by the demand owner as follows: basecase,
early peak, and late peak.
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Figure 6-2 Forecasts for STU, WPP and PV generation on a clear day and a cloudy day.
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Figure 6-3 Industrial, airport and residential demand profiles.
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While fictitious, the base profile replicates default activities of airport and residential electricity
consumers while other profiles are designed to perform peak shiffing around it. During IDM, the
demand owner allows a 10% tolerance for demand movement over the selected profile at
DAM. In Figure 6-4, representative prices for DAM and all IDM sessions for both clear and cloudy
days are presented.
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Figure 6-4 DAM and IDM prices on a (a) clear day, (b) cloudy day
6.1.3 Results

To test the effectiveness of our model, we identify two operation strategies:
e Base case where generation or consumption units act individually (No Coordination).
e Coordinated DVPP operation as proposed in this document.

First, we outline the benefits of the DVPP strategic behaviour over the No Coordination case for
the DAM and the first IDM session with a default load profile in both cases.

Profit comparison between the days and the strategies is shown in Figure 6-5. For the clear day,
there is a 5% and a 28% increase in the profits during DAM and IDM, respectively, when the
DVPP model is compared to the case without coordination. However, these profits are more
significant during the cloudy day where the DVPP outperforms the base case with 20% and
99% during DAM and IDM, respectively.

Hl No Coordination s DVPP

Profit [k€]

Clear DAM Clear IDM Cloudy DAM Cloudy IDM

Figure 6-5 DVPP benefits with different market participation strategies.

To fully comprehend the effectiveness of the proposed DVPP model, we analyse the following
scenarios in detail: firstly, a clear day with high wind power plant output, high iradiance level,
and secondly, a day with infermittent cloud covers in the afternoon and low wind power
output. Each of these two broad categorisations will be further examined under (a) Base case
with default load profile (b) DVPP with default load profile and (c) DVPP with three load profiles
at zero cost. Finally, we conduct an analysis to ascertain the behaviour of non-zero cost
demand profiles on a clear day.
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6.1.3.1 Traded Power and Output of DVPP Assets on a Clear Day

Figure 6-6 shows traded power on a clear day during DAM and all IDM sessions and Figure 6-7
depicts the expected behaviour of the different assets at DAM. The effect of coordination is
evident from the smoothing of the traded power curve from period 10h-16h of the DVPP
compared with the base case. The differences arise largely due to proper synchronization of
the STU with its storage and the biomass plant response to the market price. The low volume of
energy fraded in period 8h-9h coincide with very high demand and relatively low generation
in the three cases.

Moreover, in terms of benefits to the DVPP, case (c) with three load profiles at zero cost has the
highest profit because it leverages differences in the load shape and chooses the best profile
fo suit its objective. The residential late peak profile was selected in this instance while the early
peak profiles were chosen for both the industrial and airport demand.

For IDM participation, after updates to prices and output forecasts of ND-RES, the DVPP
manager (or owner of each asset in case of No Coordination) makes adjustments to DAM
auctions and in most cases, prioritizes the ND-RES over the D-RES units. Additionally, most
updates are made in the earlier IDM sessions as evidenced in Figure 6-6 where there are no
changes in offers made in IDM5 through IDM7.

(a) (b)

Energy [MWh]
n
S

Time [h] Time [h]

— EDAM ----- EIDM] - EIDMZ — EIDM3 — EIDM4 ----- EIDMS -—— EIDM6 — EIDM7

Figure 6-6 Traded power on a clear day at DAM and IDM for three cases: (a) No
Coordination, (b) DVPP with default load profile, (c) DVPP with three load profiles.
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Figure 6-7 Output of assets at DAM on a clear day for three cases: (a) No Coordination,
(b) DVPP with default load profile, (c) DVPP with three load profiles.

6.1.3.2 Traded Power and Output of DVPP Assets on a Cloudy Day

The DVPP behaves differently on a day with infermittent cloud covers in the afternoon. There
are more activities during IDM as the forecasts of ND-RES are in flux as shown in Figure 6-2. These
uncertainties, however, are taken care of by the model as observed in Figure 6-8(b) and Figure
6-8(c) where IDM bids reflect their expected behaviour. With respect to demand, the early
peak profiles were selected for both industrial and airport demands whereas the base case
was refained for the residential demand.

The comparative advantage of the DVPP over base case was the operation of the STU atf the
early hours. The STU charged the thermal storage instead of delivering energy from solar field
fo PB at lower efficiency, and thereafter delivered it at high PB efficiency while also capturing
the high prices towards the end of the day as shown in Figure 6-9(b) and Figure 6-9(c). Thisis in
contrast to STU model with average efficiency value where there is no incentive for choosing
the operation region. Additionally, in ferms of benefits to the DVPP, STU model with linear piece-
wise formulation of efficiency gave a 1% increase over using an average value.
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Figure 6-8 Traded power on a cloudy day at DAM and IDM for three cases: (a) No
Coordination, (b) DVPP with default load profile, (c) DVPP with three load profiles.
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Figure 6-9 Output of assets at DAM on a cloudy day for three cases: (a) No Coordination,
(b) DVPP with default load profile, (c) DVPP with three load profiles.
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6.2 A Deeper Look into Demand Response in a DVPP

Section 6.1 above serves to illustrate the behaviour of the overall DVPP and its assets
participating in DAM and IDM energy markets. This section complements the results discussed
previously, and presents preliminary results that serve to test and validate the bi-level demand
flexibility model in a DVPP participating in energy markets, that was formulated in Section 4.6
[20]. The same 12-node Southern-Europe network described in Section 6.1.1 is considered for
the case study, and the energy market structure followed is the Spanish one.

Figure 6-3 above shows the three profiles considered for each of the loads. The basecase
profile simulates default actfivities of electricity consumer, i.e., the consumption profile that
would be followed by the demand if no market participation is considered. The other two
profiles (early and late peaks) are designed to perform load shifting around the basecase.
Other profiles can also be easily added to capture other modes of demand interaction with
the market. During IDM, the demand owner allows a percentage of tolerance for demand
movement over the selected profile at DAM. In this case study, symmetric tolerances from 10
to 50% over the total demand are considered. Note that the highest tolerance values
considered serve only as an illustrative study, as likely no demand owner would allow such
variations in a short notfice (sometfimes as short as 1 hour).

6.2.1 Resulis

To test the effectiveness of the proposed model, the two operation days considered in Section
6.1.2 are considered, namely a clear sunny day and a day with infermittent cloud covers.

Two aspects are thoroughly discussed for each day, as follows: (i) optimal price to be offered
by the DVPP to the demand owners and (ii) effect of the flexibility provided by demand on the
profits accrued and operation of the DVPP.

6.2.1.1 Optimal Price Offered by DVPP to Demand Owners

First, we provide a solution to the benefits for demand owners and show that there is a
maximum daily total (C,4,) and a price per MWh that the DVPP is prepared to pay demand
owners such that it is still profitable. The default load profile has zero cost because the demand
owner follows it regardless of other events. The DVPP manager then decides what price to pay
demand owners for other profiles such that its benefits are not eroded.

Clear Day:

The optimal choices of demand profiles obtained for DVPP operation on a clear day is shown
in Table 6-1 profile choice clear day}. These are obtained when C,, for every other profile is set
to zero. Industrial and residential loads have the early peak and late peak as optimal profiles
respectively.

Table 6-1 Demand profile choice at non-zero costs on a clear day.

Chosen when
cost>€320/day
Chosen when
cost>€180/day
Chosen when Optimal Suboptfimal - Chosen
cost>€500/day when cost>€305/day

Optimal X

x Optimal
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To determine the cut-off costs before the basecase is selected, costs for other demand profiles
are then gradually increased (simultaneously for all demands). It was then observed that the
DVPP manager is only willing to pay up to €320/day to the industrial load owner. The availability
of the default profile (€4, = 0) acts as an economic viability check for the DVPP. The €320 is
thus the maximum price offering for the early peak industrial load profile, after which it is no
more profitable for DVPP. The industrial late peak profile is not profitable at all and neitheris the
residential early peak profile.

In the case of the airport load, there are more options for both the airport demand owner and
the DVPP manager. The early peak profile is profitable for the DVPP manager as a cost up until
€500/day while the late peak profile is only profitable until €305/day.

As observed in Figure 6-3, the different airport profiles have only subtle differences. Additionally,
the load profiles have a benefit-inducing relafionship with the evolution of the market price on
this clear day. Indeed, the first profile peaks (periods 8-10) correspond to lower electricity prices
and thus account for the higher costs which the DVPP is prepared to pay.

When the demand cost per MWh of the optimal profiles are computed, proof of the hypothesis
is further demonstrated. For the airport profiles, C,, = €10.42/MWh for 48 MWh shifted and
€7.44/MWh for 41 MWh shifted of the early and late peak profiles respectively. Contrast this with
industrial early peak profile where C,;,, = €4.35/MWh for 73.5 MWh shifted. Thus, the €/day offer
from DVPP depends a little less on the magnitude of energy shifted and more on the load
profile shape with respect to market price.

Finally, these costs per MWh associated with DAM represent lower bounds on the price that
DVPP is willing to pay demand owners. With the tolerances allowed in IDM, DVPP benefits
increase and the prices paid fo demand owners are expected to follow the same trend.

Cloudy Day:

On a cloudy day, it is observed that for all demands, the late peak profile is not optimal for the
DVPP operation (see Table 6-2). Additionally, the DVPP manager is unwilling to pay amounts as
high as the clear day case. Only €90/day and €260/day is offered to the industrial and airport
load respectively. For the residential load, the deviations from the default load are not opfimal
at all and the DVPP manager thus, offers no price to the residential load owner.

Table 6-2 Demand profile choice at non-zero costs on a cloudy day

Chosen when .
_ cost>€90/day opfime! *

Chosen when :
(At S any opfime! x

6.2.1.2 Effects of Demand Flexibility on DVPP Profits

This section first discusses the effects of demand flexibility on profitability of the DVPP. Effects of
percentage flexibility allowed by the demand owners are next studied.

On a clear day, the DVPP manager can realize a profit of €68259 from participating in the DAM
(first demand flexibility level). However, at the end of the operation horizon (i.e. final IDM
session), this profit can increase by up to 14% aftributable to the second demand flexibility level
alone beyond its DAM objective. The relationship between second-level flexibility allowance
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and the associated effect on profits is shown in Figure 6-10. Beyond 40%, profits do not show
any considerable additional increase and any allocation on load movement beyond this
percentage only leads fo more saturatfion on the profits curve.

Figure 6-11 shows the impact of demand flexibility on total power traded in DAM and total
tfraded after all IDM sessions. It is observed that increasing flexibility provision reduces the valley
in DAM offer around the instant h = 8 and leads to an increase in offers in the energy market
while at the same fime flattening the curve in the straight section from periods 9 to 19 but
keeping total energy consumpftion constant.
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Figure 6-10 Demand profile flexibility on DVPP profits on a clear day.
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Figure 6-11 Scheduled and final traded power based on demand flexibility.

Final demand output relative to DAM offer is shown in Figure 6-12. Up to 20% flexibility allowance
on demands, the variations are smooth and would not necessarily alter normal system
operation. However, from 30% and upwards flexibility, higher consumption pattern is observed
in demand as evidenced in the industrial and residential demands at periods 10-13 and 17-19.
Increasing flexibility allowance gives rise to more of this peaks that might affect system
performance. Demand owners would likely not allow such percentages anyway and we simply
show a proof of concept here.
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Figure 6-12 Scheduled and final demand outputs on a clear day.
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/  Concluding Remarks and Future Work

This deliverable concludes Task 5.1, and proposes the core of a novel RES-based DVPP model
that optimizes its operation and configuration when participating in European energy and
ancillary service markets.

Areview of the different markets that are currently put in place was carried out, and a selection
of the most promising ones from the DVPP’s benefit perspective has been presented and
discussed. It has been concluded that, with their current schemes, DAM, IDM and SRM are
particularly good fits for the purposes of this WP.

With this in mind, the DVPP model core considers different business cases of the DVPP by
properly selecting the objective function of the optimization model such that the DVPP
participates in one or more of the three markets listed above.

A thorough analysis of the different assets that the DVPP may comprise was also presented.
These include conventional, dispatchable RESs such as hydroelectric and biomass generation;
stochastic, nondispatchable RESs such as wind farms, solar PV plants, and concentrated
parabolic frough solar-thermal plants with storage capability; and flexible demands. Detailed
models of each of these assefs were formulated and discussed. Particularly relevant are the
models of the solar-thermal plants with storage capability and the flexible demands, as they
have been specifically designed and tailored for the purposes of this WP.

One of the main goals pursued in this WP is to demonstrate that a properly coordinated DVPP
can outperform, from the economical and operation points of view, electrochemical BESSs.
With this aim, specific constraints of BESSs were also formulated, e.g., degradation and self-
discharge processes.

Finally, since any of the systems listed above need to be necessarily connected to an electrical
grid to operate, the network constraints have also been modeled, including the nodal power
balances, and line active power flow limits.

Simulation results from the illustrative examples presented, and which consider a DVPP in the
Spanish system, have served to test and, to some extent, validate the proposed model. Results
show that by coordinating several units in the form of a DVPP, they can achieve higher benefits
than when participating on the markets as individual offering units, even if such participation is
optimal. Results also have shown that flexible demands, can play a crucial role in DVPPs, if
market operators allow them to be combined with generating units as a single market
participant.

The DVPP model core proposed in this work will be gradually extended in several ways
throughout the remainder of this WP, by adding functionalities as the different Tasks are carried
out. Some of such extensions are discussed below.

On the one hand, the different uncertainties that characterize the DVPP model and that were
thoroughly discussed in Chapter 5, will be addressed in Task 5.2. Such uncertainties will be
considered by implementing the so-called Robust Optimization (see Appendix B), and will be
key to account for the stochastic nature of wind speed, solar irradiation, market prices and
demand profiles.

Concurrently, real-time operation of the DVPP will be studied in Task 5.3. This would allow DVPP
assets to be rescheduled after their DAM, IDM and/or SRM schedules have been set (see
Appendix A). Such rescheduling might be due to, e.g., unplanned shutdowns of any of the
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DVPP assets, line outages, aFRR commands from the system operator, etc. The DVPP must be
able to reschedule its units as required, in an effective and relatively fast manner, and
minimizing the associated costs.

The DVPP model considered in this document behaves as a price taker, i.e., its size is sufficiently
small compared with the total system capacity, and thus its market power is limited. In other
words, the DVPP model takes the different market prices as given inputs. However, if the DVPP
is of enough size, or if a large number of DVPPs are participating in the market, then they will
be able to affect the market clearance prices, becoming a price maker. In such case, where
the DVPP is aware of its own market power, the optimization model needs to take info account
the fact that the DVPP will naturally tend to alter the price in order to maximize its profits.
However, the market clearance price depends also on other participants with market power.
The optimization problem thus becomes a multi-level problem, where in the first level the DVPP
fries to maximize its profit, whereas in the second level the clearing of the market is solved by
assuming that the DVPP knows the offers/bids of the other market participants. The latter is a
rather strong assumption, which can be handled by properly modelling such uncertainties.
Being a price maker thus increases substantially the complexity of the problem.

Finally, we remark the fact that some markets are expected to see significant changes in the
next years with the implementation of, e.g., PICASSO (aFRR), MARI (mFRR) and TERRE (RR),
which will require their modeling and analysis.
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A Real Time Operation

Focus of this document is mainly on the description and model formulation of a DVPP
participating in different and sequentially distributed electricity markets to fulfil a specific
objective. This market participation assumes that, once the last market of each delivery period
is cleared, the DVPP will be able to generate/consume the energy/power that was scheduled
at each period. However, this is never guaranteed, as various events can lead to mismatches
between scheduled and finally traded energy/power. Such events can be directly related to
the DVPP (e.g.. unplanned shutdown of one of its plants due to technical malfunction), or
external to the DVPP (e.g. the loss of a line which might require redispatch of assets to avoid
line congestions/overload, or changes in the secondary reserve set points from the TSO).

Therefore, the main objective of real fime operation for a DVPP typically consists in the effective
coordination of its assefs to supply or consume its scheduled energy/power in real timel0 with
as little deviations as possible, while considering the events discussed above. The real fime
operation is thus opposed to DAM and IDM activities, which both require prior submission of
energy bids/offers to be traded at a later time. At real fime, the system operator instructs DAM
and IDM participants to deliver their proposed offers with their scheduled regulations, if
applicable, so as to ensure overall system balance. Figure A-1 shows an emulation of plant
behaviour during real fime. As opposed to the single bid in an hour at DAM/IDM, there are
expected variations during actual operation period based on network events, contingencies
and TSO commands for setpoint changes.

Period 1 Real Time Operation opposed to DAM bid
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Figure A-1 Illustration of plant behavior during real-time operation.

Due fo the aforementioned reasons, the nature of objective function to minimize deviations
from submitted offers needs to be considered carefully. The objective also needs to be paired
with appropriate constraints so as fo ensure balance among the DVPP generating units, its
demand assets, line flows, and technical operation constraints of all units. All of these need to
be solved in a very short time because the TSO sends out sef points to generators every 4 secs
in the case of, e.g., the Spanish system, and assets need to be redispatched (if required) in less
than that timeframe for timely and proper power delivery.

10 Note that, in the context of this Section, real time refers to time frames between a few
seconds and several minutes before power delivery. Not to be confused with the real time
considered in dynamic performance, control and stability studies, which usually rely on
instantaneous actions based on online measurements of system quantifies.
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Considering that real time operation does not seek to directly offer any economic benefits but
basically exists to ensure system balance, the pertinent questions to answer in the formulation
of the real time operation are:

i. How to effectively assign up/down regulation requirements to each DVPP unit?
ii. How to ensure individual units provide power at their scheduled level?
iii. How to avoid simultaneous provision of up and down regulation at the same period?

To provide an answer to some of these problems, we choose an objective that incorporates
three components.

a) The operation cost of units used during the DAM offers/bids, this ensures that there is no
total reschedule based on regulation costs

b) The regulation costs of the DVPP unifs which serve as weights to ensure that the
preferred units are used first for regulation. These weights could be based on speed of
response of the unit, proximity to a congested line or other factors. An example of this
is shown in Fig 2.

c) A cost function that ensures non-simultaneous provision of up and down regulation by
individual DVPP units af the same instance of time.
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Figure 8-1 Opportunity costs used for regulation provision during real time operation.

The Real Time Operation Problem intfroduced in this Appendix will be duly addressed in
following Tasks of this Work Package, where detailed formulation, implementation and
evaluation will be presented and thoroughly discussed.
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B Robust Optimization vs. Stochastic
Programming

Two main approaches can be followed to model systems under uncertainty in optimization
problems, namely Robust Optimization and Stochastic Programming [35]. Both approaches
deal with the issue of certain model parameters taking random values that usually affect
decision-making, that is, the opfimal value of the decision variables.

Ideally, the optimal value of the variables is the one that allows the system to reach the
optimum of the objective function, knowing the values of the parameters that they actually
took. This waif-and-see strategy establishes what would have been the best decision to make
if the future was accurately known and see how far the real decision-making and its impact
on the objective function are with respect to the forecasted value.

Robust optfimization (see its generic formulation in (8.1)-(8.4)) establishes a formulation that
allows obtaining the values of the decision variables in the face of adverse realizations of the
parameters that the formulation incorporates. It is considered that each random parameter
ag j). belonging to the set of random coefficients of matrix A can take a value within the interval
laqj — agjy aqj + agj]- The robust programming gives to the random parameter the value
that is most demanding for the model in order to obtain values in decision making that are
robust against adverse scenarios. The robust formulation affects the objective function and the
constraints. In the objective function the robust optimization sets the demanding values of the
cost ¢, within the interval [c, — ¢}, ¢, + ¢3], and in the constraints, the applied coefficient
matrices A, are set facing more challenges in their fulfilment using the resulting coefficients of
A, + A,. The robust formulation can modify the demanding level of the value of random
parameters in order to analyse the impact of this randomness in the decision variable values.

)rcrlnxr; Ty + (e + 5 )x, (8.1)
s.t.

Aix; = by (8.2)
Byx, + Ayx, + Ayx, = by, — bS" (8.3)
0<xq,x, (8.4)

Stochastic programming, on the other hand, models decision making by creating one or more
stages depending on the type of variables and opfimization periods (see its generic formulation
in (8.5)-(8.8)). Thus, for example, if two stages are considered, the variables x; belong to the first
stage and the variables x¥ belong to the scenario w of the second stage. As shown in the
generic linear formulation, the objective function (8.5) minimizes the costs or penalties of both
stages. On the one hand, the first part of the objective function is the multiplication of the costs
of the first stage and the second part includes the sum of the costs of the second stage of each
scenario considered weighted by its probability. As formulated, the first-stage variables x; take
a single value compared to the different values that the variable x, takes in the different w
scenarios. From the point of view of the parameters, there are first-stage parameters with
constant values, b;, and second-stage parameters that take different values depending on
the scenario by. The stochastic formulation of the problem requires a preselection of second
and successive stage scenarios (if necessary). This preselection determines the values of the
parameters by in order to better represent the uncertainty faced by decision-making.
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min ¢f x; + Z p@cdTxy (8.5)
weQ

s.t.

Aix, = by (8.6)

BYx, + AY xS = by (8.7)

0 < xq1,%, (8.8)

Comparatively evaluating robust optimization vs. stochastic programming, there are
advantages and disadvantages in both.

Stochastic optimization has the advantage of greater realism in the evaluated scenarios. This
realism means that it makes it possible to concretely evaluate actual second-stage and
successive scenarios in the face of first-stage decision-making. On the other hand, depending
on the set of scenarios chosen for the second and successive stages, this optimization method
allows to establish a clear orientation on the objectives to be evaluated (for example, focused
on efficiency, safety, pollution, ...). It also allows the application of techniques decomposition
and parallel computation for greater computational efficiency in large problems.

With respect to the disadvantages of stochastic optimization, it can be remarked that the
construction of a priori scenarios implies a previous step to the optimization that is not always
simple or even accurate enough. The selection of the scenarios is key for the results obtained
and their stratification in probability and their preparation is a weakness, and in some cases a
limitation, of this methodology. Another disadvantage of this methodology is that it is more
difficult to carry out sensitivity analysis of decision making with respect to the different options
for creating probabilistic scenarios. Finally, its mathematical formulation implies a proportional
growth of restrictions and variables with respect to the number of scenarios. This last aspect
can be relevant in large problems.

Robust programming method on the other hand is quite flexible in order to perform sensitivity
analysis against the robustness levels required in the study. In addition, it has the advantage
that the mathematical formulation does not grow in number of variables and constraints as
much as it happens with stochastic optimization. Computationally, robust optimization does
not change neither the nature nor practically the size of the problem formulation, so it can be
applied to large problems without increasing its computational cost.

Robust optimization shows also some disadvantages. First, the flexibility of the robustness
applied to the levels of the random parameters does not allow us to know, a priori, the specific
value that they are going fo take in the optimization. This disadvantage means that it is
somewhat more laborious fo determine the specific scenarios that the optfimization problem
has evaluated as demanding once a robustness level has been predefined by the user.

Comparing both methodologies, the use of robust optimization is chosen in this project since it
allows the user to perform sensitivity analysis on the results with greater ease. Besides, it can be
assumed a research challenge to directly obtain the specific realizations of the random
parameters after robust optimization.




