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Abstract

The development and integration of Renewable Energy Sources (RES) will lead
to a more sustainable energy future. However, several challenges rise for the power
grid design and operation, related to the increase of uncertainties in energy
forecast, the increase on the variability and intermittency of renewable generation,
and the decrease of system inertia. These factors affect the energy balance of the
system and thus, the grid stability and reliability could worsen, increasing the
amount of required frequency ancillary services (also known as reserve services).

Meanwhile the contribution of renewable energies is increasing in the energy mix,
RES plants should improve their participation and operation through electricity
markets in a more controllable and reliable way. Additionally, current market
design is being changing to allow an inclusive participation of RES plants and
new flexible participants in well-rewarded flexibility markets (such as, reserve
markets). In this context, Energy Storage Systems (ESS) are considered one of
the key flexible technologies which can support RES operation (RES-oriented
services) and grid services at the same time, such as: 1) RES capacity firming, 2)
production predictability improvement, and 3) provision of ancillary services.

However, the ESS widespread deployment has been restricted by their high
technology costs. Thus, this PhD thesis deals with the topic of the “Development
of Optimal Energy Management and Sizing Strategies for Large-Scale Electrical
Storage Systems supporting Renewable Energy Sources”, with the objective of
developing a methodology with a global perspective, in which an advanced energy
management strategy (EMS) addresses the RES+ESS asset management for the
long-term planning, and the optimal sizing and operation of electro-chemical ESS
in the short term (at real-time), and ensures the proper framework to evaluate
the cost-effectiveness of ESS integration on grid-connected applications.

Consequently, the main objectives of the proposed EMS are the following: i)
optimize energy and reserve market scheduling and minimize market penalties
and imbalances, regarding most recent forecast information, ii) re-schedule RES
generation intra-daily to control forecast errors and manage ESSs, iii) operate at
real-time operation to provide the grid set-points according to defined supervisory
controls, iv) implement a closed-loop model predictive control, and v) evaluate
and estimate properly the ESS lifetime through aging models.

The proposed EMS is validated by means of two case studies: Firstly, individual
RES+ESS plants operate independently (considering a wind or solar plant with
an energy storage system), and secondly, RES portfolio with distributed ESS is
jointly scheduled and operated through several real-time supervisory controls.
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Resumen

El desarrollo e integracion de las fuentes de energia renovable (RES) conducira a
un futuro energético méas sostenible. Sin embargo, surgen varios retos en el diseno
v la operacion del sistema eléctrico, relacionados con las incertidumbres en la
prediccion y el aumento de la variabilidad de la generacion. Estos factores afectan
el balance de energia del sistema y, por lo tanto, la estabilidad y seguridad de la
del sistema eléctrico podrian verse afectadas negativamente, aumentando la
cantidad de servicios auxiliares necesarios (de reserva o regulacién de frecuencia).

Mientras que se produce un progresivo aumento de la contribucion de las energias
renovables en el mix energético, las plantas renovables deberdn mejorar su
participaciéon y operacion a través de los mercados de electricidad de una manera
més controlada y segura. Ademas, el diseno actual del mercado estd cambiando
para permitir una participacién inclusiva en mercados de flexibilidad, que son
mejor remunerados (como la regulacion secundaria). En este contexto, los sistemas
de almacenamiento de energia (ESS) se consideran una de las tecnologias flexibles
clave que pueden apoyar la operacién de las energias renovables, mediante
servicios como: 1) control de la potencia firme, 2) compensacion de los errores de
prediccion, y 3) provisién de servicios auxiliares de regulacién de frecuencia.

Sin embargo, el desarrollo del almacenamiento esta siendo pausado por sus altos
costes. Por lo tanto, esta tesis doctoral aborda el “Desarrollo de estrategias
Optimas de gestion y dimensionamiento de los sistemas de almacenamiento
eléctrico a gran escala como apoyo a fuentes de energia renovable”, con el
objetivo de desarrollar una metodologia con una perspectiva global, que integra
una estrategia de gestion de energia avanzada (EMS) abordando la gestiéon de
activos (RES + ESS) a largo plazo, el célculo del dimensionamiento y operacién
6ptima del almacenamiento en los mercados eléctricos a corto plazo (en tiempo
real), para asegurar un marco adecuado que permita evaluar la rentabilidad de la
integracién del almacenamiento en aplicaciones conectadas a la red.

En consecuencia, los objetivos principales de la EMS propuesta son: i) optimizar
la programaciéon de los mercados de energia y de reserva, ii) ajustar la
programacion de la generacion horariamente para controlar los errores de prevision
y gestionar la energia almacenada, iii) operar en tiempo real para asegurar las
consignas de red, iv) implementar un control predictivo en lazo cerrado, y v)
estimar adecuadamente la vida 1til del ESS a través de modelos de degradacion.

La estrategia de gestion de energia propuesta es validada a través de dos casos de
estudio: en primer lugar, una planta renovable individual con almacenamiento
operando de forma independiente (considerando una planta edlica o solar) y, en
segundo lugar, un porfolio de generadores renovables con almacenamiento
distribuido operando conjuntamente ante diferentes controles de supervision.
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Laburpena

Energia berriztagarri iturrien (RES) garapenak eta integrazioak energia alorrean
jasangarriagoa den etorkizuna bideratuko dute. Hala ere, sistema elektrikoaren
diseinuan eta operazioan hainbat erronka sortzen dira, aurreikuspenetan ematen
diren ziurgabetasunarekin eta sorkuntzaren aldakortasunarekin erlazionatuta
daudenak. Faktore hauek sistemaren energia balantzean eragina dute, sistema
elektrikoaren egonkortasunean eta segurtasunean eragin negatiboa izanez,
beharrezkoak diren frekuentziaren erregulazioko zerbitzu kopurua areagotuz.

Mix energetikoan energia berriztagarrien kontribuzioa handiagotze mailakatua
gauzatzen den bitartean, instalazio berriztagarriek haien partaidetzan eta
operazioan hobetu beharko lukete modu kontrolatuago eta seguruago batean
elektrizitatearen merkatuaren bitartez. Horretaz gain, gaur egungo merkatuen
diseinua aldatzen ari da malgutasunezko merkatuen inklusioa ahalbidetzeko,
hobeto ordainduak daudenak (erreserbako merkatuak bezala). Testuinguru
honetan, energia biltegiratze sistemak (ESS) energia berriztagarrien operazioak
bermatu ditzaketen funtsezko teknologia malgu gisa kontsideratzen dira, hainbat
zerbitzu emateko gaitasuna dutelako: 1) potentzia finkoaren kontrola, 2)
aurreikuspen erroreen hobekuntza, eta 3) frekuentziaren erregulazioko zerbitzu
osagarrien hornikuntza.

Hala eta guztiz ere, biltegiratzearen garapena motela da bere kostu altuengatik.
Hortaz, doktorego tesi honen izenburua “Iturri berriztagarrien sostengu den
eskala handiko energia elektrikoaren biltegiratze sistemen kudeaketa estrategia
optimoen garapena eta dimentsionamendua” da, ikuspuntu globala duen
metodologia garatzeko helburuarekin, non energiaren kudeaketa estrategia (EMS)
aurreratu baten bidez epe luzean aktiboen (RES+ESS) kudeaketa gauzatzen den
eta, bestalde, biltegiratzearen epe motzeko operazioa (denbora errealeko
operazioa) eta dimentsionamenduaren kalkulua jorratzen den, biltegiratze
sistemak duten aplikazioen errentagarritasunaren ebaluazio egokia ziurtatzeko.

Ondorioz, EMS-aren helburu nagusiak ondorengoak dira: i) energiaren
merkatuaren eta erreserbaren programazioak optimizatu, ii) energia sorkuntzaren
programazioa egunean zehar doitu aurreikuspen erroreak kontrolatzeko eta
biltegiratze sistemak kudeatzeko, iii) denbora errealean operatu sarearen
kontsignak bermatzeko, iv) begizta itxiko kontrol prediktiboa inplementatu, eta
v) zaharkitze ereduen bidez ESS-aren bizitza era egokian estimatu.

Proposatutako energiaren kudeaketa estrategia balioztatuta dago bi azterketa-
kasuren bidez: lehenik, biltegiratze sistema duen instalazio berriztagarri indibidual
bat modu independentean operatzen (instalazio eoliko edo eguzki-instalazio bat
kontsideratuz) eta bigarrenik, iturri berriztagarrien taldea biltegiratze sistemekin,
non gainbegiratutako kontrol ezberdinekin batera operatzen duten.
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Introduction

The development and integration of Renewable Energy Sources (RES) are
enabling the reduction of greenhouse gas emissions and the dependence
on fossil energy sources. However, several challenges rise for power grid
design and operation, among others: the increase of uncertainties in
energy forecast due to their high dependence on weather conditions, the
increase on the variability and intermittency of power generation, and the
decrease of the system inertia, since generators connected through power
converters are increasing to a greater extent compared to synchronous
generators. With the increasing integration of variable RES, these factors
affect the energy balance of the system and thus, the grid stability and
reliability could worsen, increasing the amount of energy required in the

ancillary services.

Moreover, due to their power variability and their lower controllability,
RES plants have more difficulties in participating and operating suitably
under current electricity markets from a technical and economic point of
view compared to conventional generators. Therefore, electricity markets
and regulatory frameworks should be adapted to renewable sources in
order to reduce market barriers, and to design effective and competitive
electricity markets which encourage the inclusion and integration of new
flexible participants such as energy storage devices.

In this context, Energy Storage Systems (ESS) are considered one of the
key flexible technologies which will support high renewable penetrations
in the electricity system, by enabling more flexibility and controllability
to their market participation and operation. As a result, RES+ESS
participate in a more reliable and profitable way in electricity markets.
Consequently, RES+ESS maximize their economic profits.

ESS can deliver several utility services, such as: 1) RES capacity firming
to smooth power variability and volatility, 2) production predictability
and control to mitigate large forecast errors and reduce energy
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imbalances, and 3) provision of frequency ancillary services to maintain

the energy balance between generation and load.

Thus, RES+ESS can also support the system stability and reliability,
instead of being the source of these energy imbalances. At the same time,
from a system operator point of view, the improvement of RES operation
will lessen the frequency ancillary services required. As a result, the grid
operation will be more reliable, being beneficial for all stakeholders.

However, the ESS widespread deployment has been restricted by their
high technology costs, the difficulty to estimate their lifetime according
to each particular application or service, the lack of deployment or
commercial facilities, and several technical, economic and regulatory

barriers caused by current electricity market design.

To become a cost-effective solution and recover the additional ESS
investment, the joint operation of RES+ESS in multiple markets could
increase their economic and technical value. In this way, the provision of
frequency ancillary services, characterized of being high-value services and
highly rewarded, will be another market opportunity for RES+ESS

owners, achieving additional sources of revenues.

However, these ancillary services are characterized by a huge volatility
and uncertainty in operation, which could hinder the RES operation. For
this purpose, the adoption of advanced Energy Management Strategy
(EMS) should be developed to achieve a controllable and reliable
operation of RES+ESS which leads to a profitable exploitation.

Thus, the main problem found out in the current literature is the lack of
a methodology for the proper sizing and operation of a renewable asset
management in a realistic electricity market for the long-term planning
and short-term operation assessment, giving a suitable and accurate
framework to evaluate the cost-effectiveness of ESS integration for
different RES technologies for grid-connected applications.



Besides the selection of a suitable ESS technology for the considered
application and strategic objectives or services to be provided, the initial
ESS sizing selection and its optimal operation are two crucial factors to
assure a viable, profitable and efficient operation of RES+ESS asset.

Firstly, the selection of ESS capacity plays an important role in assuring
a more reliable and profitable operation which leads to increase the
market incomes. However, large ESS acquisition costs could result in a
reduction of the overall asset profitability. In contrast, a smaller ESS
capacity could not provide or operate successfully according to the
technical requirements of the application, despite its acquisitional cost is
reduced compared to an oversized ESS selection.

Furthermore, how the ESS is managed and controlled during their lifetime
operation is essential for the ESS cost-effectiveness. During its lifetime,
ESS degradation increases or decreases directly according to its more or
less demanding operation defined to achieve the strategic objectives of the
application. An optimal EMS shall optimize market scheduling, assess
optimal ESS sizing, provide a controllable and reliable real-time
operation, and after all, maximize portfolio or asset profitability.

According to the analyzed publications, currently it is still challenging to
obtain significant profits from the integration of electrochemical ESS on
grid-connected renewable applications due to several identified weaknesses
from the literature and current market and economic restrictions.

Firstly, researches that are only limited to accommodate or smooth RES
energy do not reflect the potential value of ESS. Thanks to the fast
response of ESS, they can increase the asset revenues thanks to the
participation in multiple electricity markets.

In order to control and manage suitably these energy resources, Virtual
Power Plant (VPP) or Microgrid (MG) concepts emerge with the main
objective of applying these energy managements strategies to operate and
manage diverse distributed energy resources, mainly renewable plants and
storage systems in a centralized way.
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However, conventional and controllable plants (thermal power plants,
microturbines or hydro units) are mostly taken into consideration in the
literature, which reduce the unpredictable RES nature and soften the
RES+ESS restrictive technical constraints.

Another important gap found along the literature review, after the
optimization process for market scheduling, it is necessary to simulate and
validate the proposed EMS on Real-Time (RT) operation as much
realistic as possible, in which the influence of uncertain RT parameters
(market prices, forecast errors, reserve market needs and ESS capacity
fade) can be accurately validated in techno-economic terms.

Without a proper evaluation of the ESS operation, any technical
evaluation would be less realistic or inaccurate. And thus, their suitability
and profitability for any given application could be hardly assured and
validated properly.

Regarding ESS features, its efficiency, acquisition and operating costs,
technical constraints due to its limited capacity, aging model and
capacity /power sizing analysis should be included in the methodology.
Among all the literature analyzed in this field, the influence of ESS sizing,
operation and degradation issues supporting renewable plants in multiple
markets has not been yet assessed entirely. In particular, the ESS sizing
has strong influence on the market schedule optimization, and
consequently, on the reliability of the real-time operation.

That is, advanced EMS should be developed to improve and validate cost-
effective ESS solutions to support utility-RES providing flexibility and
controllability in multiple electricity markets and grid services, and
ensuring adequacy, quality and security.

To deal with the identified challenges, the main aim of this PhD is the:
“Development of Optimal Energy Management and Sizing

Strategies for Large-Scale Electrical Storage Systems

supporting Renewable Energy Sources”



In addition to this main objective, other subsequent objectives are reached
for the successful achievement of this PhD thesis:

To develop the methodology for the optimal Energy Management
Strategy (EMS) of large-scale ESS supporting RES in the energy and
ancillary markets, with the objective of maximizing the portfolio
profitability, by finding a trade-off between market revenues, overall
storage costs and a reliable operation. The bidding optimization will
calculate in the short-term the optimal daily bids for multiple markets
according to the RES forecast profile and energy available in ESSs.

To determine the optimal ESS sizing through a sensitivity analysis.
ESS sizing has strong influence on the market schedule optimization,
and consequently, on the reliability of the real-time operation.
However, the optimal ESS capacity shall be defined after a long-term
evaluation, not as a design parameter in the short-term optimization
(daily market schedule) due to several uncertain parameters in the RT
operation, such as, the reserve requirements and RES forecast errors.

To evaluate the proposed methodology and validate the replicability
of the proposed EMS methodology of this PhD thesis, two relevant
case studies are selected. Firstly, individual RES+ESS plants operate
independently, and secondly, renewable portfolio with distributed ESS
is scheduled and operated through a centralized supervisory control.
Moreover, a techno-economic analysis is conducted for one-year
simulation period and validated under the Spanish market framework.

The dissertation document has been organized in five main chapters:

In chapter one, the recent deployment and main drawbacks of RES is
contextualized. Then, the potential opportunities for ESS are described,
as well as their main services, technologies and the most representative
operational projects to date are exposed and analyzed. Furthermore, the
global electricity markets and ancillary services are analyzed, and the
main barriers for energy storage in electricity market are identified and
listed. Then, recent changes in aforementioned markets are exposed and
the most favorable market designs for ESS are discussed.
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Finally, the main publication found in the literature are critically reviewed
related to the optimal energy management strategy of renewable plants
and energy storage systems. The main gaps identified from the literature
are also reported, which served as a baseline to define the research
objectives adopted in this dissertation.

In chapter two, the proposed EMS is explained and developed according
to the identified gaps and potential market opportunities for ESS. The
main objectives of the proposed EMS are the following: i) optimize all
market scheduling regarding most recent forecast information considering
ESS degradation and minimize expected energy imbalances and market
penalties, ii) operate at real-time to follow energy schedule and requested
reserve delivery, as well as smoothing RES variability and managing large
RES forecast errors, according to the selected portfolio supervisory
control, iii) re-schedule RES generation intra-daily to control forecast
deviations and manage ESSs, and finally, iv) evaluate and validate this
EMS under a realistic market framework in the short and long term.

In chapter three, the EMS methodology is validated by means of two case
studies: solar and wind plants with a decentralized or individual
operation. In chapter four, optimal centralized EMS for a renewable
portfolio composed entirely by RES and ESS is evaluated. Therefore, the
improvements from centralized EMS are to smooth RES intermittency,
mitigate RES forecasts errors and reduce even more annual market
penalties and imbalances, by taking advantage of RES complementarity
and SOC equalization techniques, which increase the ESS lifetimes
(reducing their operating and replacement costs). As a result, the
profitability of the portfolio is maximized.

In chapter five, the main conclusions of the present work are collected.
The main contribution of the PhD thesis in the field of the development
of optimal sizing and energy management strategies for storage system to
support renewable market participation are pointed out. Lastly, some

future lines are commented.
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Chapter 1 State of the art

In this chapter the recent deployment Renewable Energy Resources (RES) is
contextualized. The worldwide short-term electricity markets and ancillary services
are summarized, in which RES participate and operate nowadays or in the near
future. Despite a gradual inclusion of RES generators in the electric network and
their increasingly controllable participation in electricity markets, some intrinsic
integration costs, impacts and drawbacks appear in the electric grid. The main
current barriers are identified which reduce the RES business cases.

As solution, the potential opportunities for Energy Storage Systems (ESS) are
described, as well as their main services, technologies and the most representative
operational projects to date are exposed and analyzed. Later, several
recommendations and guidelines are given in order to select the most suitable ESS
technology according to the particular application and desired functionalities.

The main barriers for ESS related to the market design, economics and regulation
are identified and listed, and the recent changes in aforementioned markets are
exposed. Therefore, some conclusions and recommendations about the most
favorable market designs or schemes for ESS are exposed and discussed.

Finally, the main publications found in the literature are critically reviewed related
to the optimal energy management strategy of renewable plants and energy storage
systems, and the main gaps identified from the literature are also reported, which
serve as a baseline to define the research objectives adopted in this dissertation.
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1.1 Renewable energy resources

The growing penetration of RES will contribute to achieve the targets
toward a low carbon economy. Their global growth is mainly led by a
noticeable reduction of investment and operating costs, resulting in less
Levelized Costs of Energy (LCOE), which enable RES being increasingly
more competitive than conventional power plants. Since renewable
generation units are coupled to the grid by means of power converters
instead of inert rotating masses of conventional generators, network
stability and security is weakening. Furthermore, due to the variable
nature of wind and solar generation and their geographical distributed
resources, the power grid planning and real-time operation is being more
challenging. For their suitable deployment, these renewable resources
should be more controllable and predictable in their market participation
and operation, as well as giving the same services and functionalities than
conventional plants. Therefore, new cost-effective solutions should be
developed to support RES integration in the electricity market.

1.1.1 Recent RES deployment

The First Industrial Revolution at the end of the 18™ century brought
about huge changes on the global economy, previously based on
agricultural and craft sectors. New technological innovations encouraged
an industry-based economy from that moment. Emerging energy
resources, mainly the mineral coal, enabled the transformation of many
productive processes through the creation and use of the steam engine.
The textile-industry increased its productivity, the mineral coal replaced
wood, water and wind as main source to produce energy, new steel making
processes appeared and new forms of commerce emerged thanks to trains
and ships. These technical developments also improved the quality of life
of the society and increased the global population.
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Even then, the first ecological and environmental concerns raised in
response of the increasing levels of air pollution and the intensive

consumption of coal.

Over the last century, the energy consumption per capita has increased
unprecedented mostly based on fossil fuel resources, being a non-
sustainable global economic growth [1]. This fossil-based dependence is
constantly growing over last decades, despite more efforts are being
increasingly made to promote Renewable Energy Sources (RES) and

achieve the transition from a carbon-intensive to a low-carbon economy.

“Humanity's carbon footprint alone more than doubled since the early
1970s and remains the fastest growing component of the widening gap
between the FEcological Footprint and the planet's biocapacity,” stated
Mathis Wackernagel, CEO of Global Footprint Network, “To achieve the
goals of the Paris Climate Accord (COP21), humanity would need to exit
the fossil fuel economy before 2050.”

Facing that situation, worldwide energy policies have intended to comply
with the greenhouse gas (GHG) emission reduction commitments agreed
in Kyoto Protocol in 1992 for the first time and in successive United
Nations Climate Change Conferences (UNFCCC).

To reduce the dependence on fossil energy sources, decrease GHG
emissions, and mitigate the climate change, renewable energy -mainly
solar and wind- was increasingly deployed in the three main energy
consumption sectors (electricity, heating/cooling and transport). Besides
the increased integration of energy from renewable energy sources, the
controlled energy consumption, together with energy savings and energy
efficiency, should constitute other important and necessary measures to

be promoted.

The development of energy from renewable sources should be carried out
closely linked to the energy efficiency and digitalization. For this purpose,
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the energy sector needs to modernize the electric network to meet all the
challenges of this new paradigm.

One of the first recent Green Papers “A European strategy for sustainable,
competitive and secure energy” [2], published in 2006 by the European
Commission, defined overall strategic objectives regarding sustainable
energy use, competitiveness and security of supply, offering a clear
European framework for national decisions on the energy mix. Several
proposals were defined to achieve sustainable, competitive and secure

energy.

Firstly, the “sustainable, competitive and secure energy” should be
achieved through open and competitive energy markets based on low-
carbon and renewable sources. In fact, a competitive single European
electricity market would reduce prices, improve security of supply and
boost competitiveness.

Secondly, additional electricity interconnections should be also developed
to permit real competition between Member States as well as making a
substantial investment over next decades to replace aging electricity
generation capacity. For timely and sustainable investments, a properly
functioning market is needed, giving the necessary price signals,
incentives, regulatory stability and access to finance.

Thirdly, an effective legislative and transparent regulatory framework
must be in place and be fully applied in practice. Thus, a close
collaboration and exchange of information between transmission and
distribution system operators will be enhanced. For this purpose, a
Furopean grid code will establish common rules and standards on issues
that affect cross-border trade.

Finally, a long-term road-map for RES and energy efficiency goals should
be adopted in order to deal with the challenges of climate change.
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In this line, “Renewable energy road map, renewable energies in the 21st
century: building a more sustainable future” [3], published in 2007, set out
a long-term vision for renewable energy sources in the European Union
(EU). It proposed that the EU should establish a target of 20% for the
overall share of RES energy by 2020.

The Directive 2009/28/EC [4], two years later, established this mandatory
target of 20% by 2020. Moreover, this directive stated that there was a
need to support and promote energy from renewable sources into the
transmission and distribution grid and the use of energy storage systems
for integrating intermittent renewable sources into the grid.

Afterward, C This package proposed the target at the EU level of at least
27% for improving energy efficiency, for the share of renewable energy
consumed and for total energy savings by 2030.

The share of RES energy in the EU Member States can be observed in
Figure 1.1. The average target of European Members is 20% by 2020,
although only eleven European countries have reached their own RES
share objective before 2017.
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Figure 1.1 — Share of energy from renewable sources, 2017 (in % of gross

final energy consumption). Data source from ec.europa.eu/Eurostat [5].
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Not only the European Union is taking steps toward a sustainable energy
[6]. Most countries have different strategies and policies to address the

increasing RES share.

In the United States (US), the Environmental Protection Agency (EPA)
in 2015 mandated reductions in pollution standards from new, existing
and retrofitted fossil power plants and through stationary combustion
turbines by the “Clean Power Plan” [7]. The Carbon Dioxide reduction
objective was settled in 32% from 2005 levels by the year 2030. Regarding
RES promotion, some US states have adopted Renewable Portfolio
Standards (RPS) with the aim of increasing production of energy from
RES. One of the most engaged state, California, established a RES target
of 33% of the electricity by 2020, and 50% by 2030. The California Solar
Initiative (CSI) [8] offered incentives for their investment and operating
costs up to 2016. Moreover, the United States Department of Energy
(DOE) encouraged the Wind Powering America (WPA) initiative to
collaborate with all wind stakeholders, with the objective of achieving a
20% wind energy by 2030 scenario [9]. There is not a clear target at the
US level. Thus, only 17% of the electricity comes nowadays from RES
(6.6% wind, 1.6% solar and 8.8% hydroelectric) [10].

In 2014, the Turkish government approved its “National Renewable
Energy Action Plan”, targeting a 30% renewable energy share.
Furthermore, “China Strategic Energy Action Plan”, characterized by
coal-based generation, proposed an objective of 15% of non-fossil fuels in
primary energy consumption and a reduction of coal consumption less
than 62%. These percentages mean an installed capacity of wind energy
around 200 GW and solar about 100 GW in 2020.

Regarding different renewable energy resources, wind and solar energy
have undergone an overwhelming worldwide development compared to
other renewable technologies [11]-[14]. Overall, the global installed
renewable power capacity by 2018 is 2378 GW (around 1000 by 2007)
which could supply around 26.2% of global electricity production: 15.8%
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of hydropower, 5.6% of wind and 2.4% of solar PV power. However, RES
only reach 10.6% in terms of final energy consumption [14].

Onshore Wind Power (WP) is a proven and mature renewable technology
that is being deployed globally on a mass scale. During the first half of
2000s, Germany, Spain and the United States are leaders in deployed
capacity and wind generation. From 2005, a mass deployment of wind
energy began also in China. From 2009, China deployed more wind
capacity than any other country in the world. Around 49 GW of wind
power capacity was added in 2018, bringing the global total wind installed
capacity of WP to nearly 564 GW [14]: China (184 GW), the United
States of America (94 GW), Germany (59 GW), India (35 GW) and Spain
(23 GW). The European Union increased up to 179 GW in 2018 (32% of
global WP) from 63 GW in 2008. Regarding off-shore wind energy, 18
GW was installed in the European Union by 2018.

Focusing on solar photovoltaic (PV) installed capacity, the cumulative
installed capacity of PV reached roughly 100 GW at the end of 2012 (from
1.5 GW in 2000 and 40 GW at the end of 2009) [13]. While Europe was
leader in the 2000s-decade, Asia’s share started to grow rapidly in 2012
and this growth was confirmed in recent years. At the end of 2018, more
than 480 GW of solar PV was installed [14]: China (175 GW), followed
by Japan (55 GW), the United States of America (51 GW), Germany (46
GW), India (26 GW), and Italy (20 GW). The European Union represent
24% of the global PV cumulative installed capacity, with 125 GW at the
end of 2018 [12].

The evolution of European renewable installed capacity for different
scenarios are shown in Figure 1.2 for wind and Figure 1.3 for solar energy.
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Figure 1.2 — European wind cumulative installed capacity. Source: [15].
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Figure 1.3 — European solar cumulative installed capacity. Source: [16].

As can be observed both renewable technologies have undergone an
exponential growth in the RES installed capacity and their share in the
mix generation. Therefore, they will increase significantly their presence
in the electrical power system in next decades.
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Therefore, their generation should be controlled and scheduled in the same
way as conventional plants through the electricity markets. And
consequently, they should be responsible of delivering the same amount
of energy than expected. That is, the greater the participation of RES in
the network is, the greater their responsibility to fulfil the demand curve
and to meet the technical requirements as conventional plants shall be.
Therefore, additional grid services and functionalities can be provided
through new cost-effective innovative solutions.

1.1.2  Electricity market participation

In this section, the worldwide electricity market structure is described.
Therefore, a clear classification and the main features of each market are
conducted, including the distinctive features of each country. Generally,
short-term electricity markets [17]-[22] are organized into Energy Markets
(EM) and system adjustment services. Figure 1.4 shows the chronological
representation of the main short-term electricity markets in which three
stages are mainly defined: trading, delivery and billing. A description of
short-term electricity markets is exposed below.

1.1.2.1 Energy markets and imbalance settlement

EM are classified in day-ahead market and intraday market.

Trading (before gate closure time) Delivery (operating day) Economic billing (payments)
‘ Day-ahead trading "H Intraday trading |’ | Energy market delivery |> | Energy market billing
‘ A A
Res. technical restrictions Res. technical restrictions
(after market trading) ‘ (at real-time)

’ Contracted balancing capacity ‘} | Balancing energy use | } _
‘ Deviation management trading ‘ i ‘ Deviation management ‘ ‘ Deviation billing ‘
| Imbalance settlement |

Figure 1.4 — Chronological representation of short-term electricity markets.
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Firstly, the Day-Ahead Market (DM) is the main energy trading
market to meet demand of the following day. Sellers of electricity present
energy bids to the Market Operator (MO) for each of the production units
they own. The MO collects purchase and sale bids, and calculates the
price using a market-clearing pricing procedure.

Energy products are mainly auctioned at hourly marginal price (€/MWh),
whereas time resolution varies in Europe (1h, 30 min or 15 min). The DM
traded energy in Spain was 76% of the consumption in 2017 [23] where
most RESs take part. In contrast, bilateral contracts are widely used in
Germany, France or United Kingdom [24]-[26].

The Intraday Markets (IM) (IM do not exist in USA markets) are
similar to the day-ahead market but cleared closer to power delivery and
may cover a shorter trading horizon. These trading mechanisms, closer in
time to the power delivery, allow a higher accuracy on generation forecasts
by intermittent sources. Therefore, non-dispatchable producers can make
adjustments to their DM schedules. IM improves greatly forecast accuracy
and reduces energy deviations and reserve needs [27]. In that way, the

balancing services could be reduced.

Moreover, in most countries this IM is delivered in a 15 min-basis in
central Europe and 30 min-basis in France, while in Spain or Italy are on
hour-basis. IM energy trading is based on discrete auctions (at marginal
price) or Continuous Intraday Market (CIM) (based on pay-as-bid price).
CIM has low liquidity in Nord-pool [28]-[30], whereas in Spain CIM was
launched in June 2018 together with discrete auctions. IM has high
liquidity and market participants (around 10% of total traded energy).

Imbalance settlement (IB) means a financial settlement mechanism
aiming at charging or paying Balance Responsible Parties (BRPs) for
their energy imbalances (deviations between generation, consumption and
commercial transactions). According the balance responsibility definition
defined in regulation EU-2019/943 [31], “all market participants shall be
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responsible for the imbalances they cause in the system. To that end,
market participants shall either be balance responsible parties or shall
contractually delegate their responsibility to a BRP of their choice. Fach
BRP shall be financially responsible for its imbalances and shall strive to

be balanced or shall help the electricity system to be balanced.”

However, this balancing responsibility can be derogated for some
demonstration projects or particular renewable plants. In some countries,
like Spain or Denmark, RES plants are financially responsible for their
own energy imbalances like other generators. CIM will be taken into
advantage to minimize greatly their own energy imbalances. In contrast,
wind plants do not bear their extra balancing costs in France or they are
only partially responsible in Germany [32]. In addition to the Feed-in-
Tariff (FIT) support, this issue could be the reason why RES plants do
not participate usually in European CIM [33][26]. Including more RES
responsibility could reduce the illiquidity in CIM.

IB settlement billing can be established as one or two-price system as in
Table 1.1. In the one-price system, the purchase and sales prices of
imbalance power are identical. In the two-price system, separate prices
are calculated for the purchase and sales of imbalance power, depending
on the direction of each BRP’s energy imbalances (negative or positive)
and the system needs (upward or downward). The IB is settled on two-
price system in Spain, Italy or France, and one-price in Germany [33].

Table 1.1 — IM settlement billing for one and two-price system.

Market prices: A°M (day-ahead), A™", 207 (imbalances), A“P, 1% (balancing).

1B BRP System needs
settlement imbalance Upward (+) In balance Downward (-)
Positive (+) | 4™ (= A¥P) APm AImbT (5 paw)
One-price T R
Negative (-) Almb (z Aup) /1DM /.{lmb (z Adw)
¥
Positive (+) APM oM AP (& paw)
Two-price ——
Negative (-) | 2™ (= A¥P) M oM
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1.1.2.2 System adjustment services

The system adjustment services include all those services required to
ensure the system’s operation, including the resolution of technical
restrictions, Ancillary Services (AS) and deviation management.

Focusing on AS, they are procured by the Transmission System Operator
(TSO) or by the Distribution System Operator (DSO) to maintain system
stability and security, divided into: frequency ancillary services (or
balancing services), and non-frequency ancillary services (voltage support
and black-start capability).

The objective of frequency ancillary services (or balancing services) [34]—
[36],[37] is to maintain the system frequency within predefined stability
limits and achieve instantaneous physical balance between generation and
demand, in order to maintain a satisfactory level of operational security
and with a satisfactory quality of supply.

Frequency ancillary services terminology and characteristics vary
considerably between countries [17]-[20], [38]-[40] but their objective is
alike. Frequency ancillary services guarantee energy balance and stabilize,
maintain and recover the system frequency. They allow the short-term
covering of dispatched power due to equipment failures, sudden loss of a
generation or a transmission line, intermittent nature of renewable

resources, large load deviations or transmission constraints [21].

In some countries these services have their own markets whereas they are
compulsory in other regions. Moreover, the gate closing times, minimum
bid size, or the activation times are also different among countries which
make difficult to assess or compare techno-economically the potential of
ESS for all markets as a whole. These frequency ancillary markets,
summarized in Figure 1.5, are organized as follows according to the
European Network of Transmission System Operators (ENTSO-E) in the
EU and Federal Energy Regulatory Commission (FERC) in the USA.
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Figure 1.5 — Frequency ancillary services and time-frame horizons in the EU
and the USA.

The primary reserve markets (similar to real-time market in USA)
provides the primary frequency control services (also known as Frequency
Containment Reserve (FCR) by the UCTE or Primary Frequency
Response by the FERC). This market provides energy to cover both
generation excess or deficit and constitutes the last market prior to power
delivery to balance production and consumption, which reacts to system
needs in even shorter time periods of seconds to maintain instantaneously

the power balance in the whole synchronously interconnected system.

The primary reserve market is cleared just minutes before the actual
power delivery (in some USA market regions -PJM and ISO-, Finland or
Sweden), the day before in Denmark, Germany or Norway, the week
before in France and Belgium, the year before in United Kingdom or be
a mandatory service in Spain and Italy.

The secondary reserve markets (known as regulation market in USA)
provide the secondary frequency control through the available active
power reserves (also known as Frequency Restoration Reserve (FRR) by
the UCTE or Frequency Regulation by the FERC). This market deals
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with greater imbalances to restore power balance and system frequency

to the nominal value in several minutes.

The regulation market is typically cleared once a day on an hourly basis
and assigns to production units the power bands to be used in real-time
operation for load following. FRR service consists of an auction-price for
capacity reservation (€/MW) and a price for energy product in real-time
operation (€/MWh). FRR are active power reserves available to restore
system frequency to its nominal value. The minimum size offers, auction

times and clearing process are diverse in European markets [20],[40].

Moreover, FRR market auctions are cleared in most European countries,
while in France it is a mandatory service. Regarding the capability
auction, it is typically cleared on an hourly basis on daily auctions (in
some USA market regions, Spain, Portugal and France), weekly auctions
(in Germany and Belgium), or monthly auctions (in the Netherlands).

Concerning minimum bid size, the minimum hourly capacity reservation
in Spain is 10 MW. Across central and north Europe, the minimum bid
offer is established between 1-5 MW, and less than 1 MW in France. With
the increasing RES penetration and distributed generation, it is expected
to be reduced to 1 MW in the short-term [20],[40].

The pricing rule is marginal in Spain and Norway, pay-as-bid price in
most Europe, or regulated price in France and Poland. All this
information about ancillary markets can be consulted in the annual survey
[40] carried out by ENTSO-E.

Later, these power capabilities (upward and downward bands) are
required in real-time operation. The time-frame for this FRR activation
is also different in each country. The Automatic Generation Control
(AGC) provides up and down real-time load-following capability to
enforce continuously the balance between production and consumption.
Generation units that provide regulation service must be able to respond
to AGC signals from the system operator and change their output
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accordingly on very short time scales. It could generalize that its start-up
time shall not be delayed for more than 30 seconds and must be capable
of being maintained for a period of 15 minutes until being replaced by
Replacement Reserves.

Regarding the involved BRPs, the provision of balancing services by wind
and/or solar generators is allowed, for example, in Spain (since 2016 [41]),
Denmark and the Netherlands [32]. ESS can only participate in FRR in
the Netherlands, Switzerland and UK [40].

The tertiary reserve markets (known as reserve market in USA)
provide tertiary frequency control by standby power reserves (known as
Replacement Reserve (RR) by the UCTE or reserve capacities by the
FERC) whose objective is to restore or support the required level of
Frequency Restoration Reserve (FRR) and to be prepared for additional
larger system imbalances, such as failure of facilities or equipment in
operation (production units or transmission lines), sudden demand
changes or large fluctuations of production from intermittent and non-
dispatchable sources. In case of USA markets, it can be classified as

spinning and non-spinning reserve capacity.
1.1.3 Renewable integration costs

Despite a gradual deployment of RES generators in the electric network
and their controllable participation in electricity markets, some intrinsic
impacts will be produced to the extent that their inclusion is increased in
the next decades.

With the increasing penetration of renewable resources in the electricity
markets, their variable and intermittent production will increase the need
of ancillary services or will affect future electricity prices. The controllable
operation of RES will therefore play an active role on future secure
networks, instead of being the source of these imbalances.
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Anyway, to accommodate high RES while enforcing high standards for
security of supply, integration costs are incurred in other parts of the
system [27], [33], [42]-[44]: i) grid costs for network reinforcement and
constraint issues, ii) profile costs result from the temporal profile
mismatch, and iii) balancing costs as a result of RES forecast errors, which
may require that additional reserve plants are held in readiness.

It is difficult to determine integration costs, because they cannot be
measured or calculated directly, they should be estimated. Based on
several studies, the integration costs can widely range from 10-30 €/ MWh
for wind and 25-50 €/MWh for solar at 10%-30% penetration levels [42],
[45]. Focusing on the balancing costs, most analyses conclude that they
could vary depending on the RES technology and the flexibility of the
system [27]: from 12 €/MWh up to almost 50 €/MWh with a 50%
penetration level. The impact of RES market value on average electricity
price is represented in Figure 1.6.

Consequently, it is expected an increment of market prices due to these
RES integration costs. That is, future market prices will increase
according to the European Commission [46] in order to cover investment
and operating costs of new installed capacity according to their Levelized
Cost of Energy (LCOE) and the integration costs.

A e s s
€/MWh
Integration costs

f ! f !

Interaction Effect of Effect of Effect of
effect location forecast timing
errors

RES RES Residual Grid- Balancing Profile Average Total
generation —>» market related costs costs electricity — system
costs value costs price costs

Figure 1.6 — Integration costs: profile, balancing, grid costs. Adapted from: [42].
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An analogy of the RES integration costs can be made from the load
perspective (see Figure 1.7). Profile costs are related to generation forecast
profile which should be daily scheduled, in the same way system load
should be predicted and scheduled. Balancing costs are required for load
following and short-time regulation, in the same way as smoothing intra-
hourly RES generation variability and instantaneous power intermittency.

As can be observed in Figure 1.8, there are different barriers regarding
the market design or policies which increase the integration costs or
discourage RES integration.

For example, early gate closures in energy markets (DM and IM) worsen
the renewable predictability, and consequently their forecast errors
increase. A reduction of time resolution for these markets (for example,
intra-hour bids) could also improve market schedule according to their
generation forecast profiles. Early gate closures for capacity or reserve
markets also increase the uncertainty of reserve compliance, which reduce

the feasibility of the business cases for RES participation.

Moreover, market design (gate closure times, minimum offers’ size, or
price clearing methods) has a direct impact on integration costs, as can
be seen in Figure 1.8. Reasonable clearing market prices procedures (i.e.
marginal prices or pay-as-bid prices) are also important for defining
feasible business cases.

A : Scheduling:
e

Load following:
min - h /

i Regulation:
i sec - min :

Figure 1.7 — Analogy from the load perspective. Adapted from: [9].

System load (MW)

Time (hour of day)
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Adapted from [33].

Furthermore, it should be noted out that excessive FITs, subsidies for
fossil or coal plants, capacity payments, and/or CO2 emission allowances
prices create market price distortions [24], [45] and thus, these factors
increase these integration costs [33].

Otherwise, establishing reasonable FIT schemes [33], defining suitable
price signals [46], and encouraging new flexible resources will help to
support and cover investment and operating costs of new RES generators,
as well as reducing integration costs. In order to achieve an efficient
market, market price signals should support short-term operation and also
provide sufficient long-term investment incentives for all new needed

capacity, according to the European Commission’s recommendations [46].
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In the last years, FITs have been reduced drastically or eliminated in most
European countries [47], [48]. For example, all installed Spanish RES
plants are remunerated through an investment term and an operation
term established by the government. From now on, as a result of latest
capacity auctions in 2017 [49], [50], new RES plants will be installed
without any additional financial support. Thus, these new plants will be
remunerated directly by market revenues (although with an annual floor
price of 35 €/ MWh).

As conclusion, it is necessary to remove current market barriers in order
to increase the business cases for RES in electricity markets, in which

other flexible resources could play a key role to improve their profitability,
such as the ESS.

1.1.4 Necessity of energy storage systems

As exposed through this chapter, RESs have difficulties in participating
and operating suitably under current electricity markets from a technical
and economic point of view compared to traditional and controllable
generators, due to their lower controllability and predictability. Moreover,
some technical drawbacks in the network may happen with massive
and/or uncontrolled RES penetration and without innovative grid
control, among others [51]-[56]: the increase of uncertainties in energy
predictions due to the highly dependence on weather conditions, the
increase of the variability of the energy generation, and the decrease of
the total system inertia of power grid, due to generators connected
through power converters are increasing to a greater extent than
synchronous generators. These factors may affect the energy balance and
thus, the grid stability, reliability and security could be worsened.

In order to deal with the new challenges related to power system planning
and operation, several effective electricity market designs and regulatory
frameworks are proposed to integrate renewable energy sources in the grid
[33], [52], [57], related to a more active participation of the demand-side



20 Chapter 1 State of the art

[17], capacity market designs, common market rules [34] or market
bidding structures, as well as incentives to support and encourage new

flexible sources (e.g. storage devices) [54], among others measures.

In this context, ESS can play a significant role in future electricity
networks [51]-[56], by: 1) managing the uncertainty in the generation
forecast, 2) regulating and smoothing power variability and volatility, 3)
improving RES power quality, 4) adding more flexibility and
controllability to their operation, 5) improving their operating capabilities
and functionalities, 6) ensuring high reliability and energy security, 7)
deferring and reducing infrastructure investments, 8) reducing greenhouse
gas emissions, 9) lowering operating cost and, 10) improving economic
viability.

In particular, ESS has been also praised for supporting RES plants and
meeting their integration and operation challenges, by delivering utility-
oriented services, in particular: 1) RES capacity firming to smooth power
variability and volatility, 2) production predictability to manage the
uncertainty in the generation forecast, mitigate large forecast errors and
reduce energy imbalances, and above all, 3) provision of frequency
ancillary services to maintain the energy balance between generation and
load. Therefore, RES+ESS can contribute to the system stability and
reliability, while from the RES owner point of view, their participation in
ancillary services can increase the market revenues for the RES asset.
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1.2 Energy storage systems

This section is focused on reviewing the ESS potential and opportunities
in future networks. Firstly, a review of potential energy storage systems
services is exposed. Secondly, the suitability of each energy storage
technology for the abovementioned services is evaluated. Some of these
services demand low power and/or energy requirements, whereas other
services are more demanding and require higher energy and/or power
specification. For that reason, depending on the objectives, desired
functions or services of the given application, some storage technologies
may be more suitable than others. Thirdly, currently operational projects
and installations are identified which assure the technical feasibility of
integrating them and support renewable energies. Finally, the most
suitable ESS technology in order to support RES operation is assessed
based on its potential services, required functionalities, technical
requirements operational conditions, and future deployment perspectives
and research interests.

Furthermore, the main barriers and recent policy changes are analyzed
from the economic and market perspective in order to identify the suitable
future RES+ESS market framework. This throughout revision will enable
to define the scope of this PhD dissertation.

1.2.1 Energy storage systems services

There is a wide range of potential energy storage applications [34]-[36],
[51], [52], [58]-[62] at all grid levels from energy generation, transmission,
and distribution up to the customer side. In this section, ESS are classified
according to the TSO-DSO services, ancillary services (non-frequency and
frequency ancillary services), generator/renewable-utility services and

customer services, as can be observed in Figure 1.9.
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Figure 1.9 — Classification of potential services from ESS.
1.2.1.1 Ancillary services

Ancillary services are those services necessary to support the transmission
or distribution system, in order to maintain reliable operation of the
interconnected transmission system and to ensure the management of the

system maintaining system stability.

On the one hand, focusing on frequency ancillary services, they are
managed through their associated markets described in Section 1.1.2.2.
Their sequence and their impacts on system frequency are shown in Figure
1.10. The frequency controls are classified as follows:

e Primary frequency control provided by FCR.
e Secondary frequency control provided by FRR.
e Tertiary frequency control provided by RR.

In light of the fast response of ESS, their participation in frequency
ancillary services could be a market opportunity to improve the
profitability of ESS projects, as well as helping to achieve a more reliable

operation, by supporting the system frequency.
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And on the other hand, non-frequency ancillary services are those services
provided by the T'SO or DSO for steady state voltage control, fast reactive
current injections, inertia for local grid stability, short-circuit current,
black start capability and island operation capability [34]. The most
important ones are the followings:

e Voltage support has the purpose of restoring or maintaining voltage
levels with the required stability by means of the injection or
absorption of reactive power from the ESS.

e Black-start capability allows restoring a power station without an
external electric power transmission network. ESS can be used to
generate a reference frequency for synchronization of other generators
and at the end, energize the affected lines.
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Figure 1.10 — System frequency and activation of frequency controls.
Adapted from: [36][63]64].
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1.2.1.2 TSO/DSO grid services

ESS can provide other TSO/DSO-oriented grid services, such as:

Transmission and/or distribution upgrade deferral is related to the
use of a relatively small amount of the stored energy in overloaded
grid nodes to: i) defer or avoid the need to replace or oversize existing
equipment, ii) upgrade existing capacity or iii) increase the existing
equipment's service life.

Transmission support is the use of energy storage to improve the
performance of the transmission system by compensating for
electrical anomalies or disturbances such as unstable voltage, or sub-
synchronous resonance.

Congestion relief has the purpose of storing energy when there is no
transmission congestion and be discharged (during on-peak periods)
to reduce transmission capacity requirements and reduce line
congestion. The storage system is located downstream from the
congested area of the transmission system, in order to reduce or avoid
congestion charges or locational marginal pricing.

1.2.1.3 Generators and utility-renewable services

The services that ESS can provide to improve the operation of

conventional generators, are the followings:

Long-term services are defined to compensate for a longer-term
supply disruption or seasonal variability on supply and demand sides.
Seasonal storage can compensate seasonal fluctuations in renewable
power supply, for example storing excess solar energy in summer and
suppling to the grid in winter through a large energy storage
capacity.

Energy time-shift or energy arbitrage involves purchasing
inexpensive electrical energy to charge the storage system during
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lower (off-peak) prices, so that the stored energy can be sold later
during higher (on-peak) prices.

Load levelling aims to reduce fluctuations in energy demand for one
day. That fact involves storing energy during periods of low demand
and delivering it during period of high demand (on-peak periods).
During these periods of high demand, the energy storage system
supplies power, reducing the required peak-generating facilities.
Thus, this service may reduce on-peak prices.

Peak shaving is similar to load levelling but for the purpose of
delaying or avoiding investment in grid upgrades or new generating
installed capacity. The ESS will supply the peaks of a highly variable
load during on-peak periods, instead of other conventional plants.
Electric supply capacity could be increased by adding energy storage
systems and therefore reducing or delaying the need to build new

generators.

Focusing on the services that the energy storage system can provide to

the integration of renewable energies into the grid, the following services

are the most remarkable:

Renewable energy time-shift or energy arbitrage is related to store
excess energy generated by grid-connected wind and solar plants
during low demand times (off-peak prices) in order to dispatch it
during high demand times at higher on-peak prices. In particular,
ESS could be charged from wind energy at night hours, and later,
this energy may be sold when it is more valuable.

Renewable energy load following has to deal with the output
variability and fluctuations with long duration (lasting for several
minutes to a few hours). Increasing renewable generation penetration
in the electric grid increases the need for load following service that
could be provided by energy storage systems.

Renewable energy capacity firming addresses to mitigate rapid power
output changes, generation intermittency and output volatility over
short periods (for a few seconds to a few minutes) of time from
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renewable generation due to: i) wind speed changes produced by wind
gusts and ii) sudden shading of solar generation.

Improvement of production predictability, which depends directly on
the quality of the weather forecast. If the forecast accuracy is poor,
it may cause larger penalties in the electricity markets. Production
predictability can be improved (in consequence penalties decrease)
with energy storage systems which can compensate and smooth to
some extend unforeseen changes in the generation. This service
requires that excess energy is stored and released when the amount
of renewable energy is insufficient to fulfil the market requirements.
Reduction of RES curtailment presents a key opportunity for utility-
scale ESSs to enable greater utilization of these resources by energy
time-shifting. There could be two different reasons to curtail or
reduce RES generation: i) a lack of enough grid infrastructure
capacity related also to the transmission and/or distribution upgrade
deferral and congestion relief, and ii) provide load levelling in case of
high RES share in the energy mix, and/or the inability of reducing
generation from conventional plants mostly during off-peak periods.
Ramping support through energy storage is eminently suitable for
damping the variability of wind and solar systems. Technically, the
operating requirements for a storage system in this application are
the same as those needed to respond to a rapidly or randomly
fluctuating load profile.

Congestion relief caused by renewable generation can be achieved
through the installation of ESS in nodes with significant amounts of
RES power capacity that may cause congestion in high generation
periods because the transmission line is not able to transfer the
energy generated by all RES capacity.

Power quality can be improved with the integration of ESS in
renewable power plants in order to fulfil performance standards and
interconnection requirements, and also in order to reduce the
negative effects of output variability, generation intermittency,
output volatility and power fluctuations.



Chapter 1 State of the art 27

1.2.1.4 Customer services

Finally, customer energy management services are designed with the aim
of reducing the invoice of final end-users or customers according to:

e Time-Of-Use (TOU) bill management can be considered in order to
make arbitrage between on-peak and off-peak prices. This customer
energy time-shift involves storing energy when TOU price is low.
Later, this stored energy is consumed, instead of purchasing high-
priced energy during on-peak prices.

e Demand charge can be reduced. Demand charges are typically
assessed based on the time-of-day or on specified days. The stored
energy is consumed to reduce the maximum power during peak
demand times, mainly at mid-day or weekdays.

e Peak shaving can be pursued with the objective of consuming the
stored energy in order to reduce the maximum power need and
reduce the power-term bill charge.

e PV self-consumption can be increase, reducing energy dependency.

e As residential/customer backup power when the customer is off-grid.

e There are other services provided by the DSO oriented to customers,
such as power quality, reliability, and security of supply, which could
use the ESS to: i) remain connected during severe grid faults, ii)
support customer loads during the utility outage, iii) transfer to on-
site generation resources, iii) protect customer on-site loads against
short-duration events that affect the quality of power delivered and

iv) support customer loads during an outage.
1.2.2 Comparison of energy storage technologies

Some of the exposed services defined in Section 1.2.1 demand low power
and/or energy requirements, whereas other ones are more demanding and
require higher energy and/or power specification. For that reason, the
ESS opportunity definition should be clarified in order to select the most

suitable energy storage technologies according to application of interest,
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strategic objective, desired or potential services, the possibility of market
participation, required functionalities, and operational conditions [65].

The following categories for ESS technology are usually considered:

e Electro-chemical ESSs gather several types of batteries: Lead-
Acid (LA), Nickel-based (Ni-), Sodium Sulfur (NaS), Lithium-
based (Li-ion), Vanadium Redox flow Batteries (VRB), etc.

e Chemical ESS which corresponds with hydrogen (H2) or gas.

e  Mechanical ESSs composed by Pumped-Hydro Storage (PHS),
Compressed Air Energy Storage (CAES) or flywheels.

e Thermal ESSs, for instance, molten salt thermal storage.

e Electrical ESSs, such as supercapacitors or superconducting
magnetic coil-based energy storage.

The choice of energy storage technology directly depends on the particular
application and the desired functionality or services to be provided. The
most relevant technical parameters must be taken into consideration to
select the energy storage system for an application: power capacity (MW)
and energy capacity (MWh). The power and energy capacity rates per
technology are summarized in Figure 1.11.

According to the main feature of ESS, they can be also classified into:
power-type and energy-type ESS. In order to smooth and manage the
renewable generation, energy-type ESS are more suitable. Under this
assumption, power-type ESS will be omitted henceforth which include
mostly flywheels and electrical ESS.

Moreover, other key features must be considered in order to determine
the suitable technology depending on the service, functionality and
technical requirements, such as: the efficiency (%), discharge and response
times (sec), lifetime (years) and life cycles. Some of these technical
parameters can be found in the literature [64], [66]-[73]
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Figure 1.11 —~Power and energy of ESS technologies. Source: [73].
Acronyms: Double Layer Capacitor (DLC), Superconducting Magnetic Energy Storage (SMES),
Flywheel Energy Storage (FES), Battery Electric Vehicle (BEV) -composed by Lithium-ion (Li-ion),
and Nickel Metal Hydride (NIMH)-, Lead-Acid (LA), Sodium Sulfur (NaS), Vanadium Redox Flow
Battery (VRB), Compressed Air Energy Storage (CAES), Hydrogen Storage (H2), Pumped-Hydro
Storage (PHS), Synthetic Natural Gas (SNG).

Afterward, the main technical requirements or features of the desired
services or market participation should be defined in order to identify
which ESS technologies can fulfill these technical needs [59]. For example,
the minimum size of market offers, the required discharge and response
times, or the time-scale of the selected services. Therefore, the suitable
selection of energy storage technology should be decided after analyzing
and comparing the technical parameters of the ESS technology and the

technical features of the application and services.

A summary of the most suitable ESS technology according to different
services and functionalities can be observed in Table 1.2, from [67]-[69].
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Table 1.2 — Comparison of ESS technologies and services.

Electrochemical Mechanical | Thermal
LA Liion NaS VRB | CAES PHS -
Power quality and reliability 4 E 4 E ~ E ~ x E x x
Voltage support v E 4 E v E x E x x
Ramping support v i v i v i v x i x x
Customer energy management v j v i v i_ v i * x
Frequency response or FCR v i v i v i v E * x
Frequency regulation or FRR v E v E v E 8 v E x
Reserve capacity or RR v E v E v E v E v x
Black-start capacity v E v i v ir v i ~
Congestion relief v j v i v i_ v v i 4 v
Upgrade deferral v JE v i v i_ v v i v v
Electric supply capacity v E v E v E v v E v v
Load leveling v i v i v i v v E v v
Production predictability v TE v i v i_ v v i v v
RES energy capacity firming v i v i v i v i v
RES energy load following v Ji v i v i_ i \ v
RES time shift / arbitrage i i i v E 4 v
Peak shaving x E x E E E v v
Long-term service x E x E x E x E v v

1.2.3 Operational projects of ESS with RES plants

In this section, a more practical review is carried out paying attention on
operational projects whose main aim is to support RES integration and
operation. A large number of storage projects and installation are being
launched for the following years, including projects under construction,
announced and contracted. The current operational projects and future

trends are shown in Table 1.3.
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As can be observed from Table 1.3 and in Figure 1.12, some technologies
are not really deployed or are under research and development, such as,
H2, CAES or SNG. A few projects have been recently contracted to
support RES in the short term.

On the other hand, the number of installations of PHS and thermal
storage are almost half of the current operational installation, as well as
having in most cases large capacity. The maturity level of these
technologies is considered high as can be observed in Figure 1.12, and
they are usually commercialized, generally to support hydroelectric power
or thermal solar plants.

Both technologies (PHS and thermal), as can be observed before in Table
1.2, have low dynamic and they are not suitable for fast responses (voltage
and ramping support, and RES intermittency), as well as being large
projects which are not able to provide customer end-user services.

Table 1.3 — Worldwide operational and expected ESS installations or projects.
Source: DOE Global Energy Storage Database [74]. Last update: 10/07/2019

* Expected projects include under repair/offline, contracted, announced and under construction ones.

Operational RES-oriented | Expected* Future inst.
Electro-Ch (LA) 6 1 40 (52%) 4 80 (+5.2%)
' Flectro-Ch (Lidon) | - a1 ew) | 120 | 531 (+20%) |
 BlectroCh (NaS) | or L osasw) | 5| 70 (+45%) |
meeroon (v | e sy | | s G
Chemical (H2) 9 i 0 (0%) 3 12 (+33%)
Others/ Not specified | 116 | 56(18%) | 62 | 173 (+53%) |
(Electro)chemical 742 335 (45%) 214 956 (+29%)
Mechanical (PHS) 325 i 11 (3.4%) 23 348 (+7.1%)
 Mechanical (CAES) | o oo | > | 3 (+200%) |
Mechanical 326 11 (3.4%) 25 351 (+7.6%)
Thermal 206 | 56 (27%) 10 216 (+4.8%)
Total ESS install. 1274 | 402 (31.5%) 249 1523 (+19.5%)
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Figure 1.12 — Technology maturity curve of ESS.
Source: SBC Energy Institute [75],[52]

Although more than 95% of the total installed (in terms of MWh) storage
capacity corresponds to PHS, these projects are not prioritized in this
study, because this type of ESS technology is the most mature, developed
and inexpensive technology, as in Figure 1.12. In number of operational
projects, they reach 325 projects out of 1266 as of July 2019. Nowadays,
PHS are mostly considered as conventional and controllable power plants
that operate in electricity markets by selling and buying energy from an
economic point of view (energy arbitrage services or long-term services)
and they have not been previously designed and operated specifically to
counteract short-term drawbacks which appear in the electric system due
to the increase of renewable energy plants.

Finally, electrochemical storage or batteries are also evaluated. On the
one hand, LA are considered inexpensive technologies but with low energy
and power density, and NaS could be experiment operational problems
related to the corrosion, security and safety due to high operational
temperatures [76][64]. It is expected not to have a huge deployment in the
following years on these ESS technologies. On the other hand, Li-ion and
VRB will be deployed to a great extent in the coming years. However,
VRB are not really suitable for RES support, frequency control or other
fast services as can be observed in Table 1.2.
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In contrast, Li-ion battery will be largely installed according to the DOE
Database in Table 1.3, with a tendency of increase the number of projects
by 29%. Li-ion technology is and will be the most installed technology in
numbers, under pilot and/or commercial projects. Li-ion batteries are
considered to be suitable for RES support and ancillary services.

Several noted storage projects of each type are listed in Table 1.4,
including the date of commissioning, the short name of the project, the
location, the energy storage technology, the final application, the owner
and the provided services. Most of these projects listed below are designed
in order to fulfil the necessities of the integration of renewable energies
into the grid, and a careful revision of them is exposed below. Other
specific projects are included due to their peculiarity or special interest to
be discussed.

The following assessments could be concluded from these projects:

e Focused on wind and photovoltaic power plants integration, battery
storage systems (in most cases lithium-ion batteries, 162 projects)
are widely installed to control RES generation (renewable energy
capacity firming and renewable energy time shift) and also provide
additional grid services, such as: balancing services, ramping support,
voltage support, and congestion relief, among others.

e Molten salt thermal storage is destined to operate and support
Concentrated Solar Power (CSP) plants. This thermal storage
enables stable and dispatchable power delivery without the need for
any fossil fuel. Moreover, thermal storage provides the ability to shift
electricity generation to meet different needs and operate
uninterruptedly during the night due to their large ESS capacity.

e One PHS project is of interest to analyze in an island grid. This PHS
is installed in Canary Island jointly with a WP in order to manage
the renewable generation according to the demand, with the
objective of increase the share of RES energy in the island and reduce
the RES curtailment and conventional generators.
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Some coal plants also include storage systems (mostly lithium-ion
batteries) in their installations in order to provide balancing services,
improving their operation, and therefore, increasing the profitability
of this conventional plant.

In island grids (generally weak grids), such as Hawaii, Sicily and
Sardinia, different types of batteries provide ancillary services
(frequency services and voltage support), as well as RES capacity
firming and RES time shift.

In substations and transmission lines Lithium-ion batteries are
mainly used to a great variety of services: frequency response,
frequency regulation, voltage support, black-start capacity, electric
supply capacity, renewable energy capacity firming and renewable
energy time shift.

Regarding unmatured mechanical ESS, the first CAES was
commissioned in 2015 as a technical R&D demonstration project in
a grid-connected environment. This CAES provides an ongoing
testbed for long-term analyses.

As can be concluded, among different energy storage systems, batteries

are considered as the main enabling technology to face the new

functionalities needed to integrate more RES into the grid and provide a

fast response to the RES intermittency. Furthermore, batteries could

provide other additional services, such as: frequency services, ramping

support, voltage support, and congestion relief, as exposed above.

Although the capital requirement and technology risk of Li-ion is really

high due to their high investment costs and the difficulty to estimate the

lifetime according to their degradation, their potential services and

compatible technical features could be the reason why the operational

projects of Li-ion ESS will be increase from 411 to 531 in the short-term,

surpassing in number all other ESS technologies (see Table 1.4).
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For long term services and energy arbitrage, PHS or thermal are widely
deployed and their technological maturity and cost of investment is

enough competitive.

Consequently, it can be stated that integrating technically storage
systems is feasible. Moreover, storage systems can provide nearly all
ancillary services, grid services and renewable energies-oriented services.
Some of these operational installations are generally demonstrators which
evaluate and validate their functionality. In Figure 1.13, the geographical
distribution of operational electro-chemical ESS installations is shown.
Otherwise, ESS operational assets are increasingly participate in equality
in electricity markets or new flexibility markets, like in USA and UK,
from an economic point of view. Thus, it is convenient to investigate
about recent RES+ESS energy management strategies for their joint

market participation.
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Last update: 10/07/2019.
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1.2.4 Energy storage systems in electricity markets

ESS has the potential to make a significant contribution to the planning
and operation of the power systems. ESS are able to provide a wide range
of services presented in Section 1.2.1, through the selection of the suitable
ESS technology from Section 1.2.2. In particular, it is a key component in
providing flexibility and supporting RES integration in the energy system,
while also contributing to energy security.

However, their widespread use has been restricted by their high
technology costs, lack of deployment and commercial projects, as has been
exposed above in Section 1.2.3. In addition, several barriers caused by the
current electricity market design and regulatory structures [33],[85]-[87]
also discourage their usage, because they were designed for conventional
electricity systems and for only bulk storage participation. This market
design will need to be updated to allow the participation of ESS in
electricity markets.

1.2.4.1 Barriers for ESS in electricity markets

The major barriers related to regulation and economics are as follows:

e Little incentive for investment in ESS is still given due to the high
priority and financial compensation provided to renewable
generators. Generally, support mechanisms and priority dispatch
increase the uptake of RES. However, these mechanisms do not
include and compensate for the controlled dispatch of renewable
energy to meet demand and supply variations on the grid. Thus, RES
owners may be not encouraged to firm their capacity or participate
in balancing markets for extra revenue, like conventional generators.

e FIT schemes can disincentivize the good performance of RES
generators in the electricity market. With excessive FITs or no
responsibility of their own energy imbalances, the profile costs will
increase, because the RES operation is not optimized to maximize
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their market value and improve their RES forecasts. Wind plants do
not bear their extra balancing costs in France or they are partially
responsible in Germany [32], or they can contractually delegate their
responsibility to another BRP [31]. In addition to the FIT support,
these issues could be the reason why RES plants do not participate
usually in European CIM [26],[33]. Including more RES responsibility
could reduce the illiquidity in CIM and the reduction of the amount
of frequency balancing services required.

ESS asset classification is undetermined under present regulatory
frameworks. ESS is multifunctional and can serve as a generator,
transmission or distribution asset, or as an end-user, depending on
the required end goal. Therefore, there is an uncertainty in
determining if ESS is a load (and should pay tax payments) or if it
is an asset which contributes to RES penetration (and may benefit
from the subsidies attached to RES schemes or from a specific ESS
scheme). In the second case, the storage could be considered a
generation asset (giving the opportunity to participate in liberalized
markets if possible) or a network asset (whose property belongs to
the network operators and they are restricted to participate in
electricity markets). According to EU legislation, the European
Commission explicitly states that “neither distribution system
operators (DSOs) nor transmission system operators (TSOs) should
be allowed to own, develop, manage, or operate enerqgy storage
facilities” [34]. Therefore, the ESS ownership should belong to a
generation asset, being able to participate in the wholesale market or
balancing service, improving feasible business cases for ESS.
Accurate techno-economic viability is difficult to determine due
to multitude of potential services and different European markets,
and consequently, quantifying the overall value of ESS investments.
That is, assessing the potential revenues from ESS providing several
services in different electricity markets is complex due to the risks
and uncertainties of unstable and diverse market policies, or
insufficient or uncertain remuneration. Therefore, the return on

investment for ESS private owners is questionable and high volatile.
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The uncertainty regarding price forecasts on the energy and
balancing market is a key challenge for large-scale ESS facilities. On
the one hand, the increasing installation of variable RES generation
would increase future demand for balancing services, while would
reduce market prices. On the other hand, enhanced interconnection,
grid expansion, and new flexible resources as Balancing Service
Providers (BSP) could decrease future price expectations [88].
FElectrical ESS is a developing technology. There is few
deployment and long-term operational experiences. Moreover, there
is a lack of necessary standards and practices, system deployment
and connection, and operating procedures. There is a lack of specific
electrical ESS regulation in current markets.

The identified electricity market design barriers are:

Energy arbitrage: The difference between energy prices during
peak and off-peak periods provides revenues for ESS owners from
energy arbitrage. In case of the excess RES energy is produced during
peak periods the peak price is reduced and consequently arbitrage
profits can be decreased. Moreover, energy arbitrage is a profitable
service for ESS when the difference between peak-price and off-peak
prices is considerable, until an excessive participation of ESS is
reached, known as “cannibalization”. Even more, energy arbitrage
does not directly support the suitable integration of RES.
Ancillary services design: AS were designed for conventional
generation and sometimes impose technical restrictions that limit the
participation of mnon-conventional resources, small renewable
producers or distributed storage systems. Unnecessary barriers and
obstacles are currently imposed, such as: auctions periodicity, closure
times, minimum bid size, size of generation or delivery duration.
System flexibility: As electricity systems move toward more
intermittent resources, the need for flexible operations (i.e. the power
system’s ability to quickly respond to changes in demand and supply)
is increasing. Flexibility of operation requires more flexible market
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mechanisms like some ancillary services (Frequency Containment
Reserve and Frequency Restoration Reserve) or close gate closure
times. In light of the fast response and other suitable characteristics
of ESSs, market design should include the participation in ancillary
services of new flexible resources. However, ESS can only participate
currently in FRR in the Netherlands, Switzerland and UK [40].
Maximum market bid: In some liberalized electricity markets, AS
market can be attractive for ESS owners and increase their revenues.
However, ESS owners’ bids might be ambiguous at market auction
time and might not consider real operational limits of the ESS. In
some markets (FERC Order 841 [89]), a legal framework is
established in terms of maximum capacity bid and other bid
parameters according to the ESS characteristics. Even so, the fully
compliance of balancing services in operation should be assured.
Underperformance in operation: To participate in capacity
markets or tertiary reserve markets (which require huge amount of
energy during several consecutive hours or unlimited time), the
owner must manage their resources in a way that permits it to fulfil
its obligations when is needed or otherwise, pay a penalty for
underperformance. These performance needs and associated penalties
can hinder storage participation. Moreover, the service would be
difficult to guarantee due to their limited capacity. For example, in
UK and PJM markets, capacity obligations do not have a defined
time period, thus increasing the penalty risk for ESSs. Moreover, this
participation is still restricted in several European markets, for
example, Portugal, Spain, Belgium and Poland.

Few hours in service: If ESS only participate in congestion
management or capacity mechanism, it may often operate for shorter
periods during the year and will be highly dependent of the marginal
prices. Therefore, the opportunity to recover investment and
operating costs is uncertain due to high price volatility.

Market illiquidity: Illiquidity and limited participation in intraday

market can increase the transaction costs of market participants
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because it is likely that their purchases and/or sales influence the
market price and reduce the trading benefits.

Consequently, these barriers related to regulatory and market design are
considered and tried to solve with recent policies and changes in electricity
markets, in order to facilitate the integration of RES and ESS.

1.2.4.2 Recent changes in electricity markets policies

FEuropean policies considering ESS

The expected increase of the share of energy from RES has led to require
these plants to contribute to provide system needs and services in the
same way as other power plants. In this line, “A network code on
requirements for grid connection of generators” [90], updated in April
2016, establishes a network code which lays down the requirements for
grid connection of power-generating facilities (synchronous power-
generating modules and power park modules). A power park module is
defined as a unit or ensemble of generating units, which is either non-
synchronously connected to the network or connected through power
electronics, with a single connection point to the transmission or

distribution system, like wind farms and photovoltaic plants.

However, this network code ingores their application to storage devices
except for pump-storage generators. Electric ESS can also supply more
flexibility and balancing to the grid and can firm and control intermittent
renewable generation. Therefore, they will be necessary to fulfil the
current and future requirements of power park modules.

According to the barriers related to European internal markets, a proposal
for a Directive COM(2016)864 on “Common rules for the internal market
in electricity” [91] was published in November 2016. This proposal states
that the demand response as well as energy storage should participate in
ancillary services to ensure a secure, reliable and efficient electricity
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system. The European Parliament accepted this directive during a plenary
session [92] and published provisionally in March 2019 [91]. Member
States must transpose the agreed directive into national legislation by 31
December 2020, in order to make profound changes in national rules.

Several highlighted issues that include this Directive are the following:

e This proposal finds a need to adapt and change electricity markets
and grid operation in a more flexible manner and to “ensure effective
participation of all market players including: renewable energy
sources, demand response, enerqy storage facilities and aggregators
in the procurement of balancing services”.

e The proposal shall “ensure non-discriminatory participation of all
market participants, including market participants offering energy
from renewable sources, market participants engaged in demand
response, operators of energy storage facilities and market
participants engaged in aggregation.” Therefore, this directive also
includes the aggregation of RES and inclusion of ESS.

e Regarding the ownership of ESS, this directive defines that “T'SOs
and DSOs shall not be allowed to own, develop, manage and operate”.
Furthermore, according to the public consultation, assessed by the
regulatory authority, it indicates that “third parties are able to own,
develop, operate or manage such facilities in a cost-effective
manner”. Therefore, future market design will integrate ESS in a
profitable way in markets without discriminatory participation.

e With the objective of progress towards a completely decarbonized
electricity sector that is fully free of emission, pumped-hydro plants
will “be necessary to make progress in seasonal energy storage and
variability of production”. Regarding all ESS facilities, “they be
required to comply with the same strict limitations for system
operators to own, develop, manage or operate those facilities to

provide important services for network security and reliability”.



Chapter 1 State of the art 47

During the agreement procedure of this Directive COM(2016)864, other
supporting documents have been published in the same direction. For
example, the Supporting Document for the “ Network Code on FElectricity
Balancing” [91], updated in 2017, aims at facilitating the participation in
balancing services of a wide range of new technologies including small-
scale generation, energy storage, demand side aggregators, and renewable
energies resources. This document encourages to “allow third parties and
owners of power generating facilities from conventional and renewable
enerqgy sources and owners of energy storage units to become balancing
service providers”.

At this point, there is no doubt that energy storage is a key component
in providing flexibility and supporting renewable energy integration in the
energy system. In order to gather all its potential services and propose a
regulatory framework and market design for energy storage, the European
Commission published a Staff Working Document “Energy storage — the
role of electricity” [93] in February 2017.

Until now, energy storage (pumped hydro storage) has already
contributed to the operation of the electricity system over decades, based
on the technical and economic arbitrage functions. However, the situation
is changing with the growing share of renewable energies in electricity
generation. Energy storage can ensure effective and secure operation of
the grid and provide fast response times in case of rapid power drops or
power fluctuations. In the future system, energy storage will provide
ancillary services and support RES generation in competitive and more
flexible way.

However, energy storage has not yet developed its full potential in the
energy markets. This is because, on the one hand some of these
technologies were not widely developed, and on the other hand the
regulatory framework was not in place to accommodate new flexible
solutions, as has been analyzed in Section 1.2.4. This Working Document

[93] states that “storage operators should be allowed to provide multiple
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services to electricity system operators and also simultaneously participate
in other commercial activities with other economic actors”. Regarding
their inclusion on electricity markets, it states that “Storage services
should be traded in competitive markets, where new flexibility products
would provide a market value reflecting the system benefits of storage”.
And finally, in line with the Directive COM(2016)864, it suggests “owners

of storage facilities should be independent from the grid operators”.

In recent years, due to this European recommendations, guidelines and
directives, several countries have introduced policies related to the
support and development of ESS technologies and have made changes in
their market design frameworks [85], [86], [88], [94]. These policies have
made progress towards more inclusive and flexible electricity markets.
Several of these recent remarkable policies will be exposed as follows.

One clear example is United Kingdom. “FElectricity Market Reform” [95],
[96] is a government policy to incentivize investment in secure and low-
carbon electricity, improve the security of supply, and reduce the cost of
energy to consumers, established in 2013. Several measures were
implemented: Feed-in Tariffs with Contracts for Difference to invest on
low emissions technologies, capacity market auctions, a carbon price floor
tax to increase the emission carbon price in the Emission Trading System
(ETS) and an Emission Performance Standard for new fossil fuel plants.

In order to strengthen the security of supply and address the problem of
RES intermittency, this reform encourages investment in new capacity,
including storage technologies. Consequently, the needed capacity is
determined by the government and then, the first capacity auction was
settled in 2014 (starting to operate in October 2017).

With the rise of variable RES and the gradual decommissioning of fossil
fuels or nuclear plants, the total system inertia of power grids is reducing
and therefore, the frequency response times are becoming too slow for the
needs of modern power grids. For this reason, another new ancillary
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service has been developed by National Grid in United Kingdom to
encourage new technologies to provide a fast response solution to system
volatility. “Enhanced Frequency Response” (EFR) service is capable of
responding to grid fluctuations in less than one second [95]-[97]. National
Grid announced an auction of 201 MW for Enhanced Frequency Response
in 2016 [98]. The auction winners would incorporate batteries, between 49
and 10 MW, in their coal plants, fossil fuel plants but also in wind farms.

In Germany, the “FEnergiewende” (Energy Transition) [99] aims a
transition to a low carbon, environmentally sound, reliable and affordable
energy supply. The integration of fluctuating renewable energies into the
electricity grid demands innovative storage solutions and major
investment in the transmission grid. Moreover, with the intention of
retiring to a larger extent coal-fired and nuclear generation and the
limited possibility of pumped storage capacity, other energy storage
systems will play a fundamental role in integrating RES into the energy
infrastructure to maintain grid security, from large-scale to small-scale
rooftop PV arrays.

Consequently, around 385 MW of battery storage has been installed to
date [88]. Focused on large-scale battery systems, the German balancing
markets (primary and secondary control) are attractive for large battery
system operators, and therefore, a number of public and private initiatives
are currently cooperating on the development of energy storage systems
[100],[101]. STEAG coal power plants put into service large lithium-ion
battery storage units by 2017, without any support of subsidies or grants.
One of these installations is included in Table 1.4. The batteries will be
used for grid stabilization and capable of storing energy from the grid
within seconds of an oversupply scenario and to feed electricity back into
the grid as required.

Since 2016, the Spanish regulation [41] allows the participation of
renewable energies, cogeneration and waste-to-energy plants in the
ancillary services of the electricity system, such as secondary reserve
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service (Frequency Restoration service) and tertiary reserve service
(Replacement Reserve service). However, there was no citation or
reference to electro-chemical energy storage systems’ participation.

In France, the Energy Transition Law [88],[102] in 2015 refered to ESS as
a necessary actor to achieve environmental policy objectives and RES
generation targets. However, except for PHS, energy storage remains
limited. In particular, the current regulatory framework allows energy
storage, but there is a need to establish an appropriate stable legal and
regulatory framework which ensure the profitability of investments and

incentivize in light of the number of new initiatives coming forwards.

In 2018, the Dutch Climate Act [88], adopted as an ambitious initiative,
was launched with a wide range of stakeholders including a substantial
role for various ESS technologies, establishing a clear pathway to full
decarbonization by 2050. The National Action Plan in 2019 provides
valuable guidance with respect of necessary changes for equity and
profitable participation in the Dutch regulatory framework.

Annually, a complete survey [40] by ENTSO-E regarding the balancing
markets in Europe is used to monitor their implementation and to report
on the development towards a European balancing market. Despite the
European Directives proposals, the current regulatory and legal

frameworks are distant nowadays from these recommendations.

The providers of FCR and FRR by country, the most suitable frequency
ancillary services for batteries, are shown in Figure 1.14, Figure 1.15 and
Figure 1.16. Regarding the FCR provision, United Kingdom, France,
Switzerland, Germany, the Netherlands, Denmark and Finland allow ESS
participation. In case of the aFRR (automatic) provision, ESS can only
participate and provide services in Switzerland and the Netherlands.
While, ESS can only participate in Switzerland and the United Kingdom
in mFRR (manual). Only the Netherlands allow the participation of ESS
in all frequency ancillary services (including also RR).
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Other policies outside the European Union

In USA, the FERC also supports the implementation of market designs
that guarantee energy storage eligibility to participate in electricity
markets. Each Regional Transmission Operator (RTO) and federal states
have approved new policies or, at least, included storage in their energy
plans, created programs and co-funded storage projects [103]-[105].

By December 2017, there was approximately 708 MW of large-scale
battery storage operational in the U.S. energy grid. Most of this storage
is operated by independent, federally-regulated non-profit organizations
responsible of balancing the power grid, such as Independent System
Operators (ISOs) and Regional Transmission Organizations (RTOs).
These facilities are used for grid reliability, to integrate renewables into
the grid, and to provide relief to the energy grid during peak hours.

However, ESS is also regulated in energy and ancillary markets for private
utility ownership. CAISO, PJM, ISO-NE and NYISO are open to storage
participation. The penalty exposure of ESSs might also be mitigated by
allowing small resources (including storage assets) to offer their capacity
in aggregation. This solution is already implemented in several regions
including PJM, where capacity storage resources are eligible to aggregate
with other resources when bidding in the markets.

FERC approved several orders (like Order 784 and 755) in 2013 which
increase the remuneration “pay-for-performance” in frequency regulation
markets for fast and flexible responding sources like batteries or flywheels,
rewarding their speed and accuracy, similar to the “Enhanced Frequency
Response” in United Kingdom.

In February 2018, Order 841 [89] was approved with measures to remove
barriers to entry for ESS technologies in the capacity, energy, and
ancillary service markets, to improve their competition in the energy grid
sector: appreciate the physical and operational characteristics of ESS and
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establish a minimum size requirement of 100 kW for participation in the
RTO/ISO markets, among other policy changes.

Table 1.5 summarizes different policies, initiatives or ESS targets across
the United States regarding the ESS. New participants were created to
integrate the ESS in the markets, as well as regional bills were approved
to support the deployment of ESS facilities.

In Australia, the Australian Standard (AS4777) provides adequate
guidelines and standards ESS connection, including design, installation,
testing, maintenance and safe housing of battery systems. In 2017, the
South Australian Government announced a partnership to install a large
ESS, known as Hornsdale (see Table 1.4 for details) to stabilize the
Australian electricity grid in an area characterized by high wind resource.

China is making investments on large battery storage pilot projects to
maximize clean energy output and improve grid stability. For example,
in the northwestern province of Gansu, ESS is being installed with a total
capacity of 720 MWh.

The Ministry of Economy of Japan believed that the RES integration
could be aided by using storage to manage peak supply and demand as
well as stabilizing power supply. Starting in 2012, Japan approved subsidy
programs to provide incentives for ESS, which can be implemented into
solar installations, substations, household, commercial business or stand-
alone renewable installations. In April 2016, Energy and Environment
Innovation Strategy was announced. The main innovative technologies
are related to the efficient power generation, the reduction of the cost of
renewable energies and lithium-based storage energy batteries.



54 Chapter 1 State of the art

Table 1.5 — Recent regional policies or initiatives in USA regarding the ESS

RTO Or . . . o . .
Policies, initiatives or targets
states
MISO E Electric Storage Resources (ESRs) for the provision of regulating reserve.
________________ e e o
CAISO i Non-Generator Resource (NGR) to promote the ESS market integration
NYISO i ESSs may participate in the DM as Energy Limited Resources (ELRs).
PIM . Fast frequency regulation service oriented to ESS participation.
i Bill HB 1296 (2013-14): requires utilities to include energy storage
Washington i assessments in their integrated resource plans to provide ancillary
i services and/or to complement renewable energy facilities.
Senate Bill 943 (2011): ESS can provide energy and/or ancillary services.
Moreover, ESS is exempted from transmission and ancillary services

charges interconnection or supplemental fees, distribution upgrades

costs, and standby charges (2014).

i Assembly Bill 2514 (2013): 1325 GW target for ESS by 2020.
California i Assembly Bill 1150 (2014): Incentive program for self-generation.
i H.4568 (2018): 1325 MWh target for ESS by 2024.

Recognized the role of ESS during power outages.

Florida
1 SunSmart Schools and Emergency Shelters Program: 115 PV + ESSs.
I  Hawaitan Eloctric Company (an investor-owned ntility) mchudes ESS i
Hawaii i their assets to support additional renewable energy capacity.
i Industrial projects come in at 8 ¢$/kWh, half price of fossil fuels.
""""""""" | Energy storage incentives and finance resilient power projects, to
New Jersey i support increased renewable energy penetration (2014).
E A3723 (2018): 2000 MWh of ESS by 2030.
Supported financially research and development initiatives (2010).
New York

NY Energy Storage Roadmap in 2018 1500 MWh of ESS by 2025.

Arizona H State Commissioner proposed 3000 MWh of ESS by 2030.
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Conclusions and favorable market design

As a conclusion from the above analysis, the current regulatory framework
in some countries allows ESS grid participation, but there is a need to
establish an appropriate stable legal framework which ensure the
profitability of investments and incentivize in light of the number of new

initiatives and commercial projects coming forwards.

After analyzing the potential services, barriers and recent policies, fast
frequency ancillary markets are the most attractive for incorporating

energy storage systems.

Recent changes show the interest and suitability of ESS for frequency
response and regulation, such as the “FEnhanced Frequency Response” in
United Kingdom and FERC Order 755 which increases the remuneration
“pay-for-performance” in frequency regulation markets for fast and
flexible responding sources like batteries or, in particular, fast frequency
regulation service oriented to ESS participation in PJM.

With the rise of variable RES and the gradual decommissioning of fossil
fuels or nuclear plants, the total system inertia of power grids is reducing
and therefore, the frequency response times are becoming too slow for the

needs of modern power network.

ESS are able to support the integration of RES plants, but not only
compensating the drawbacks and negative impacts of RES generation as
an independent asset. EU recommends that third parties and owners of
renewable energy sources and energy storage units become an active role
as balancing service providers, in addition to comply with the same
requirements for grid connection as other generating facilities.

In this way, ESS can support the market participation and operation of
RES plants, in order to achieve a reliable operation and provide network
security and reliability. Moreover, an increasing use of Continuous
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Intraday Market also will assure a better RES performance in real-time
operation, which enable re-scheduling every hour.

With this aim, non-discriminatory participation of all market participants
is suggested and barriers for new resources will be eliminated, such as:
auctions periodicity, closure times, minimum bid, size of generation or

delivery duration.

And finally, operators of energy storage facilities and market participants
are encouraged to be engaged in aggregation. This opportunity enables
distributed generators or different technologies to be managed and
controlled in a centralized way.

1.2.5 General conclusions of energy storage systems

Throughout this Section 1.2, the potential ESS services have been
analyzed from the literature, focusing on ancillary services, TSO-DSO
services, generators or renewable sources-oriented services and customer
services. The most suitable ESS technology in order to support RES
operation should be assessed based on its potential services, required
functionalities, technical requirements operational conditions, and future
deployment perspectives and research interests.

Among the existing ESS technologies, electrochemical batteries are
considered as the main enabling technology to face the new functionalities
needed to integrate more RES into the grid, according to the previous
aspects analyzed in this Section 1.2.

They provide fast power response that enables them to control RES
intermittency and variability, as well as improving the power quality and
providing frequency regulation services with high economic value [37].
Therefore, their technical features match with the required services and

functionalities to support renewable sources.
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Particularly, Li-ion technology is the most developed and largely deployed
technology, under pilot and/or commercial projects, according to Table
1.4, with a tendency of increasing the number of operational projects by
29%, in the short term, surpassing in number all other ESS technologies.

In this context, Li-ion batteries are considered one of the key flexible
technologies which enable high renewable penetration in power systems,
by delivering RES utility services, such as: 1) RES capacity firming to
mitigate generation intermittency and output volatility, 2) RES capacity
firming to smooth power variability and volatility, 3) RES production
predictability to reduce energy imbalances, and 4) provision of frequency
ancillary services to maintain the energy balance between generation and
load. Thus, they also contribute to the system stability and reliability.

However, current operational installations are generally demonstrators,
with some exceptions, which validate and test the desired services, rather
than real operational assets which participate and compete in equal
conditions in electricity markets from an economic point of view.

From an economic point of view, the capital requirement and technology
risk of Li-ion (from Figure 1.12) is really high due to their high investment
costs and the difficulty to estimate the lifetime according to their
degradation. It is known that the ESS acquisitional, operational and

replacement costs increase substantially the asset costs.

Additionally, renewable energy sources and energy storage units are
increasing their active role as balancing service providers and it is
expected more future opportunities in these markets. However, contrary
to energy markets, frequency ancillary services are characterized by
uncertain or unpredictable real-time operation, which hinder a high
fulfilment of market requirements. Because of this feature, advanced
Energy Management Strategies (EMS) which manage all energy resources
in the market participation are required in order to achieve a reliable
operation in energy and reserve markets, and consequently, a profitable
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exploitation for utility-scale RES+ESS plant. For this purpose, the initial
ESS sizing selection and its optimal operation are two crucial factors to
assure a viable, profitable and efficient operation of these plants.

Firstly, the selection of ESS capacity plays an important role in assuring
a more reliable and profitable operation which leads to increase the
market revenues. However, the high ESS acquisition cost could results in
a reduction of the overall asset profitability. In contrast, a smaller ESS
capacity could not provide or operate successfully according to the
technical requirements of the application, despite its acquisitional cost is
reduced compared to the oversized ESS selection.

Secondly, to become a cost-effective solution and recover the additional
ESS investment, the joint operation of RES+ESS in multiple markets
could increase their economic and technical value. In that way, the
provision of frequency ancillary services, characterized of being high-value
services and highly rewarded, will be another market opportunity for
RES+ESS owners, achieving additional sources of revenues.

Therefore, how the ESS is designed and managed during their lifetime
operation is essential for the ESS cost-effectiveness. An optimal EMS will
optimize market scheduling, assess optimal ESS sizing, provide a
controllable and reliable real-time operation, and after all, maximize
portfolio or asset profitability. During its lifetime, ESS degradation
increases or decreases directly according to their operation. Thus, the
EMS should reach a trade-off between the asset revenues and costs.

“The value in storage is not necessarily in the amount of energy you can
store, but how you optimize, control and offer smarter energy solutions”
stated Sebastian Bringsvaerd, development manager for Batwind at Equinor.
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1.3 RESHESS energy management strategies

In this section, the overall concept about EMS is defined and explained.
Different optimization methods or techniques of EMSs are reviewed in the
field of the market participation of renewable energies and storage
systems. The most relevant approaches found in the literature are

critically reviewed.
1.3.1 Concept and approach

The EMS has a global vision of the system to be managed where all the
necessary information of the system is collected. In this outermost level,
EMS encompasses strategies that allow jointly operating and managing
all energy resources available in the system to obtain the strategic
objective or desired functionalities in a medium or long-term time horizon.
For this aim, these decisions are applied to determine the points of
operation of the resources and send the set of power control parameters
to manageable resources. As can be observed in Figure 1.17, the EMS
manages power flow and exchanges between all resources and the utility
grid. For example, economic dispatch or market participation can be
implemented. The particular application and their strategic objectives are
the factors that determine and define the EMS, that is, each application
requires a particular EMS for a given objective [106],[107].

|
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Figure 1.17 — Simplified EMS for market participation.
Adapted from [106],[107]
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To develop a cost-effective solution and recover the additional ESS
investment, the joint operation of RES+ESS in multiple markets could
increase their economic and technical value. In that way, the provision of
frequency ancillary services, characterized by being high-value services
and highly rewarded, will be another market opportunity for RES+ESS
owners, achieving additional sources of revenues. However, the
uncertainty of real-time delivery of frequency ancillary services could
hinder a high level of fulfillment of these Real-Time (RT) market

requirements, resulting in market penalties.

Because of this intrinsic feature, the adoption of advanced optimization
techniques included inside a thorough and detailed EMS is essential in
order to achieve a profitable participation in energy and reserve markets
for utility-scale RES+ESS plant, as well as a flexible, controllable and
reliable RT operation. Therefore, a proper EMS shall include the
implementation of an energy management strategy through a market
bidding optimization, reliable and controllable real-time operation, as well
as the technical and economic modelling of all the involved systems.

1.3.2 EMS for energy market participation

Considering the scope of RES market participation, the main objectives
ought to maximize the economic opportunities of each electricity market,
provide a controllable and reliable real-time operation, and minimize
overall system costs. After all, EMS will reduce the overall return on
investment and maximize portfolio profitability.

Until now, renewable plants participate mainly in energy markets. Firstly,
some researches are focused on scheduling the RES generation on Day-
Ahead Market (DM), in which a certain hourly amount of energy is bidden
beforehand and delivered later. In this application, ESS helps RES to
deliver a steady output generation based on firming control strategies or
optimization techniques from the literature [108],[109]-[112]. One of these
firming controls can be observed in Figure 1.18.



Chapter 1 State of the art 61

Different power profiles
800 r T T T T T T T T T T T
N ;
0 T veval Pov
//' ) \ T l smkl
400/ L/ A Ess
E | J Pgrid
i 200 N
5
g8 o =
o
-200
-400 -
_600 L 1 1 L L 1 L 1 1 1 1 1 1 1 1
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Day time [h]
Figure 1.18 — Daily market operation with rule-based control strategy.
Source: [108].

In order to deal with the inherent forecast uncertainty of RES, successive
Intraday Markets (IM) [28], [113]-[119] allow RES to correct large energy
deviations from the DM obtaining feasible final schedules which reduce
large energy imbalances, improve their daily operation, and thus,

maximize their market revenues.

The main objectives to schedule RES generation in energy markets are to
maximize the overall profits and reduce energy imbalances [28], [113],
[116], [120], make arbitrage in energy market [121], [122], or otherwise,
evaluate the optimal sizing for ESS at microgrid level [123] or considering
thermal solar plants [124].

The growth of RES generation has increased the importance of efficient
markets. For that reason, European Cross-border Intraday Market project
in Europe [125] was launched to create a single pan European cross zonal
intraday market. Therefore, RES can reschedule their generation closer to
real-time operation through the Continuous Intraday Market (CIM).
Until now, Spanish or Italian IMs cleared by auctions are widely analyzed
[116], [121], [126]. Recent studies take advantage of CIM in order to
schedule industrial processes [127], make arbitrage with a ESS [128] or
operate a wind farm but incurring in energy imbalances in case it is more

profitable than fulfilling market scheduling [30].
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Some researches analyze the impact of the low liquidity in Nord Pool CIM
28], [29], while Spanish IM trading volume through auctions is relevant,
around 20% of the generation. Some of the reason of this illiquidity are
the weight of bilateral contracts (with fixed price agreements) and/or the
pay-as-bid pricing procedure (instead of marginal price). This market
design discourages to re-schedule daily market generation. Despite these
facts, according to the expected future trend of RES participation in
intraday markets, CIM participation tends to increase due to its better
features (closer gate closure) than IM through auction. RES+ESS
facilities are supposed to participate in future CIM with enough liquidity
over time to match their bids. Therefore, with a suitable implementation
and enough liquidity, CIM will be a useful market to reduce energy
imbalances and improve RES operation.

1.3.3 EMS for grid services

With increasing renewable generation, it is expected that large-scale RES
and ESS will contribute to provide system needs and frequency ancillary
services in the same way as other conventional generators. As an example,
a recent change in the Spanish market rules that allows the participation
of RES in ancillary services of the Iberian market since 2016 [41] reflects
this current trend. Other recent policies for ESS integration in ancillary

services in several countries was explained in Section 1.2.4.2.

Therefore, researches that are only limited to accommodate RES energy
do not reflect the potential value of ESS. With a massive RES share, more
ancillary services will be required in short-term [27], [33], [42], [51], [129]
[106], [130]-[132], to tackle the variable production and ensure a safe and
reliable operation. Thanks to the fast response of ESS, its provision of
frequency ancillary services [132] will be another market opportunity for
RES+ESS owners, achieving additional sources of revenues.

Focusing on FRR, it provides market-based compensation to resources
which have the ability to adjust output production according to the AGC
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signal in order to maintain system stability and restore the frequency.

Contrary to energy markets, the AGC signal required at real-time
operation is uncertain when the power availability is assigned at the
auction time. Thus, as exposed above, advanced EMS must be required
in order to achieve a reliable operation and fulfill real-time market needs
according to the committed power availability. In that way, RES+ESS
can take part actively in FRR provision to improve the grid stability and

reliability [133], instead of being one of the sources of system imbalances.

In this line, PHS plants or thermal power plants have been widely
analyzed to participate in FRR, from an economic point of view [134]-
[138] thanks to their high controllability and “unlimited” energy capacity
due to the stored water or coal reservoirs.

Therefore, market participation and operation strategies considered for
PHS are not at all suitable for intermittent renewable plants with
electrical ESS, because they have peculiarities and more restrictive
constraints than PHS, i.e. the uncertainty and intermittency of the
generation or more limited stored energy. Thus, ensuring an optimal and
reliable operation of RES+ESS is an approaching challenge.

Apart from PHS, only a few studies have tackled the joint operation of
intermittent renewable plants or electro-chemical ESS. Some authors
analyze the operation of a single RES plant [139], [140], or otherwise,
manage independently multiple ESSs [141]-[144] in the network.

Furthermore, the joint participation of RES+ESS in reserve market is
calculated and most papers [145]-[149] demonstrated that the profitability
of the whole plant increases. Even aggregated ESSs in vehicle-to-grid
applications achieve reasonable revenues [150]-[152], which reduce the EV
owner’s bill. However, it should be highlighted that these studies do not
consider all essential aspects for a complete EMS: some of them are more
focused on the market schedule stage, consider historical hourly or known
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values of energy requirement, validate the market strategy only in a few
days, do not estimate the battery degradation and operating costs, do not
assess all technical aspects related to the FRR real-time operation or do
not analyze the ESS sizing. All these aspects from diverse approaches
found in the literature are critically reviewed in Section 1.3. Here, some
aspects related to the grid services and FRR modelling are discussed.

Firstly, regarding the market optimization for FRR capacity reservation,
some strategies give priority of downward bids [146], offer a small FRR
band compared to the RES installed capacity [147], assure a low
robustness for FRR compliance [143], [144], [148] or operate under the
maximum available power [139], [140], [149]. The FRR capacity should be
optimized at FRR auction time without knowledge of RT needs and with
high reliability and robustness, ensuring there is no RES curtailment.

Secondly, during real-time operation (RT), uncertain AGC signal must
be followed by the BSP generators. This AGC is the upward or downward
deployment needs in RT according to FRR auctioned capacity. While
some researches show a low level of FRR compliance which results in high
penalties [143], [144], [146]-[148], other authors achieve a high technical
FRR reliability without considering RES forecast uncertainty [147], [149]
or AGC signal uncertainty [126], [141], [145]. Moreover, other studies do
not consider the joint WP+ESS operation for FRR market [126], and
actually, only ESS takes part in ancillary services. Other authors show
that energy imbalances increase significantly in case of FRR participation
[126], [146], which is contradictory with the essential objective of FRR.

Thirdly, some papers show in detail the fluctuations of AGC signal during
a period of time with a high resolution (intra-hour behavior) and propose
EMSs for a single [142], [144] or several ESSs [143] in multiple markets.
Others authors share the AGC signal between conventional generators
and ESS due to its limited capacity [130] or with a hydro plant [131]. But
these EMSs are designed without any market participation.
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Consequently, in order to validate and evaluate properly their joint FRR
participation, the uncertainties of RES generation forecast as well as the
real uncertainty of AGC signal should be considered in the RT operation.
Moreover, energy imbalances and FRR penalties should be minimized as
much as possible.

1.3.4 EMS for distributed energy resources

Increasingly, renewable energy resources are more technological diverse,
numerous and distributed along a geographic area. Consequently, novel
EMS aims at controlling and optimizing the joint operation of all diverse
energy resources in a centralized way. In this direction, Micro-Grids (MG)
and Virtual Power Plants (VPPs) are two suitable concepts to manage
diverse distributed energy resources [106], [108], [132], [153]-[155]. The
features of VPPs or MGs is shown in Figure 1.19 according to different
criteria: energy resources or stakeholders, power type, operation mode,
supervisory and hierarchical control, application, and strategic objective.

Application | Indv. consumer || Residential || System operator || Utility generator |
Energy resources/ | Renewables | | Storage | | Utility Grid | | System operators |
architecture/ - - -
stakeholders | Generators | |(Res1dent1al) 10ads| | Interruptible loads | | Retailer |
Strategic | Self-consumption | | Operation costs | | Environmental | | TSO/DSO service |
objective

| Ancillary services | | Arbitrage | | RES control | | Power quality |
Power type / phases | DC | | AC | | Single phase | | Three phase |
Operation mode | Grid-tied | | Grid-connected | | Islanded |
Hierarchical control | Tertiary | | Secondary | | Primary |
Supervisory control | Centralized | | Distributed | | Cooperative | | Decentralized |
Control technique | Rule-based || Optimization-based|

Figure 1.19 — VPP or MG classification. Adapted from [153], [154]
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In particular, VPP concept is more suitable for market participation in
which energy generation (and/or consumption) is schedule based on
maximization of the strategic objective subject to the constraints of the
system. VPP could be a bridge to the wholesale market of different energy
resources located in a large geographic area. On the other hand, MG are
more suitable in a limited geographical area focused on the retail
distribution with the aim of energy cost minimization. Moreover, they
usually require a level of storage to be energetically self-independent, and
usually face more legal hurdles. Anyway, both existing researches are of
interest to analyzed. Moreover, according to the Directive COM(2016)864
on “Common rules for the internal market in electricity” [91], all market
participants -including renewable sources and storage facilities- are
encouraged to participate in multiple markets in aggregation.

The diversification and aggregation of different RES plants present
complementary generation profiles [156]-[159]. Consequently, RES
production uncertainty is reduced, and more reliable real-time joint
operation can be ensured. VPP are generally composed by renewable
sources, storage systems, conventional generators and/or loads, whose
aims can be to achieve a minimum cost operation allowing demand
response [160], maximize electricity self-consumption [161], reduce daily
RES wvariability by ensuring constant power [162], make arbitrage
including interruptible load [163|, manage pumped-storage to maintain
internal grid frequency [164] or optimize the system with respect to CO,
prices [165]. However, all of these researches have not included or
integrated their EMSs completely under an electricity market framework.

Taking a step forward, various studies of VPP [166]-[173] aim at
maximizing the incomes by optimizing the market scheduling and
planning the overall operation in the market environment including
frequency reserve markets. Nevertheless, possible RES deviations are
accommodated by their own conventional and controllable plants
(thermal power plants, microturbines or hydro units), interruptible loads
or other reserve allocations. Consequently, RES do not play an active role
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in the frequency reserve provision, they are plainly considered the source
of the internal energy imbalances which other controllable plants and/or
ESS partially [167]-[169] should cope with in operation. These above
studies are more focused on the market scheduling optimization stage and
ignore RES dynamic fluctuations and uncertainties in RT.

For the above literature, controllable plants (thermal power plants,
microturbines or hydro units) are always taken into account in the VPP,
reducing the unpredictable RES nature and hugely restrictive technical
constraints for RT operation. Due to this fact, they do not require to
implement, to a great extent, RT techniques which enable to make quick
decisions according to instantaneous system conditions. As can be
observed in the current literature, no research was focused on developing
EMS for an utterly RES portfolio with ESS which participate in multiple
markets, manage their internal RES deviation through ESS operation and
contribute to maintain system frequency through FRR market
participation. Moreover, these studies do not consider to re-schedule their
generation intra-daily because they have enough reserve allocation
provided by conventional plants. Due to this fact, they do not give
attention to RT control. Although RT rule-based techniques are widely
considered as suboptimal decisions, they enable to make quick decisions

and improve the RT operation according to instantaneous RT state.

Focusing on RT operation, other researches are more focused on RT
control strategies for RES. Model Predictive Control (MPC), also known
as receding horizon control, is widely used as real-time control in order to
make decisions under uncertainty and adjust the pre-defined RES
operation according to instantaneous system measurements and perform
corrective actions when uncertainties or unexpected events appear in real-
time operation. For example, authors in [174] aim at increasing the self-
consumption, reducing imbalance errors of RES [120] or system operating
costs through controllable loads [175], maximize revenues in islanded
microgrids [176], or optimize scheduling in a microgrid [177], [178].
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In other applications, MPC is also generally used as real-time control
[113], [124], [141], [143]. Although the scope of these latest studies is out
of the scope of market participation, MPC technique demonstrates its
potentiality and usefulness in market application to assess the impact of
uncertain or RT parameters according to previous market scheduling.

Therefore, in order to evaluate their operation, it is necessary to simulate
and validate the EMS in RT operation as much accurate and realistic as
possible, in which the influence of uncertain RT parameters (market
prices, forecast errors, AGC signal from FRR market and ESS capacity

loss in operation) are validated in technical and economic terms.

Another aspect that should improve RT operation is the applied RT
controls. Regarding the supervisory control of VPPs in RT operation, the
centralized control scheme is mostly implemented to manage all energy
resources as a whole, and schedule or control the renewable generation
[106], [132], [166]-[173]. However, it is worth analyzing in detail which RT
controls are implemented when several ESSs should be coordinated. In
the literature, distributed ESSs are preferred rather than aggregated ESSs
(like one larger ESS) [143], [144], [179]. This fact allows more flexible and
optimal integration of different RESs and increase the system redundancy
and stability in faulty or extreme conditions.

Some authors propose supervisory controls for multiple ESSs to equalize
all State of Charge (SOC) that means ensure uniform charge/ discharge
ratios for all ESSs [179] or regulate them around the expected average
SOC [143] to prevent individual saturation or depletion. Moreover,
allowing power curtailment or load shedding [179] is also implemented to
avoid ESS overcharging or deep discharging. In other studies, when ESSs
are about to be fully (dis)charged due to high AGC requirements, they
participate in intraday or real-time markets [144]. This kind of EMS are
only implemented for multiple ESSs without other energy resources or
inside a VPP. In contrast, previous VPP studies analyzed in the literature
do not consider ESS coordination or SOC controls [106], [132], [166]-[173].
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1.3.5 ESS modelling in EMSs

There is a last issue that should be considered in the EMS to ensure the
asset profitability. In order to evaluate the feasible profitability of the
ESS for the operation of RES+ESS in energy and reserve markets, ESS
acquisition and degradation costs should be taken into account. Even
more, some authors state clearly that the ESS integration is not profitable
under current investment cost and market design [126],[128], [129], [180].

The acquisition cost should be considered to economically justify its
deployment. This consideration was hardly analyzed in most literature.
Regarding the optimal ESS capacity to be installed, several researches are
focused on the optimal sizing in order to support renewable integration or
local demand [181],[182] or to participate in electricity markets [180],[183]
in order to maximize the profitability or reduce the overall system cost.
On the other hand, selecting the optimal ESS capacity enables a reduction
of investment ESS costs, as long as optimal market scheduling and reliable
RT operation is preserved. However, among all of the literature analyzed
in this field, the influence of ESS sizing in energy and reserve markets
with RES plants has not been yet assessed, considering all the factors

mentioned above.

On the other hand, degradation costs should be evaluated to estimate the
ESS lifetime and their associated replacement costs. The authors in [179]
suggest considering safe operating limits for ESS to prevent fast damage
or degradation. Other authors [176] want to limit, as much as possible,
the variations of the battery power exchange, to reduce the number of
cycles. There are few studies that estimate the ESS degradation costs
expressed as a function of battery cycles and Depth-Of-Discharge (DOD)
as in [184]-[188], without calendar issues. Finally, the research in [142]
estimates the ESS usage costs with semi-empirical calendar and cycling
models without a ESS lifetime estimation. However, the interrelationships
between the ESS sizing, ESS degradation, expected ESS lifetime and long-
term ESS costs during the operation has not been yet analyzed.
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1.4 Main motivation of the PhD thesis

The aim of the presented State of Art was to summarize the background
knowledge of ESS and their potential services and applications. Moreover,
diverse approaches, strategies and methodologies oriented to the energy
management of RES with ESS are analyzed, focusing on their market

participation and provision of frequency services.

Regarding the first section, the recent deployment of RES plants was
contextualized. To reduce the dependence on fossil energy sources,
decrease GHG emissions, and mitigate the climate change, renewable
energy -mainly solar and wind- is increasingly considered and deployed in
the three main energy consumption sectors (electricity, heating/cooling
and transport). Both renewable technologies have undergone an
exponential growth and they will increase significantly their presence in
the electricity grid in next decades, in line with the global targets toward

a low or zero carbon economy.

However, several network concerns raise in case of a massive or
uncontrolled RES penetration related to the system stability and
reliability. One measure to solve this problem is to schedule, control and
deliver their generation in the same way as conventional plants through
the electricity markets. For this purpose, ESS are considered one of the
key technologies which support high renewable penetrations in power
systems, by adding more flexibility and controllability to their RES
operation in electricity markets, among other services suitable for ESS.

Therefore, throughout the second section, a review of the potential ESS
services has been presented, focusing on frequency ancillary services and
renewable-oriented services. Among the existing ESS technologies,
electro-chemical ESS are considered as the main enabling technology to
face the new functionalities needed to integrate more RES into the grid,
because they provide a fast power response that enables them to control
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and smooth RES intermittency and variability, as well as improving the
power quality and providing frequency regulation services.

Based on the most representative operational projects, it can be concluded
that Li-ion technology is the most developed and largely deployed
technology, under pilot and/or commercial projects in the short term.

Additionally, the main barriers for ESS in electricity market have been
identified and the recent changes in aforementioned markets have been
exposed. Although ESS is been integrated in some countries though recent
regulatory frameworks, there is a need to establish an appropriate stable
and legal framework which ensures the profitability of the investments in
light of the number of new initiatives and commercial projects coming
forwards. After analyzing the market barriers and recent policies, fast
frequency ancillary services are the most attractive markets for ESS to
increase their economic viability. Although these ancillary markets have
high degree of uncertainty in RT operation, they are high-value and well-

remunerated services.

Apart from electricity market barriers, the high investment, operational
and replacement costs of the electro-chemical ESS, and the difficulty to
estimate their lifetime and the best strategy to control them for a given
application or desired functionality are the main drawbacks to the wide
inclusion of this technology. Together with a RES plant, as exposed
before, their joint operation could increase the overall profitability of the
asset and increase the feasible business cases in electricity market.

Therefore, the objective of the last section has been to present a thorough
literature review which allows identifying a suitable methodology to assess
and validate an ESS cost-effective solution under the scenario considered
in the scope of this PhD thesis: the RES+ESS participation and operation
in energy and frequency reserve markets. According to the analyzed
publications, currently it is still challenging to obtain significant profits
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from the integration of electrochemical ESS on grid-connected

applications, in particular, when frequency reserve markets are included.

For this purpose, the adoption of advanced techniques and coordinated
EMS of the utility RES+ESS facility should be developed in order to
achieve a controllable and reliable operation which leads to a profitable
exploitation through the joint participation in energy and reserve markets.

As discussed along the State of Art, researches that are only limited to
accommodate or smooth RES energy do not reflect the potential value of
ESS. Thanks to the fast response of ESS, its provision of frequency
ancillary services will be another market opportunity for RES+ESS

owners, achieving additional sources of revenues.

Among the literature gaps discussed in the literature review, after the
optimization process for dispatch strategy or market scheduling, it is
necessary to simulate the proposed EMS in RT operation as much
accurate and realistic as possible, in which the influence of uncertain RT
parameters (market prices, forecast errors, FRR market and ESS capacity
loss) can be accurately modelled, and later, validated in techno-economic
terms. Without an accurate evaluation of the ESS operation and
degradation, any technical evaluation would be less realistic or inaccurate.
Thus, their suitability and profitability for any particular application
could be hardly assured and validated properly.

Regarding the features of the ESS, its efficiency, acquisition and operating
costs, technical constraints due to limited capacity, degradation model or
capacity /power sizing analysis should be included in the methodology.
Among all the literature analyzed in this field, the influence of ESS sizing,
operation and degradation issues in energy and reserve markets
supporting renewable plants has not been yet fully assessed.

Thus, the main problem found out in the current literature is the lack of
a methodology for the proper sizing and operation of a renewable asset
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management with ESS in energy and reserve markets for the long-term
planning and short-term operation assessment, giving a suitable and
accurate framework to evaluate the cost-effectiveness of ESS integration
for different RES technologies for grid-connected applications. Therefore,
the development of Optimal Energy Management and Sizing Strategies
for Large-Scale Electrical Storage Systems supporting Renewable Enerqgy
Sources are proposed as the main contribution of this PhD thesis. For all
key aspects mentioned above, this dissertation develops an advanced
EMS by fulfilling all above identified gaps from a global perspective:

e RES+ESS market scheduling will be calculated to maximize
market revenues in line with previous VPP composed by renewable
and conventional plants. In contrast, in this dissertation, ESSs will
manage entirely the RES variability based on forecast service provider
information. Moreover, RES forecast generation, ESS efficiency, ESS
acquisition and operating costs and technical constraints due to limited
ESS capacity are included in the optimization problem. Furthermore,
the proposed EMS tries to minimize as much as possible energy
imbalances (not purely economic optimization) with a forced strategy
[120] to guarantee high market compliance and RT reliable operation.

e Continuous Intraday Markets (CIM), in addition to DM, will be
applied in order to re-schedule RES generation, control forecast
deviation and manage ESSs. CIM has not yet analyzed under Spanish
market, since its inclusion in 2018.

e The participation in reserve markets (FRR) will be a profitable
additional service, with the aim of increasing the asset profitability.
However, FRR market bids and AGC power signal should be modelled,
calculated and validated properly, in which reliable operation is
achieved, despite the high RT uncertainty of the market.

e MPC approach will improve the RT operation performance.
Moreover, the influence of uncertain RT parameters on market
performance and operation can be evaluated. The MPC approach, as
a closed-loop control, together with the RT operation and
DM+CIM+FRR participation, was not previously implemented.
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Moreover, several RT supervisory controls for VPP operation will
be applied to validate that SOC equalization techniques and their
techno-economic improvements in operation and exploitation.

o In a decentralized control, the final portfolio market schedule
and RT operation is the aggregate of the decisions and controls
of each individual plant. Thus, they operate as separated or
individual plants, which could result usually in suboptimal
decisions and/or faulty or extreme RT operation conditions.

o Otherwise, RES complementarity and SOC equalization
techniques were taken into advantage in centralized portfolio
operation to reduce SOC fluctuations, and the usage of ESS.

An ESS aging model analysis should be included in order to
estimate the ESS lifetime (through proper and customized cycling and
calendar aging models) and their associated operating and replacement
costs. An oversized ESS will allow RES plant to increase market
revenues, to reduce energy imbalances, to achieve a high compliance
of FRR requirements and to reduce FRR penalties. However, its high
ESS costs could not be compensated with additional market profits.
An ESS sizing sensitivity analysis should be carried out to
determine the optimal ESS sizing in relation to the VPP profitability.
The ESS capacity will impact on the market scheduling and operation
(i.e. ESS costs and ESS limitations). The overall ESS costs related to
the optimal ESS operation are included in the objective function in
order to achieve a trade-off between an intensive ESS operation and
an extended ESS lifetime. The expected ESS lifetime and overall ESS
costs are calculated thanks to the ESS aging model analysis.
Additionally, future market prices, different system costs, or market
operation are also considered in order to evaluate the ESS cost-
effectiveness to support RES operation under different scenarios.
Two case studies are selected in order to apply and validate the
EMS. Firstly, this EMS enables to operate individual RES+ESS
plants, and additionally, renewable portfolio with distributed ESS can
be scheduled, operated in a decentralized or centralized way.



Chapter 2 Short-term and long-term
EMS for RES+ESS

In this section, the combined short-term and long-term Energy Management
Strategy (EMS) for RES+ESS is explained and developed, according to the
identified gaps and potential opportunities for ESS.

This proposed EMS addresses the renewable asset management in the long-term
planning and short-term operation, giving the framework to evaluate the cost-
effectiveness of ESS integration for different RES technologies and applications.

The main objectives of the proposed EMS are the following: i) optimize energy
and reserve market scheduling and minimize expected energy imbalances,
regarding most recent forecast information considering ESS degradation, ii) re-
schedule RES generation intra-daily to control large RES forecast deviations and
manage the energy stored in ESSs, and iii) operate at real-time to follow energy
schedule and AGC signal, while smoothing RES variability and intermittency.

The EMS is validated for two scenarios. Firstly, this EMS enables to schedule and
operate independently individual RES+FESS plants (photovoltaic solar plants and
wind plants), and secondly, renewable portfolio with distributed ESS can be
scheduled, and operated through different portfolio supervisory controls.
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2.1 RES+ESS energy management strategy

In this section the proposed Energy Management Strategy (EMS) is
explained in depth and implemented according to the identified gaps
found in the literature. This EMS is divided into five blocks, as can be
observed in Figure 2.1: i) scenario definition, ii) upper level in which the
optimization process is applied, iii) ESS aging analysis, iv) lower level
control in which real-time operation is applied, and v) Model Predictive
Control, applied as a closed-loop control. This EMS is designed and
implemented in Matlab environment (version R2018b).

In the scenario definition, the main design and operation variables are
defined, regarding the RES installed capacity and RES generation forecast
which come from the forecast service provider, and other design variables
related to the ESS and system costs. Moreover, the market framework is
defined regarding market rules, gate closures times and market operation
horizons for each market. Particularly, current Spanish electricity markets
are considered and modelled, such as the DM, CIM and FRR.

In the upper level control, a Mix-Integer Linear Programming (MILP)
optimization (using intlinprog Matlab toolbox) is applied to calculate the
joint operation and market participation for DM, CIM and FRR. The
main objectives are to maximize daily market revenues and minimize

overall ESS costs, by calculating optimal DM and CIM scheduling and

RES generation ——p

Scenario definition LOWER LEVEL:

Real-time operation

Model Predictive Control (MPC) |<— Next time step
Electricity market ¢

Grid power set-points )
RES generation UPPER LEVEL: .
— | DM+CIM —»
Optimization process /A\ ¢ AGC signal

_’
_:(::j:_ + t _rr|J-'1_|J-|_ﬂ_ Pl o,

ESS aging analysis

Cycling degradation

- Rainflow algorithm

- Wohler curve method <4
Calendar degradation

SOH degradation

ESS lifetime estimation

SOH and ESS lifetime
according to the operation

(3

Figure 2.1- Proposed RES+ESS Energy Management Strategy.
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more profitable hourly FRR band availability, while in technical terms it
is tried to avoid as much as possible positive energy imbalances, negative
energy imbalances and FRR penalties. Moreover, the objective function
controls the SOC around 50% at the end of the day in order to start next
day with enough ESS energy. Expected CIM and FRR market prices are
estimated with the publication of DM prices for each day. These prices

are updated in the objective function to maximize revenues.

Regarding the FRR requirements at real-time operation, the AGC signal
modelling is carried out based on public data from hourly energy
requirements. This AGC signal applied in RT operation is modelled
following the behavior of several AGC signals found in the literature.

Additionally, in the ESS aging analysis, an ESS cycling degradation is
estimated based on the ESS operation according to Wohler curve-based
aging model through a Rainflow cycle counting algorithm [117]. Moreover,
the ESS lifetime and its associated costs are calculated based on cycling
aging, as well as calendar aging models. This ESS aging analysis is
repeated iteratively when CIM+FRR bids are jointly optimized in order
to achieve a trade-off between an intensive ESS operation and a reduction
of ESS degradation costs due to an extended ESS lifetime. Moreover, this
ESS analysis is also carried out at the end of the day and at the end of
the evaluation period with the annual ESS operation values.

After the market scheduling process, the lower level control is applied, in
which real-time operation is carried out to validate the optimal values
calculated in the upper control. Any energy deviation or RES forecast
errors that occur during RT operation have influence on the optimal
market operation and optimal ESS energy profiles. The main challenge of
the RES operation is to avoid large energy imbalances caused by
unpredicted forecast errors and to provide a high technical compliance in
FRR market. Therefore, the objective of RT operation is to fulfil grid
power set-points composed by the most recent DM+CIM schedule and
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the current AGC signal be means of the instantaneous RES generation
measure and the energy stored in ESSs.

To reach this aim, advanced portfolio supervisory controls should be
implemented in real-time operation. While individual RES+ESS plants
must be operated independently, renewable portfolio with distributed ESS
can be also operated and controlled in a centralized way to provide the
both grid power set-points according to the total available RES generation
and ESSs’ stored energy, with the objective of minimizing SOC changes,
reducing ESS usage, and extending their lifetimes.

Finally, MPC is applied as a closed-loop control. MPC is widely used as
real-time control in order to adapt the pre-defined RES operation
according to instantaneous system measurements and perform corrective
actions when uncertainties or unexpected events appear in RT operation.
Therefore, only the first grid power set-points are requested in RT

operation, and a following market optimization is carried out.

2.2 Scenario definition

In the scenario definition, the input data parametrization is carried out,
in which the main design and operation variables are defined. Figure 2.2
represents in detail the required input data of the EMS regarding the
market framework and renewable generation, and the interconnection of

scenario definition with the other blocks.
2.2.1 Renewable generation

RES generation forecasts and instantaneous generation data are inputs
for the EMS in the scenario definition. This data can be loaded from
public data or for a given particular RES plant of interest. When this
EMS is applied in a real application, instantaneous RES generation will
be monitored from the existing installation and be loaded as input for the
EMS, as well as, the DM or updated generation forecast profiles.
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Scenario definition
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Figure 2.2 — Scenario definition in detail.

RES generation forecasts (Pf,:ed) are needed to calculate the optimal
market participation. These data come from the forecast service provider
information and they are updated depending on the time of the day. At
the time of DM and FRR auctions, the RES generation information is the
day-ahead generation forecast. At the time of CIM auctions, that it,
during the operation day, the RES generation information is updated and
corresponds to the most recent (or intra-day) generation forecast, being

more accurate than day-ahead forecasts, as can be observed in Figure 2.3.

Then, instantaneous (or measured, real) RES generation values (Pyg®)
are applied to the real-time operation. These power signals represent the
real energy generated by RES plants. The suffix r represents each RES
plant considered in the model.

Parametrization is the process of defining or choosing parameters. In this
EMS, design variables are parametrized as well as the ESS and RES+ESS
costs. These values are defined by the user or asset owner, depending on
their design preferences and power facility characteristics.
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Figure 2.3 — Solar and wind generation profiles for two given days.
The design variables are the following:

- ESS nominal capacity: C°™ [in MW]|

- ESS maximum power assumed as the converter power: ™ [in MW]

- ESS charging and discharging efficiency: n"/@" [in %]

- SOC limits for safe operation: SOC°Pt and SOCP* [in %)

- SOC limits for FRR participation: SOCFRR and SOCFER [in %)

- SOC limits for RT operation: SOC™ and SOC™ [in %)

- Possibility to increase SOC limits for RT operation when AGC is being
provided, in order to reduce more FRR penalties.

- SOC range at the end of the day: SOC®™® and SOC®™ [in %)

- The acquisition costs of the RES: ¢V, ¢"? [in €/MW installed]

- The acquisition power-related costs of the ESS: ¢M% [in €/MW]

- The acquisition energy-related costs of the ESS: ¢cM"" [in €/MWh]

- Expected converter and RES lifetimes: ¥ WPV wWP [in vears|
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As MPC approach is applied, as a closed-loop control for the EMS, several

inputs are required to define its time resolution, such as:

- Sample £ and time step 4k=1
- Real-time period: i.e. 4t = 0.25, that is, 15 minutes

It is recommended having the same or less real-time period than the
resolution for RES generation profiles. In real application, RES generated
energy and other RT parameters are monitored and updated constantly
(seconds or minutes) and therefore, the real-time period in a real
implementation should be reduced, in order to calculate the system
response at the same pace as the input and measured data are updated.

However, the resolution for RES generation profiles in the research is
extracted from historical data with a 15 minutes-basis. Therefore, the
resolution for the optimization, real-time operation and MPC approach
was defined on 15 minutes-basis, known as real-time period. Detailed
information about MPC approach can be found in Section 2.6.

2.2.2 Electricity market

Electricity market models should be defined regarding market rules, gate
closures times and market operation horizons for each considered market
in the EMS. The electricity market model implemented in the EMS can
be genetic, that is, any market model from a given country or application
can be included. In particular, the Spanish market is modelled as example,
and their details can be shown in Figure 2.4. To model the market
participation, the following main design parameters should be defined:

- Consideration of constant, hourly mean (historical) or expected market
prices. Expected prices will be taken into account the publication of
the DM prices [189] to estimate the prices for CIM and FRR prices.

- Decision to participate in DM, CIM and/or FRR.

- DM, IM, CIM, FRR market gate closure times.
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- The minimum hourly FRR availability (P?™") according to minimum
bid size defined by the market design of each country.
- The maximum FRR availability (B?™3%) related to the ESS capacity.

- Decision of RT portfolio supervisory control.

Energy markets

Spanish DM is the main energy trading market to meet demand of the
following day. Sellers of electricity present energy bids to the Market
Operator (MO) for each of the production units they own. The MO
collects purchase and sale bids, and calculate the price using a market-
clearing pricing procedure. Energy products are auctioned at marginal
price (€/MWh), and the time resolution is 1 hour (in hourly intervals).
Therefore, the energy delivered in one hour should be constant. DM gate
closure time is settled at midday of the previous day (“D-17), and its
market operation horizon comprised one day (“D”) as can be observed in
Figure 2.5. This market design is repeated every day.

IM is similar to the day-ahead market but cleared closer to power delivery
and it covers a shorter trading horizon. There are two main intraday
markets: IM through discrete auctions (at marginal price) or Continuous
Intraday Market (CIM) (based on pay-as-bid price). Energy time
resolution in Spain is 1 hour in both cases.

| Day "D-1" — |[«=——— Day "D" ——|

Gate closures Market operation horizon

kpMm = 12:00 | : ‘ . : : ] DM

KFRR = 17:30 | * : | FRR

kciM1=23:00 I e ;

kcimM2=00:00 | - e : —
= : ' " = CIM
- | =

kCIM24=22:00 | : : i I ,E

12 18 00 6 12 18 00

Figure 2.4 — The Iberian Electricity Market schedule for DM, CIM and FRR.
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Figure 2.5 — Energy market schedule procedure, structure and operation.

In particular, CIM market is modelled in this PhD dissertation,
represented in Figure 2.5 (IM by auctions is presented and modelled in
Appendix 1). CIM bids can be sent at any time, one hour in advance of
its delivery (and in hourly basis). In that way, final CIM schedule is

defined during the operation day “D”.

Frequency regulation reserve

Regarding the Spanish frequency regulation reserve, the auction time and

operation requirements are explained and described below.
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Since 2016, the Spanish regulation [41] allows the participation of
renewable energies, cogeneration and waste-to-energy plants in the
ancillary services of the electricity system, such as secondary reserve
service (known as Frequency Regulation Reserve, FRR) and tertiary
reserve service (known as Replacement Reserve, RR). Regarding the ESS
technical features and limited capacity, the FRR is more suitable to ESS
participation in Spanish electricity markets.

Frequency Containment Reserve (FCR, corresponding to primary
regulation) is omitted in this PhD thesis, because it is a non-remunerated
compulsory service for conventional plants, and it is not cleared through
any market auction. Additionally, RR is also solved through daily
auctions. In contrast to FRR, RR requires higher energy delivery, so
therefore, ESS (i.e. PHS) or conventional generators with high energy
density are required. In particular, Spanish wind plants together with
other controllable plants participate in FRR, but mainly providing
downward tertiary energy, reducing their wind generation. Therefore, the
reserve market of interest for RES+ESS plant is FRR. In particular,
Spanish FRR is modelled in this PhD thesis.

As can be observed in Table 2.1, in Spain, 158 power plants participate
in FRR to maintain the system frequency, (update in March 2018), known
as Balancing Service Providers (BSP). The total installed capacity of
Spanish BSP for FRR is 68.36 GW (67.5% of Spanish total installed
capacity) and they are gathered in 18 Regulation Zones (RZ) [190]. As
depicted in Table 2.1, fossil power plants (from coal, gas and oil sources)
and hydraulic power plants participate mostly in FRR (78.4% of total
capacity). 18 wind parks have been authorized to participate in balancing
services (11% of total capacity) and only 1 PV plant is recently added
inside one of these RZs, but its capacity continues being insignificant
compared to the total capacity of all RZs (0.02%).

Although the authorized WPs reach 11% of the total plants in FRR
service, nowadays, the real contribution of WP in the FRR service is
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residual since the FRR available capacity is assigned for each RZ. The
reason of the difference between the wind installed capacity and their real
contribution in real-time operation is that real-time requirements can be
distributed between all power plants inside the RZ, according to their
availability and the criteria of the owner of these assets.

Due to this market design, the asset owner decides the contribution of the
WP depending on their real-time generation and flexible capacities to
follow this AGC signal, while the rest of controllable plants are regulated
to provide the energy necessary up to the total FRR requirement.

Therefore, the contribution of WP to the FRR requirements in operation
is less than 0.2% although the Spanish legislation enabled the renewable
participation in balancing markets by the end of 2016 (see Figure 2.6). In
contrast, the aim of this EMS is to control and operate the RES+ESS
portfolio reliably as other controllable plant which is responsible of their
own energy imbalances (like BRP generators) and provides FRR service
(like BSP generators).

Table 2.1 — FRR participation and total installed capacity in the system per
technology. Source: REE. Update: March 2018

FRR participation Installed capacity
Technology
n® MW % MW %

Fossl | 92 | 350163 | 5122% | 40524 | 41.32%
CHydroelectric | 37 | 185785 | 27.18% 1 203223 | 20.72%
C Wid 18 75576 | 1L06% | 228558 | 2330%
 Nuclear | 71 72 1041% | 7172 726%
Thermoelectric | 1 | 50 | 007% | 28012 | 235%
 Biomass | 2 269 | 004% | 531 [ O054%
Photovoltaic | 1 | 134 1 002% | 44329 | 452%
" Othes - T T ssse0 | sas%
© Total | 158 | 683399 | 10000% | 980844 |  100%
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Figure 2.6 — Real-Time FRR requirements. Source: DVL-GL.

For the considered case study in this dissertation, PV and WP plants are
considered inside a new RZ, with the average capacity of the existing RZs
and a similar energy mix than the Spanish system, in which PV, WP and
ESS assets have more presence, as can be seen Figure 2.7. The total
capacity of this new RZ will be 3798 MW (considering the average of
current Spanish RZ), with several photovoltaic and wind power plants of
30 MW each one (considering the average of Spanish RES plants).

In contrast to the current operation of the RZs, the objective is to be able
to control RES generation and provide FRR services with an asset

composed only by renewable and storage resources.

The Spanish TSO (Red Eléctrica de Espafia, REE) publishes hourly
upward and downward FRR needs (P#eped'h and P&, ) at 16:00 of the
day before (D-1) and the FRR auction closes at 17:30, according to the
Spanish requirements to handle energy deviations in both directions.
Firstly, FRR bids are sorted by price merit order and less expensive bids
are usually fully assigned, considering several rules and bids’ conditions
(indivisibility, ramp, size, etc.). Throughout all the assignation process,
the hourly upward and downward FRR needs (P#e’;d‘h and P&%..)

relation should be maintained for the whole system and for each RZ.
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Figure 2.7 — Spanish current RZs and the new heterogeneous RZ. Source: REE.

The relation is defined by eq. (2.1), as the hourly Reserve Rate (RRp).
Another way to define this term is through the ratio between upward and
downward FRR bands RZh / rRZh and therefore, the assigned power
capacity per RZ ( RZh / as in eq (2.2). The assignation process is
completed when the total hourly assigned power capacity for all RZ is
placed between +/-10% of P,2 . and P&, ,, respectively.

need,h

As it has been exposed above, this RR;, value must be fulfilled by each
RZ, and in this model, by each RES+ESS plant (or portfolio). Therefore,
each RES plant sends its power availability (the sum of upward and
downward FRR bands (P¥Y and PZ)) and initially, each RES plant will
maintain this hourly rate RR,. This constraint is due to the aim of
controlling and operating the RES plants with ESS reliably by themselves
and without any support of other controllable plants.

RRy = Pr?epedh/Pge‘gd,h = rRZh/rRZh = P;zp,h ngh (2.1)

P}??Itd = Pth+ PRZh =X, (Prl,li? + Prcfi‘f) (2.2)

The minimum hourly bid size in Spain is 10 MW. That is, each production
unit must participate with a minimum band of 10 MW. A production unit
is the group of generators or facilities of the same technology (solar, wind,
hydro, fuel, etc.) which shares the same Point of Common Coupling
(PCC) and gathers the minimum capacity to participate in the market.
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This minimum FRR bid size discourages small generators or distributed
facilities to participate. However, it is expected that the minimum offer

will be reduced, due to:

- Future market design with a reduction of minimum size. Across
central and north Europe, the minimum size is established between
1-5 MW, or less than 1 MW. With the increasing RES distributed
generation, it is expected to be reduced to 1 MW or less [40].

- The consideration of a larger portfolio of the same technology in
which the considered production unit(s) are integrated in this model.
Therefore, all generators and energy resources included in the VPP
will participate with a total FRR capacity band at least of 10 MW.

- The possibility of participating in balancing services with a common
bid for a portfolio composed by different technologies. This rule is
established in most European countries, such as, Austria, Denmark,
Finland, Germany, The Netherlands, or Switzerland [40]. In contrast,
France, Belgium, Portugal, Spain and United Kingdom divide the
market bids per technology. This rule does not allow to control
different resources and technologies inside a VPP.

Thus, each BRP (single RES plant) is supposed to participate with a
minimum bid of 1 MW.

The Shared Peninsular Regulation (RCP) [35] is the master controller and
operates at real time hierarchically. The RCP computes an Area Control
Error (ACE) for the whole Spanish control area and calculates the ACE
power signal, according to: 1) the deviation of the power generated from
the scheduled power, 2) the frequency variation and 3) the Automatic
Generation Control (known as AGC) in real-time operation.

After the assignation process, a Participation Coefficient is defined
(PCgrzp) per RZ, as the portion or percentage of ACE signal that should

be provided, according to eq. (2.3). In operation, all RZs receive a
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proportional AGC power signal each 4 seconds, according to their
corresponding Participation Coefficient.

PCrzn = Pagn/ Pacean = Pizn/Picean (2.3)

Contrary to energy markets, the AGC signal required at real-time
operation is uncertain when the power availability is assigned at the
auction time. The procedure to model the real-time FRR requirements
(AGC signal in this PhD thesis), after optimizing the FRR band
availability schedule, will be described in Section 2.3.3.

In order to clarify the FRR schedule procedure, structure and operation,
Figure 2.8 shows the difference between the FRR availability bids
composed by upward and downward power capacity bids (PRuZI?h' ngh),

and the AGC power signal, required in RT operation.

As can be observed, the AGC signal is a power signal uncertain and
unsteady and applied in RT operation, whose limits are contained

between the upward and downward power capacity bids (PRu; . PSZ"‘,’ )

.........................................................................................................................................................................

FRR market structure Day "D"

»
»

A

Reception time of ———»

éFRRavaiIabilitybids :: ______ | | | |... |:|

l / <k Kini kend i
H Real-time FRR requirements
i Assignation process ~ Gate closure delivery (AGC) starting time

i by price merit order

Figure 2.8 — FRR schedule procedure, structure and operation.
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2.3 Upper level control: optimization process

This section describes the upper level control in which the optimization
process is calculated. As can be observed in Figure 2.9, the design
variables and current system conditions are firstly initialized: i) RES
forecast profile is calculated based on the most recent forecast provider
information and an additional terms in added in order to include
unexpected FRR energy deviation, ii) current ESS state is updated based
on SOC and SOH, iii) market model is defined according to owner’s
business case (i.e. market participation), iv) evaluate market gate closure
time and current sample time, and v) optimize market participation, or
otherwise, maintain the previous market scheduling until next market

gate closure time.

As exposed before, in case of market auction is going to be cleared (at
market gate closure time), the objective function is maximized in order to
calculate the optimal DM, CIM and/or FRR market scheduling. In this
case, equality and inequality constraints are defined according to current
RES+ESS and market design. Moreover, upper and lower bounds for
optimization variables. The core of the optimization process (the
optimization formulation and calculation) is explained in Section 2.3.1
and 2.3.2. Afterward, ESS aging analysis is carried out with the ESS
operation to estimate the ESS lifetime (included in the obj. function).

After the optimization calculation, data post-processing is carried out,
with two purpose: i) estimate the ESS lifetime, and ii) calculate the AGC
signal according to Section 2.3.3 that will be applied in RT operation.

Finally, the optimal grid set-points are sent to the lower control level in
which real-time operation is applied. Thanks to the MPC, the upper level
control based on an optimization process is repeated for each sample time.
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Figure 2.9 — Upper level control (optimization process) block in detail.
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2.3.1 Objective function

A mix-integer linear programming (MILP) optimization is applied
following eq. (2.4) to maximize daily market revenues and reduce overall

ESS costs, by calculating optimal DM and CIM scheduling (P2Y, PERY)

( band)

and more profitable FRR band availability according to mean

upward and downward FRR energy required (EXY,EZ2Y), and reducing

pimb* pimb=) This objective function mixes

expected energy imbalances (
economical and technical terms to be maximized. The optimization
horizon is optimizing for the variable subset Ky from current sample k£ up

to the end of the day (ke,q), and for all RES plants in the portfolio (7).

{ r CMW . Prconv CMWh . C;wm k \
pceonv . Jy lI’TESS - dy
max +At- (M -EES + AQM . pPM 4 p¢IM . pEM (2.4)
VTER vkeKy +yllgand Aband Pband + A}éw . %\I/{v _ ldw Edw
k |—M - (Vr /11mb+ leb+ + yr_,k . /ﬁ'{mb— lmb )) )

The main objective is to maximize daily market scheduling (PP} ,Pf{(M,

pp a"d) calculated with a variable window horizon up to 36 h (starting at
the DM auction at midday up to the end of the optimization day (Kenq),
according to graphical representations from Figure 2.5 and Figure 2.8.
Therefore, market revenues are calculated by market offers (P2}, PSY,
PP and expected market prices (A°M, 1M 2Pand) and the mean FRR
energy revenues or costs at RT are included (EXY, EZY) by their expected
prices (A*%, 2%%). The market scheduling is customized for each RES+ESS
plant and each day based on forecast service provider information (Pf,:ed).
The generation forecast is updated depending on the current time step.
In DM schedule, it corresponds to DM forecast, and most recent forecasts
are included for CIM schedule, being more accurate than DM forecasts.
Moreover, real-time period (4t) is included to calculate hourly market

revenues, as the market prices are in €/MWh and market power in MW.
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Regarding costs terms, power and energy-related ESS costs aims to be
minimized, according to two optimization variables: the maximum
converter power required for each ESS (B°™) and expected ESS lifetime
(in which ESS lifetime ¥F55 depends on the ESS operation EESS, as will
be explained in Section 2.4). These variables are multiplied by the ESS
converter lifetime (W°™) (considered as RES project lifetime, 25 years),
nominal ESS capacities defined as design parameter (C°™), economic
terms related to ESS costs (¢cM" and cM""), days per year (d¥ = 365).

Moreover, technical objectives are included to avoid energy imbalances
(Pimb+, pImb=) even if it could be a more profitable operation. If RES+ESS
portfolio will participate in FRR with the objective of reducing overall
grid energy imbalances and maintaining the system frequency, it is
counter-productive that the RES+ESS deliver their own imbalances
sorely due to economic reasons. Moreover, if energy imbalances occur,
FRR penalties are also produced. Therefore, a “forced strategy” [120] is
modelled. Expected energy imbalances prices are included (A7PF, 2imb—)
and the multiplier M is necessary to minimize energy imbalances, although
it guarantees feasibility in the optimization model in case the ESS is fully
(dis)charged and/or unable to operate. Energy imbalances may occur with
high RES intermittency or large forecast errors. In contrast, economic
criterion (M = 1) is applied as in Appendix 1, producing high energy
imbalances, high FRR penalties and non-compliance at the same time.

Consequently, forced strategy is implemented to guarantee a high
reliability of FRR participation in RT operation. Therefore, risk factors
(]/:,{_/ b) are included in order to avoid participating in FRR when energy
imbalances are expected, or otherwise, manage all solar and wind
fluctuations with the ESSs when profitable FRR participation is expected.
Several iterations of the optimization process are carried out, and these
risk factors are increased or reduced according to the expected energy

imbalances or desired FRR participation.
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Finally, another technical term (M - Ef3> ) enables to reach the middle

SOC at the end of each day (E£5S ) to avoid undesirable final discharges.

kenar

As consequence, market bidding schedule is maximized as long as the
middle SOC at k.,  is achieved.

These technical terms (avoiding energy imbalances and controlling final
SOC value) must be highly weighted through the multiplier M in order
to increase their relative value compared to economic terms regarding
market scheduling: PP, PEM, PPA™®. In contrast, these technical terms
included the objective function are not considered to be maximized or
minimized according to a purely economic perspective. They are included
in order to achieve a better technical performance of the RES-+ESS
operation, with the objective of reducing the amount of expected energy

imbalances and controlling the SOC profile at the end of each day.

This market bidding optimization calculates the ESS power profile
(P&, PACM) and available ESS energy profile (E£3°) in order to satisfy all

constraints based on most recent forecast generation.
2.3.2 Equalities and inequalities

Concerning equality constraints, power balance equation between RES
forecast, ESS power and energy market schedule is represented in eq.
(2.5). The DM and CIM scheduling power (P2}, PEIM) plus the ESS power
(PER, PACM) must be equal to the RES generation forecast (Pf,:ed), in case

Pimb+ imb—)'

of no energy imbalances (P/”", /g

Pf,:ed corresponds to the RES generation forecast and APf,:ed corresponds
to the accumulated energy deviation produced by the FRR needs in RT
operation and it is distributed in two next hours, to counteract this
deviation. In the DM optimization, Pf,:ed corresponds to DM forecasts,
because DM auction is cleared at midday the previous day, and DM
generation forecast information should be considered at that time. During
the day for CIM optimization, most recent forecasts are considered from
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the forecast provider information. RES generation forecasts and
instantaneous profiles can be loaded from any source.

Another constraint to implement is the energy flow of the ESS represented

dch) These equations define ESS

in eq. (2.6), including efficiencies (n",n
energetic model. ESS energy profiles (Ef°) are the result of the ESS

power output (P, PA") eq. (2.5), without including FRR energy.

The AGC signal is unknown before the auction and for future operation
steps, but it does not surpass the capacity assigned in FRR auction
market the day before. The AGC value will be applied in RT operation
and it will be managed by the ESS capacity and CIM re-scheduling. This
AGC value will deviate the optimal ESS charge and discharge profile, but
this energy will be corrected during successive CIM re-schedules. However,
as this AGC is unknown, it cannot be included in equalities.

Therefore, FRR bands (P}, PZY) are included as the worst-case power in
inequality constraints to limit the ESS power and energy resulting from
the RT operation. Hence, market and operation solution feasibility is
ensured for all possible realizations of AGC signal needs under the most
recent renewable forecast.

The ESS power limitation is defined in inequalities (2.7)-(2.8) according
to the maximum converter power required for each ESS (B°™).

P;‘ Pd(:h + P + PCIM +leb+ leb— Prl'?’:t?d + APrI?’:ed (25)
EESS EE.IS;.S;I — At - (Pr(:‘,rli . nch dCh/ndCh) =0 (26)
—Ph + Pt + — PO < () (2.7)

PTC Pdch + P;m/ _ Prconv <0 (2.8)
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ESS energy profile (EZ o %5) is constrained between safe operating limits
(50C°Pt=10%, SOC°P*=90%, for example) following inequalities
(2.9),(2.10) which represent the optimal ESS operation in order to
maximize FRR bands revenues. The ratio between upward and downward
FRR bands (r#*¥, ") is defined by eq. (2.11)-(2.12), according to the
Spanish TSO needs [192] to handle energy deviations in both directions.

The ratio (r#*", ") is extracted from hourly needs from eq. (2.1).
—Ef35 + SOCP" - CES + P - At <0 (2.9)
EESS —S0C" - CES + P& - At <0 (2.10)
P = P =0 (2.11)
w. phand _ pdw = ( (2.12)

Ineq. (2.13) avoids ESS charging from the grid when there is not RES
production. During the night, ESS is only able to be discharged (negative
power). Thus, ESS will be charged only from RES.

Maximum ESS capacity Maximum ESS power
v ~
Max. FRR
U» At-FRR dw power downward power

................ Current
/\” ESS capacity T

T l+ A ESS power
@l |, At ESS power ¢ * *

Max. FRR
U» At-FRR up power upward power
)/
N ~
Minimum ESS capacity Minimum ESS power
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Moreover, to avoid undesirable deep discharging and in order to start next
day with enough ESS energy to fulfill AGC signal during the night, SOC
at the end of the day (kenq) is limited up to middle SOC (S0C®"*=50%)
thanks to ineq. (2.14). The multiplier M in the objective function is
included to reach this aim. The objective function tends to be maximized
because a high final energy Efss; near to SOC®™, multiplied by M.,

increase substantially the objective function.

Additionally, ineq. (2.14) and (2.15) control the SOC at the end of the
day around the optimal values defined as SOC®"*=20% and SOC®"*=50%.
The objective is to avoid undesirable discharging and in order to start
next day with enough ESS energy to be able to fulfill FRR market
requirements during the night until the sunrise.

peh — pdch < pPred 4 ppPred (2.13)
—EESS ., +50Ce™ - CES <0 (2.14)
EESS, —Ssoce™ . cESS, <0 (2.15)

Regarding market participation, the optimal market offers for DM, CIM

and FRR must be constant during each hour (due to hourly trading

products in Spain), in the same way as (2.16) particularized for P2y.

DM DM —
( Pric = Priksax =0

DM DM —
Pr, +Ak Pr,k+2~Ak -
. k—1+At

At

vk :

|k €N (2.16)

L pbM _: pPM . _ ¢

1 1
T,k+E—Ak T'k+E

Regarding the ESS degradation, eq. (2.17) defines the maximum expected
daily degradation of the ESS. Moreover, eq. (2.18) and (2.19) approximate
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ESS degradation limits through linear calendar and cycling coefficients
(z,2°) ) as in [117].

SOHM™ . crom /(WESS . gvy — ¢ES < 0 (2.17)
—[SOH,Eni . C;Lom]kzkini + zeal . C;Lom + Cf,is _ Eiil <0 (2.18)

—[SOH™ - (1 — 2% - SOC/™) - €™y, + 2°% - CPO™ 219
~2 - (B B + O — O, < 0

As ESS charge and discharge power variables are defined to include the
efficiency in the above model, a binary variable per RES plant (u, )
allows to charge or discharge the ESS, but not simultaneously, according
to eq. (2.20) and (2.21). As consequence, the introduction of binary
variables results in a MILP optimization.

Prfllcch - W Upp S 0 ; Urk = {O(Ch’)’ 1(dCh)} (2'20)

PS4+ BE .y, < BEW o, = {0(ch), 1(dch)} (2.21)

The minimum band availability (B?™™) in Spain is 10 MW [192], but 1
MW is defined due to expected future market design [40], as reported in
Section 2.2.2. Meanwhile the Spanish band size is being reduced, another
consideration can be assumed that the RES+ESS plant participates with
other plants inside a portfolio which bid more than 10 MW. Therefore,
each plant is assumed to provide at least 1 MW (PP™in),

On the other hand, the maximum hourly value is restricted to PP™e*

related to the ESS capacity (for example, 20 — 25% - CESS), in order to be
capable of providing the entire band capacity in the following two hours
before updating next CIM schedule. The remaining capacity, as well as
eq. (2.22) and (2.23), is destined to manage RES forecast errors and not
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to excess safe SOC limits defined in the optimization to avoid penalties.
In order to model the FRR participation, binary variable v, ; is included.

—PPEM 4y - PP <0 v, = {0(n0), 1(yes)} (2.22)

PPt — PPMO* -y, <0 5 vy g = {0(n0), 1(ves)) (2.23)

Finally, another energy flow constraint should be also defined. Based on
the ESS energy flow represented in eq. (2.6) at each time step, in addition
to the ESS energy constrained by SOC operating limits from ineq.
(2.9),(2.10), the presented energy flow equations have the objective to
restricting the maximum energy deviation for a period of time, taking into
account the SOC operating limits and the maximum energy deviation due
to the AGC requirements. This maximum energy deviation due to the
AGC requirements for a period of time is represented by the FRR bands.

Therefore, ineq. (2.24) and (2.25) limit the maximum energy variation
from expected ESS operation (EF3°) due to AGC signal between the time
at which one CIM decision (latest CIM bid) is made and the time at which
this CIM schedule is fixed in RT operation. From this point, the CIM
bidding can be re-scheduled. Figure 2.11 shows the fixed CIM schedule
period, between the gate closure time and CIM delivery starting time, or
otherwise, when RES generation is available.

. Fixed CIM schedule period

Lastest CIM bid
Fixed CIM

CIM bids sent l ll schedule period CIM schedule horizon
<—> >

Reception time | | |;
. of CIM bids / \ \ CIM schedule (can be modified later);

Gate closure Final CIM schedule (last chance)
CIM delivery starting time :

Fixed CIM schedule (fixed one hour before)

Figure 2.11 — Representation of fixed CIM schedule period.
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As said before, FRR bands (Prlf,f/ dw) are included as the worse-case
scenario in order to maintain the ESS energy profile inside its operating
limits during each period of time. Therefore, these constraints aim to
maximize FRR band as long as the ESS energy is between SOC limits.

Figure 2.12 represents these inequations to restrict maximum energy
deviation more in detail. All values (i) belong to set K, being a subset
from Ky, defined as Kyp for the WP plant and Kp, for the PV plant
defined in eq. (2.26) and (2.27). The initial and final step of the
optimization day (kini, Keng) should be included, and the sunrise time
(ksr), and the sunset time (kg,) for Kp, subset.

—Ef?S + SOCFRR - Xy min{i ek, |i”>i} [CE®]

—At - Sypisksi e, [ Pk -0 =PI + PO /M1 <0 (2.24)

VkEeKy, Vi €EK, €S Ky /i €K, i">1i
ESS _ GAFFRR ESS
EZ7 = SO0C™™ - By mingivek, iy [Cri ]
+At - Zyjicksiicek, [-PZ /n*" + (P + PE) -] < 0 (2.25)
VkeK,, Vi €K, CKy/3i €K, i’ >i
Kwp = {kinis King + At ™" ki +2- A7, Keng + 1} € Ky (2.26)
Kpy = {kini ksr ksy + At™1, o kgs — A7 kopng + 1} S Ky (2.27)

where ki, = min{i € K,}, keng = max{i € K.}

Based on this optimization, optimal bidding and operation variables can
be obtained. Nevertheless, one of the inputs of the objective function is
the ESS lifetime (WE5S) which is calculated based on the Rainflow cycling
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counting algorithm [193] by means of the depth of discharge data provided
by the battery manufacturer and complemented with battery degradation
tests carried out in the research group’s laboratory. After the first

EF3S) has influence

optimization, one of the outputs of the optimization (
on another input (¥E55) described in Section 2.4. The ESS aging analysis
is repeated iteratively for CIM+FRR bids optimization in order to achieve
a trade-off between an intensive ESS operation and a reduction of ESS
degradation costs due to an extended ESS lifetime. In that way, the
optimal operation profile Eﬁis is obtained for the maximization of market

revenues minus the ESS costs associated with their WE5S,

Once the DM auction is cleared, the P,?,Q” schedule is fixed. Afterward,
FRR auction is held, knowing expected CIM and FRR prices, FRR
market offers (PP, PYY, P2Y) are fixed in the optimization process. Next

optimizations calculate and update CIM based on most recent forecast.

N
kini ksr ksr+1/4k kss kend+Ak

Lastest CIM bid CIM schedule horizon

- s

1l

Maximum capacity
"

Initial ESS
capacity o

—> Final ESS capacity due to EM |

—» ESS charge/discharge power

Maximum energy related to
. x hourly upward FRR bands

power limitation / energy limitation Minimum capacity

FRR rate limitation / max/min FRR bands

Figure 2.12 - Visual representation of maximum energy deviation.
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2.3.3 AGC signal modelling

After FRR auction, this FRR schedule is fixed, and consequently, AGC
signal should be followed next day according to the FRR bands. AGC
signal is sent by the TSO to the involved generators at RT operation, but
these data are partially or not publicly available. In order to model
realistic AGC signal to be introduced and applied in the EMS, this
additional block is included to model the AGC signal in a more realistic
way possible. Otherwise, the AGC signal can be an external signal when
the EMS is implemented in a real application, without the need of this
AGC signal modelling block, where real AGC signal would be given and
updated each 4 sec by the TSO at RT operation.

Under this assumption, historic hourly data from Spanish TSO [189] are
used to simulate and validate the EMS in a more realistic scenario
according to the FRR bands from the upper level control. This AGC
signal modelling procedure enables to generate more realistic FRR needs
which are applied later in RT operation.

In FRR, all generators inside a RZ receive a proportional AGC power
signal each 4 seconds, according to their assigned PC, as in eq. (2.3).
However, this AGC power signal at each 4s is not publicly available, while
hourly Upward and Downward Secondary Reserve Use data are published
by the Spanish TSO [189]. These hourly energy values do not give
information of the AGC power signal behavior or fluctuations inside the
hour. Furthermore, considering a net energy value (the sum of both
values) for each hour does not represent the real operation of the battery
under this ancillary service. Most of the literature considered a simulation
time step of 1 hour, without intra-hour changes [135], [137], [138], [145],
[146], [148], [194]-[196], while other authors considered a smaller time step
(10 or 15 min) for the operation [134], [197].

However, AGC signal is actually a power signal sent by the RCP each 4
seconds. With the objective of establishing a suitable time step, the
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behavior of the FRR power signal should be analyzed. While the FCR
deals with quick frequency fluctuations from the nominal value and their
power output should be proportional to the instantaneous frequency
deviation [39], [198][199], the power signal in FRR is not so oscillating
and fluctuating than FCR, as can be observed in several signals found in
the literature [130], [131], [139], [144], [200]-[206]. Some examples are
displayed in Figure 2.13.

In order to be accurate to the real operation, as well as considering an
acceptable computational time to optimize while reflecting the intra-hour
AGC signal behavior, a real-time period (4t) of 15 minutes is proposed in
this model. The consideration of shorter time steps (less than one hour)
leads to more realistic power profiles. This consideration allows a more
accurate techno-economic analysis of battery operation, energy
imbalances and reserve penalties due to AGC non-compliances. Also, the
RES generation profiles should have the same resolution as other

variables.

Therefore, if the proposed real-time period is minor than the resolution of
the available ACE power signal (given by the TSO in hourly-basis public
data, ACE}), it is necessary to model the intra-hour behavior of the AGC
power signal and create an AGC power signal (AGC, ;) with the same
time step than the defined for the optimization. For that, the features of
several real AGC signals exposed in Figure 2.13 are tried to imitate.

Consequently, AGCrz, and AGC,, are hourly energy signals (MWh)
which are directly related to the hourly public data ACE, by the PCgryp,
according to eq. (2.28). AGC,, can be evaluated as the sum of the hourly
positive and negative values (AGC,;, and AGC,, ), as in eq. (2.29). These
two values are also available in TSO website, and they are necessary to
model the positive and negative intra-hour needs. AGC, , power values per
hour are calculated according to the At, based on hourly energy values,
AG CT"” n and AGCy . These power signals do not surpass the capacity bands
(P, PRY), as in eq. (2.30).
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AGCryp =y AGCyp = PCpyp - ACE, Vh € [1,24] (2.28)

AGCop = AGCH, —AGC = % iy n J[AGC.-At]  (2.29)
le‘FlSkSH

AGCH, < PR 5 AGC;, <P (2.30)

where subscript h corresponds to the time of the day (in hours, h) and
subscript k corresponds to the sample time for the simulation of the EMS.
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Figure 2.13 — Different AGC signals found in the literature.
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Figure 2.14 — Annual percentiles of hourly upward and downward AGC signal,

mean value, median value, and real-time requirements of a given day.

Figure 2.14 shows annual percentiles of hourly upward and downward
AGC signal from 2017. Additionally, the mean values and median values
are included, as well as the hourly AGC energy values (AGC;, and AGC; )
for a given day (4™ January 2019). This figure demonstrates the high
degree of uncertainty that FRR market has. These historic percentiles are
expressed in percentage between the real-time hourly AGC energy values
(AGC}, and AGC;y) and the assigned capacity bands (P7 and P.Y).

According to Spanish market prices [189], they can be estimated linearly
based on the DM prices or can be estimated using another method (e.g.
machine learning techniques or “smoothing splines” method).

In order to compare the accuracy of both results. Firstly, the linear
relation between DM prices and other market prices for 2017 is as follow:

2pand = xband . (qpMmax _ 2PMY _, JpMmax — g0 xband = 0394 (2.31)
AW = quw  ADM L, uw — 1 069 (2.32)

AW = xdw . 2PM - xAW = 0,816 (2.33)
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Secondly, cubic smoothing spline method is implemented in this EMS
being a useful method for noisy data defined in Matlab Curve Fitting
Toolbox. Another prediction method could be used in further research.
Reserve prices have dependence for DM prices but high variance, and
consequently, using linear or polynomial curves to estimate them will have

low accuracy, as can be observed in Figure 2.15a, for Spanish 2017 data.

Cubic smoothing splines can address possible non-linearities and high
fluctuations. Thus, an interpolating function is defined with smoothness
properties, which presents better accuracy. Figure 2.15b shows the
expected prices for these two approaches for a given day. Spline method
has more accuracy than linear approximation. After the optimization
process, hourly FRR market bids are optimized for each RES plant.
During the operation, the real-time AGC power signal is required for each
plant and it is unknown at the time of the auction.

Figure 2.16 displays two FRR schedule bidding for wind and solar
respectively for a given day. Hourly energy use data (AGC,, and AGC, )
are uncertain data at the time of the FRR schedule bidding, only hourly
assigned capacity (Prlff ,PAY) are calculated in the optimization process.
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Figure 2.15 — a) Real FRR prices VS DM price, b) Expected band prices.
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Thus, AGC,;, and AGC, ), values are neither used as known information to
calculate FRR schedule bidding nor influence the optimization process.
They are only used to model the intra-hour AGC power signal.

In order to model the AGC,  power signal applied in RT operation, eq.
(2.29) is applied from historical energy data (AGC., and AGC; ). That is,
AGC, ) power signal is calculated based on hourly AGC/, and AGC,
according to the hourly assigned capacity Prf‘,f ,Pﬁf,"l". AGC, ) power signal
is needed for the validation of the EMS in RT operation. AGC,  for a

given day is shown in Figure 2.17, based on energy values of Figure 2.16.

Wind FRR band and AGC signal (energy values) Solar FRR band and AGC power (energy values)

3 1.5
— Upward FRR band
'~ — Downward FRR band
—— Upward AGC
2 1 —u_'— —— Downward AGC
= =
= 1 = 0.5
= =
N~— ~—
5 L ] 5
24 = 2 9 | FL‘ﬁ
9} [}
(= c
w i
-1 w -0.5 ﬂ
Ll -
-2 -1
5 10 15 20 5 10 15 20
Hour of the day (h) Hour of the day (h)

Figure 2.16 — Wind/solar capacity bids and hourly AGC energy of a given day.
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2.4 ESS aging analysis

To enhance ESS reliability and security, a Battery Management System
(BMS) is often required. Its function is to offer accurate State of Charge
(SOC) and State of Health (SOH) estimation [207],[208]. Both parameters
are essential in the ESS state determination, which indicate the available
energy and the available capability at a given time.

The SOC is relative to the stored charge that is available. Section 2.4.1
summarizes the methods proposed in the literature to estimate the SOC
and later, the applied SOC estimation method is explained.

The SOH reflects the current capability of a battery to store and supply
energy /power relative to that at the beginning of its life, calculated as the
ratio of the actual cell capacity /resistance and its initial value [209],[210].

Figure 2.18 represents the procedure for a proper ESS aging prediction
analysis, in which the ESS lifetime is estimated, according to calendar and
cycling aging models, which will be explained below in Section 2.4.2.

Consequently, an accurate estimation of SOC and SOH is necessary.

CELL PERFORMANCE
AGEING USEFUL LIFE
IMPACT FACTORS
ANALYSIS MODELLING ANALYSIS
i &  soC H CALENDAR AGEING
L <O T —i MODEL COMPREHENSIVE
PO U (Qloss evolution) AGEING
i PREDICTION
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SRS ¥
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: OQ Ah HH (Qloss evolution)
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Figure 2.18 — ESS aging prediction analysis procedure. Adapted from: [210].
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2.4.1 ESS state of charge estimation

As the battery SOC is an important parameter, which represents the
amount of available capacity in the ESS at a given time. It reflects the
ESS performance, so accurate estimation of SOC cannot only protect ESS,
prevent overcharge or discharge, and improve the ESS lifetime, but also
SOC is useful for control strategies and optimization process described in
Section 2.3. However, batteries are electro-chemical energy storage
systems, and this chemical energy cannot be directly measured [211].

Several methods to estimate SOC are presented in the literature [211]
summarized in Table 2.2. SOC estimation methods can be classified in:
direct measure methods (such as Open Circuit Voltage, OCV method),
book-keeping estimation methods (such as Coulomb counting method),
adaptative methods (such as Kalman filters or neural networks) and
hybrid methods which combine two or more previous methods.

In this PhD thesis, there is not possible to use direct measure methods
due to the lack of physical battery modelling (voltage, impedance or
current in real or experimental operation). Therefore, a modified Coulomb
counting method is applied according to the next procedure.

The Coulomb counting method measures the discharging current of a
battery and integrates the discharging current over time in order to
estimate SOC [20]. The current SOC value (SOC, ) is estimated from the

Table 2.2 — Classification of SOC estimating methods.

Categories Mathematical methods

OCV method / Terminal voltage method
Impedance method / Impedance spectroscopy method

Coulomb counting method

Direct measure

_____________________________________ Modified Coulomb counting method
. Kalman filter / Support vector machine
Adaptative systems

Neural network / Fuzzy neural networks
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previously estimated SOC value (SOC, ;) and the discharging current
(I, A) divided by the current ESS capacity (Qf°%,A4h), following eq.
(2.34). The general SOC equation is particularized for the given
application for the ESS associated of a RES plant (r) and the sample (k).

At * Ir,k
SOCT’k = SOCT,k—Ak + T SESS (234)
T,k

The ESS is modelled in energy and power-related terms along the
optimization process (energy flow model, defined in eq. (2.6)), instead of
through current and voltage variables. Consequently, eq. (2.34) can be
also expressed in energetic terms [Wh| instead of [Ah], as in eq. (2.35),
assuming that the ESS operates at nominal (or average) voltage. The
power output (PrEiSin, in W) includes the ESS efficiency and the current

ESS capacity ( CF§°, in Wh) includes the SOH of the battery.

ESS ESS At - P Eism
SOCry” = SO0C 2 + T 100 (2.35)
rk

The closed circuit voltage (CCV) and Open Circuit Voltage (OCV) can
be observed in Figure 2.19 for an NMC Li-ion battery [212],[213]. As can
be seen, the Li-ion battery does not have a linear relationship [211], but
it can be assumed almost constant inside the safe operating SOC range.
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Figure 2.19 - a) CCV-charging time for an NMC cell. Source: [212] b) OCV-
SOC test results for an NMC cell. Source: [213].
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2.4.2 ESS aging modelling and ESS lifetime prediction

The ESS lifetime is typically shorter than the lifespan of power electronic
systems or renewable generators, and usually shorter than the investment
period of a certain application. Besides, ESS operating, maintenance and
replacement costs still suppose a significant percentage of the initial
investment, because depending on the ESS sizing and the operational

performance, ESS replacements will be required.

Thereby, the ESS lifetime prediction is one of the limiting factors when
evaluating their economic feasibility, directly influenced by the ESS initial
sizing and operation. Therefore, the lack of considering their lifespan
estimation in a long-term economic analysis will result in inaccurate or
sub-estimation of all above costs.

On the one hand, with the aim of reducing the ESS investment costs, ESS
could be undersized. Due to a high demanding operation and huge depth-
of-discharge cycles, it could lead to early-degradations on the ESS and an
increase on the operating costs and number of replacements that finally
have to be assumed by the facility owner.

On the other hand, a larger ESS sizing allows a more reliable and
profitable real-time operation, increasing the potential services provided
by the ESS. An oversized ESS will allow RES plant to increase energy
arbitrage, reduce energy imbalances, or provide more ancillary services.
The operating conditions with larger ESS capacity are less aggressive,
resulting in a longer ESS lifetime. However, its high acquisition and
replacement costs could not be compensated by additional market profits.

Thus, the ESS degradation associated to their operation (cycling aging)
and their storage (calendar aging) should be estimated to achieve a trade-
off between the economic benefits from a profitable and reliable market
participation and operation, and the overall ESS costs, associated to their
investment, operation, degradation and replacement issues.
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Despite its economic relevance, most publications in the literature rarely
emphasize on aging modeling together with the ESS sizing. The authors
in [179] suggest to consider safe operating limits for ESS to prevent fast
degradation or damage, or in [176] a limitation of the variations of the
battery power exchange is developed, to reduce the number of cycles.
There are few studies that estimate the ESS degradation costs expressed
as a function of battery cycles and Depth-Of-Discharge (DOD) as in [184]-
[188], without calendar issues. Finally, the research in [144] estimates the

ESS usage costs with semi-empirical calendar and cycling models.

It can be pointed out that any ESS aging model for SOH estimation and
ESS lifetime prediction can be included in the developed EMS. However,
more accurate techno-economic results are obtained when experimental
and/or customized ESS cycling and calendar models are applied to
estimate more precisely ESS lifetime and their ESS costs.

Selection of ESS lifetime prediction method

According to the ESS lifetime prediction methods, they can be divided in
several categories [214][215], summarized in Table 2.3: physical/chemical-
based models, mathematical-based models, and fatigue-based models.

Table 2.3 — Classification of ESS lifetime prediction methods.

Categories Methods
Electro-chemical models
Physical /chemical-based Equivalent circuit model
models Empirical models

____________________________________________ Semi-empirical models
Artificial Neural network (ANN)
Mathematical-based Autoregressive Integrated Moving Average (ARIMA)
models Fuzzy logic method
______________________________________ Support Vector Regression (SVR)

Fatigue-based Wahler method
models Weighted Ah-model
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A short description of each model is given below:

Starting with the physical/chemical-based models, a detailed chemical
and physical model of the aging processes of the electrochemical ESS
system can be used. It must provide detailed information on local
conditions such as temperature, current, SOC, electrolyte concentration,
etc. which are the result of the operating conditions.

It is also possible to model the behavior of a cell, in response to a specific
operation through its Equivalent Circuit Model (ECM). ECM consists
in an equivalent electrical circuit composed by various -electrical
components (resistors, capacitors, etc.) [214]. Each component of the EMS
can be also linked to internal or external parameters, such as temperature,
current, or state of charge in order to assess ESS aging degradation.

Empirical models rely on experimental aging tests. Empirical models
are an easy technique in which aging tests are used to extrapolate results.
It can be used as a first approach for approximate lifetime estimation.
These empirical models can be expressed as polynomial, exponential or
logarithmic equations [216], depending on the ESS cell or modelling.

Semi-empirical models combine theoretical ESS aging mechanism (for
example from physicochemical models) with experimental observations
(analytical models with mathematical empirical data fitting) [210],[217].
Developing these kind of aging models generally consists on capturing the
relations between battery's Health Indicators, e.g. capacity or internal
resistance, the operating time, temperature, SOC, Ah-throughput, C-rate,
DOD and the average SOC (high, middle, or low). Overall, in order to
develop accurate models, extensive laboratory tests must be carried out.

Mathematical models use numerical resolution methods to assess the
ESS aging or lifetime prediction. The numerical methods that can be
applied are: artificial neural network models, fuzzy neural network, fuzzy
logic model, or autoregressive Integrated Moving Average, among others.
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Fatigue-based models is a heuristic approach, because the model does not
really represent ESS aging effects on a physical or chemical basis. Firstly,
Wohler method estimates the incremental loss of ESS lifetime caused
by several events [214]. The impact of these “events” on lifetime can either
be determined experimentally (empirical models) or mathematically [215].
This approach is frequently used for planning purposes and for designing
and estimating the lifetime of components prediction in many areas of
engineering. Wohler method has also been extensively applied to battery
life assessment [184]-[188]. This algorithm is used extensively in materials
fatigue stress analysis to count cycles and quantify their depths.

Finally, weighted-Ah model assumes that the impact of a given Ah-
throughput on the lifetime depends on the operating conditions. It is also
a fatigue model since it is based on a damage addition hypothesis. Here,
lifetime is reduced, in function of the charge (Ah) throughput during use
and not in function of number of cycles. ESS cycle lifetime is simply
determined by discharging the battery with a constant current to a certain
depth of discharge and a subsequent full charge with a given charging
regime [215]. Regarding the existing methods, for some general
applications, ESS lifetime data can be found on the ESS manufacturers’
datasheets usually by weighted-Ah models. However, these commercial
datasheets are mainly uncompleted or avoid results in some specific
performance conditions. Thus, they could not be enough to model and
assess suitably the ESS degradation for this specific application.

Due to the lack of physical ESS parameters or experimental testing,
chemical and physical model and purely empirical models are not be
considered in the proposed EMS.

As exposed above, Wohler method has also been extensively applied to
ESS life assessment in the literature. However, each Wéhler curve is only
suitable for a particular cell technology tested by specific performance and

operating conditions for a given application or ESS operation.
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Consequently, the use of experimental Woéhler curve-based aging models
from a laboratory testing are more accurate and personalized for the
considered application. In contrast, these laboratory testing are time-
consuming and costly when more operating parameters want to be
addressed and evaluated by means of several Wohler curves.

That is, the extraction of all needed relevant aging data for Li-ion aging
model development becomes more time and cost-demanding. A solution
to minimize the required testing efforts in order to develop an accurate
aging model is the development of self-adaptive aging models [216]. In
future researches, self-adaptive aging models can be included when the
EMS is implemented and validated under real experimental testing.

However, in the EMS developed in this PhD thesis, additional laboratory
testing could not be performed for the given application. Therefore,
previous suitable testing has been used for Wohler-curve method.
Consequently, a Wohler method with experimental data is proposed using
a Kokam’s NMC-based Li-ion cell under 1C-rate charging condition.

Regarding calendar lifetime, an approximated semi-empirical model
reported in [218] is applied under known temperature and SOC conditions,
for the same NMC-based Lithium ion cell.

Cycling aging model

In relation to cycling degradation, cycling aging models aims to estimate
the ESS degradation due to the operating cycles.

In order to implement a Wohler-curve method, the Rainflow cycle
counting algorithm [185]-[187], [219] counts the number of charging and
discharging cycles at certain DOD from a certain SOC profile. Figure 2.20
represents the procedure to match each charging cycle at a given DOD
with a discharging cycle with the same DOD.
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Depth of Discharge (DoD) represents the absolute difference between the
starting and ending SOC for each charge or discharge applied to the
battery, following the eq. (2.36), between two sample times (from a to b).

DOD = |SOCESS = SOCESS (2.36)
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Figure 2.20 — Rainflow cycle counting algorithm. Source: [108],[110].

Once the charging and discharging cycles matching is obtained, each pair
of cycles is usually matched to the ESS lifetime data. Under this cycle
aging model, each “event” (that is, each of charge-discharge cycle) causes

independent stress, and the loss of battery life is the accumulation of

degradation from all cycles. That is, the Wohler curve-based aging model

evaluates the effect of each “event” upon the ESS degradation.

To be precise, the counted cycles are grouped in 1%-basis and the
obtained cycles are matched to the experimental datasheet to calculate
their associated degradation. Figure 2.21 depicts the Wohler curve
experimentally obtained for Kokam’s NMC cells considered in the
framework of this dissertation. Wéhler curve [117] was obtained from

experimental testing in the smart-storage laboratory of IKERLAN.
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Figure 2.21 — Example of Wohler curve for Kokam’s NMC cells.
Calendar aging model

Besides cycling degradation, the ESS calendar degradation should be
taken into consideration. The calendar aging is the capacity loss that
occurs as a function of time passed, independent of its utilization.
Advanced calendar model calculates the calendar aging based on the
average SOC and battery temperature. Generally, the calendar lifespan is
reduced with high average SOC and high operating temperatures [220].

The capacity fade model for storage period takes into account the storage
time, cell temperature and the average SOC at which the cell is stored.
The capacity loss due to calendar life can be modelled as mathematical
equations, following eq. (2.37) reported in [210],[217] for LFP-based
technology and (2.38) reported in [218] for NMC-based technology, from
experimental testing made at IKERLAN’s laboratories.

losscar _ 1Tt B2-S0C*9 0.5

T,soct — %1° € a-e tst (2.37)
losscar _ Tt -S0CY b
rsoce = (€PrT - eP? ceP3 +p,) -ty (2.38)

where T' (K) is the ambient temperature, SOC (%) is the average state of
charge at which the cell is stored, tg; (days) is the time elapsed on storage,
and aq, a3, f1, B2, P1, P2, P3, P4 are constant fitting coefficients.
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In this PhD thesis calendar aging model described in [218] is applied. The
ESS capacity loss increases at higher SOC and higher ambient 7. In
Figure 2.22 the calendar capacity loss (%) is shown at middle-SOC (or
50%, common in grid-connected application) and several ambient 7.

§1°* H[m H |

Time (days). Displayed period of time: 15 years
Figure 2.22 — Calendar capacity loss (%) for NMC cells at middle-SOC.

The point when the battery fails to meet the energy or power requirement
for its application is commonly defined as the end of life (EOL). Typically,
batteries are considered at EOL when their capacities drop below 80% of
the initial values (and therefore needed to be replace, as it could lead to
sudden cell performance failure), or when total capacity loss reaches 20%.

There is a lack of operating temperatures or online experimental testing
for the given application in this EMS. Thus, ambient temperature
conditions is assumed to be controlled [187] (normally for stationary
applications) around 20°C with an effective cooling system and at middle-
SOC (parameter validated through the PhD results). At these operating
conditions, the calendar life could reach 15 years, following the common
criteria for defining the End-of-Life (EOL) at 20% of capacity loss.

Therefore, an approximation for calendar loss curve through linear
regression is applied considering constant conditions (20°C and middle-
SOC), which limit the calendar life (W*£55) up to 15 years.



Chapter 2 Short-term and long-term EMS for RES+ESS 119

2.4.3 ESS lifetime prediction analysis

This ESS lifetime prediction analysis is carried out during the RT
operation and optimization process to update the actual State of Health
(SOH, ), the current ESS capacity (CF3°) and the expected ESS lifetime
(WESS), according to the given evaluation period (ngyq ). According to the
WESS the associated ESS costs are calculated for eq. (2.4).

In this ESS lifetime prediction analysis, the approach outlined for ESS
aging analysis combines calendar and cycling aging effects. Eq. (2.39)
calculates the cycling capacity fade (ASOH:?,’C) for a period of time. This
cycling model applies Wohler method, in which the effect of each cycle
(nfiompleted) or half cycles (n§",n") leads to a ESS capacity fade. Eq.
(2.40) calculates the capacity fade due to calendar effect (ASOHSY) (in

MWh for a certain period of time) applying linear regression of eq. (2.38)
according to T=20°C and middle-SOC. This capacity fade corresponds to
the evaluation period (Ngy,q = d°*/d”, being d®®=1 for one-day or
dev¥=d? for one-year). Eq. (2.41) estimates the expected ESS lifetime
from both aging effects. Finally, eq. (2.42) updates the current ESS (CF3°)
according to the total capacity fade until that time, composed by current
cycling and calendar capacity fade and accumulated capacity fade from

previous evaluation periods (ASOHZ¢), calculated as in eq. (2.43).

100 ncompleted _I_nch 2+ndch 2
ASOHTC?,’{=Z (ng a/ d /).(

1— SOHmin . CESS 2.39
d=1 Wohler curve aging, ) Tk ( )

asonzs = LZSOH™) oo 2.40
rk — . Yycal,ESS r ( ' )
eval
(1 — SOH™™)
Ve = G (2.41)

Nepar - (ASOH,, + ASOHSY!

e (1 5005 50

CESS  — “cnom ASOH?“) SCP™ = SOHy - (1 (2.42)
rk T
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ASOH., ASOHS!

rk
— + ASOHZc¢
CrE,iS C;Lom r

2.43
ASOHS = (243)

This ESS aging and lifetime prediction analysis is carried out at certain
stages during the optimization process and R'T operation:

e The ESS aging analysis is repeated iteratively when CIM+FRR bids
are jointly optimized in order to achieve a trade-off between an
intensive ESS operation and a reduction of ESS degradation costs due
to an extended ESS lifetime. The iterative procedure is made to
calculate the ESS lifetime from cycling and calendar models, applying
from eq. (2.39) to (2.41). The process is repeated until convergence in
which the value of lifetime (¥E55) has the same value of the previous
iteration. The initial condition for ESS lifetime is 15 yr. Finally, ¥ESS
is updated in the objective function.

e Moreover, this ESS aging analysis is also carried out during the RT
operation to calculate and update ¥F5°, SOH, , CF3° values:

o During the operating day, the ESS capacity loss is linearly
estimated from linear calendar and cycling coefficient to reduce
the computational time for intra-day operation. This model is
reported in [117], applying similar equations as eq. (2.18)-(2.19).

o At the end of each day, a complete ESS aging analysis is carried
out applying eq. (2.39)-(2.43). The ESS capacity fades (ASOHTC?;{,
ASOHE) and WESS are predicted. Finally, the current ESS
capacity (Cfis) and current SOH, ; are updated in the EMS,
taking into account previous or accumulated capacity losses. The
resultant ESS capacity influences the optimization results and the
RT operation, because it has been reduced.

O At the end of a longer evaluation period (for example, one-year
evaluation period), a complete ESS degradation analysis is carried
out from eq. (2.39) to (2.42), with the entire annual ESS operation
profile (the results of the annual ESS aging analysis will be
exposed in the techno-economic analysis of Chapter 3 and 4).
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2.5 Lower level control: real-time operation

After the market scheduling process, the lower level control is applied, in
which real-time operation is carried out applying the optimal values
calculated in the upper control. The aim of the RT operation is to fulfil
grid power set-points composed by the most recent DM-+CIM schedule
and current AGC signal according to the instantaneous RES generation
and the energy stored in the ESS(s).

However, any energy deviation due to RES forecast errors or other
uncertain RT parameters during RT operation have negative influence on
the optimal energy market schedule and ESS energy optimal profiles.
These uncertain parameters in RT operation change the energy stored in
the ESS in order to fulfill the grid power set-points. And consequently,
DM+CIM schedule needs to be updated in following CIM auctions along
the day in order to manage the operation. The main challenge of the RES
operation is to avoid large energy imbalances caused by unpredicted
forecast errors and to provide a high technical market compliance. These
RT controls may be implemented in a plant controller to make quick
decisions and control instantaneously RES generation and ESS.

This lower level control for RT operation is configurable for different
scenarios, as can be observed in Figure 2.23: an individual RES+ESS
plant (with decentralized control) and for a RES+ESS portfolio (several
RT control can be applied). After the calculation of final grid power
delivery (P;f’,:id), an ESS aging analysis is carried out following the

procedure exposed in Section 2.4 (ESS degradation analysis).

There are several stages defined in the lower level control: i) calculation
of instantaneous RES generation (real generation or through equalization
techniques), ii) calculation of the ESS output power and final grid power
delivery, iii) cooperation of AGC signal requirements in case of non-
compliance, and iv) analysis for the ESS degradation in operation.
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Calculation of real-time RES generation and grid-set points:

‘ Individual grid set-point(s) ‘ ‘ Grid set-points based on DM+CIM and AGC requirement ‘ <

®

Real RES generation ‘ ‘ RES generation equalization ‘ <

Calculation of ESS power output:

Calculation of required ESS according to real-time RES generation and grid-set points ‘

Evaluation of ESS power output according to ESS energy and power limitations

Calculation of final ESS power output and SOC change ‘

|

|
@
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Calculation of final grid power delivery ‘

Cooperation of AGC requirements in case of non-compliance:

‘ Evaluation if final grid delivery is equal to the grid set-point ‘

Portfolio configuration ‘ Re-allocate of AGC signal requirements (one iteration) }

AGC (1) el gfume —» sy No AGC requ.
AGC (2) W e — W All AGC requ.

Analysis of the degradation of ESS capacity in operation:

During the day At the end of the day
‘ ESS linear ageing analysis ‘ ‘ ESS ageing model analysis #
‘ Estimate ESS capacity loss ‘ ‘ Update ESS capacity loss ‘

Figure 2.23 — Lower level control (Real-time operation) block in detail.
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2.5.1 Individual RES+ESS operation

The RES+ESS plant is controlled in RT operation to fulfil the grid power
set-point (P, '4*y according to instantaneous RES production (Preat). The
P;f’,: e g composed by the DM+CIM scheduling, AGC power signal and
energy imbalances when needed. These RT values modify the ESS

operation from the optimal profile calculated in the upper control (Efis .

P/E¢ produces an additional SOC variation, in addition to the SOC
variation due to forecast errors. Pr“}f ¢ signal could be positive or negative.
An upward reserve power has a positive value (which discharges the ESS)

and a downward reserve power has a negative value (which charges it).

Accordingly, the ESS power applied to the ESS (PESS™) next state of
charge (SOCE®) and final grid output (P;f’,: ld) are calculated, by following
eq. (2.44)-(2.47), under normal operation. These values may be

constrained by ESS power and energy limits.

After each day, a complete ESS aging analysis is carried out from Wohler
curve and calendar aging models and applying ESS aging model. The ESS
lifetime (¥E%5) and current ESS capacity (CF®)are updated considering
an EoL of 20% of C™. Finally, the current SOHEY® and consequently,
ESS capacity (CF§°) are updated (2.48) in other blocks of the EMS.

'd* . . _
P = PPRITCIM . pimbt — pimb= y pAgC (2.44)
pESsin _ ( real __ Pgrid*) . (u .pch 4 1- Ur k 9 45
rk - rk rk rk 1 ndch ) ( . )
At - PESSin
SOCE?® = SOCES 4 + (e Po). 100 (2.46)

ESS
Cr,k

y ,
PRI = PIs = PES™ - (uppe/n" + (1 — ) - M) (2.47)
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CES = SOHES - 1y (2.43)

The ESS efficiency (n",n%") are included. The variable (u;) is 1 when
charging and 0 when discharging. These equations are constrained by an
optimal SOC range and a maximum ESS power (P™).

2.5.2 Portfolio RES+ESS operation

Equal to individual RES+ESS, the main challenge of the RES operation
lies in avoiding large energy imbalances caused by unpredicted forecast
errors and providing a high technical compliance in FRR market. In order
to reach this objective, advanced controls should be implemented in real-
time operation, which try to follow the optimal market scheduling and
grid power set-points with the available RES generation (P[§*) and
current SOC of the ESSs. Three portfolio supervisory controls were
implemented in this EMS for the renewable portfolio: decentralized,
cooperative and centralized. This lower level control for RT operation is
configurable for these different scenarios,

While individual RES+ESS plants must be operated independently,
renewable portfolio with distributed ESS can be also operated and
controlled in a centralized way to provide all the grid power set-points
according to the total available RES generation and ESSs’ stored energy,
with the objective of minimizing SOC changes, reducing ESS usage, and
extending their lifetimes.

In this lower level, a decision-making process is applied according to the
portfolio supervisory control selected. These supervisory control decides
the degree of cooperation, interconnection and operation among RES
plants and associated ESSs.

The lowest level of cooperation of the portfolio results in the decentralized
control (Dctr). The final portfolio market schedule and RT operation is
the aggregate of the decisions and controls of each individual plant. Thus,
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they operate as separated plants, which could result usually in suboptimal
decisions and/or faulty on extreme RT operation conditions. The results
of this control are shown and discussed in Section III, where each
individual renewable plant with storage is controlled by its own. RES
plants are independently operated following pseudo-code lines 2, 4, 10-24.

In accordance with Spanish rules for FRR market [221], the provision of
AGC power signal can be provided by all plants gathered in a Regulation
Zone (RZ). Each RZ is composed by one or more generation units
authorized for FRR. In RT operation, the RZ controller decides and
allocates the AGC set-points to their own generation units (depending on
their availability) as long as the total AGC signal is fully provided.

Following this assumption, the AGC signal could be provided by each
RES plant independently (Dctr) or could be shared by all RES in case of
non-compliance or failure of one of them. This control is defined as
cooperative control (Coop), in which they are supported in the provision
of the AGC signal in case of ESS fully (dis)charged including equations
of the pseudo-code from line 25 to 31.

Finally, the concept Virtual Power Plant (VPP) has turned up in order
to manage and operate more efficiently distributed energy resources,
which allows them to participate in both energy and reserve markets,
through a virtual grid connection. Therefore, two purpose are established
for Centr control: i) reduce ESS usage at each time step (minimize SOC
changes) to increase ESS lifetimes sharing grid power set-points, and ii)
collaborate in AGC signal provision if FRR non-compliance happens.

Moreover, there is clear evidence that the diversification of RES plants
presents complementary generation profiles as reported in [156]-[158].
However, there is no research which integrates and analyzes the
complementary effect on the portfolio market operation, as [222] claims.
In this present PhD dissertation, complementarity of RES generation is
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taken into advantage to reduce SOC fluctuations, and thus, the usage of
ESS.

When several ESS must be controlled and operated, distributed ESSs are
preferred rather than aggregated ESSs. Moreover, SOC equalization
techniques can be used to manage multiple ESSs. In contrast to other
SOC equalization [143], [144], [179] described in Section , this RT control
provides the total grid power set-points (sum of both RES plants)
according to the total available RES generation. This implemented RES
equalization technique aims of reducing ESS usage, by minimizing SOC
changes. This RT control is implemented from line 2 to 9.

As conclusion, RES generation complementarity, distributed ESSs control
and SOC equalization techniques are the main key features to be
implemented on an advanced EMS for a VPP market participation. A
schematic block diagram can be observed in Figure 2.24 for pseudo-code.

L Market
rid*
Prgfkl AGC sharing
ESS control
RES equaliz. E :
Sl : ] grid :
; FJ) S P 1
RES+ESS plant : Pk
] ] H ESSin
real : 1)real*i : I%nk
Py S Dpyg >
’ i : PpESSout
: : r,k
real : el ; 1
Py PR S0CE

ESSout
}zyk

Figure 2.24 — Schematic block diagram for centralized control.

This centralized portfolio supervisory control was included in a patent pending
“IKERO17. Procedimiento e instalacién para la gestion de energia eléctrica”,
(“Procedure and installation for energy management - centralized control”), by
Amaia Gonzélez, Andoni Saez de Ibarra, and Haizea Gaztanaga in Sept. 2019.
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Pseudo-code: Real-time operation. Centralized supervisory control.
. s DM+CIM pimb+ pimb— pAGC preal
1: function F(P , PEROT, PR o Pri ,PIE k)
. . riax* [ [ —
2:  Calculate grid set-point: Pr‘?k = pPM+CIM y pimb+ _ pimb= 4 pAGC

3:  Calculate power difference: AP, = PJ¢* — PT‘_gkr td
4: if Dctr/Coop control then; PiE% = P4l and PRSgy = PRitk
5: elseif (APf, > —APyp) || (—APp, > AP}p ) then
6: PEGSC = PRy + APyp and  PRSSL = Piil — APyp
7 elseif (4APF, < —APyp) || (4P, < APjp) then
8: Ppealr = Ppeal — APy, and PR = PiESL + APpy
9: end if
10:  for r = PV to WP _
11: Required ESS power: PES0ut* = preats — Prf’,:ld*
12: if ESS need to be charged: u; :=1
13: if ESS need to be discharged: uy := 0
14: end if
15: case normal ESS charging or discharging
16 pESSin, — pESsouts (uk 4+ ?7;';1:)
17: case not enough ESS energy that is needed

. ESSin. _ ~ESS (W (S0C-S0Crx) | (1-uy)-(SOC-SOCr k)
18: Pric™ = Cri ( At-100 + ndch.At-100 )
29: case not enough ESS power that is needed

. — 1-

20: PﬁiSln: = pronv (uk _nch + ndzllc)
21:  end for

22:  Solve final ESS power output: Prbj,isout = Pf,gsm (:TI; + (1 —uy) -ndCh)
23:  Solve final SOC: SOCES: = SOCESS 5 + (At - PEFS™) / (CESS) - 100

24:  Solve final grid power delivery: PT‘?,: = i ealx _ Pf,i““t
25:  Evaluate grid power Pr‘?,: M- P ' £ share AGC signal (PASC)

26:  if Dctr control OR Pr"gkrid == Pr“‘_],:id* then do nothing
27 elseif (P # PY) && [(Bonn == PIne) || (PASC > 0 (up)

&& SOC = SOCpy ;. ) || (PASC < 0 (dw) && SOC < SOCpyy )] then

. AGC ._ pAGC | pAGC AGC ,_
28: Piypj := Ppyk + Piypj and  Ppyp :=0

Repeat RT operation from line 2 to 24 with AGC signal sharing
20:  elseif (PJpe # PRIy && [(PYL == PITI) || (PACC > 0 (up)
&& SOC = SOCypy ) || (PASC < 0 (dw) && SOC < SOCypy )] then
30: Pavi = Ppgk + Piygi. and  PRgh =0
Repeat RT operation from line 2 to 24 with AGC signal sharing
31:  end if
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2.6 Model predictive control

The general objective of MPC, as can be observed in Figure 2.25, is to
follow the reference (or optimal) trajectory of the system (calculated in
the upper level control). However, the system conditions change during
the time due to unexpected or uncertain parameters and the measured
past output is different from the reference trajectory. Therefore, another
optimization (from upper control) should be carried out to calculate the
future control actions with the aim of modifying the future trajectory to
reach the final set-point. This new future trajectory is known as predicted
future output based on the current control inputs and future actions.

Focusing on other studies of VPP [166]-[173], they are more focused on
the market scheduling optimization stage, instead on the validation in
operation. Controllable plants are always taken into account in the
literature, reducing the unpredictable RES nature and hugely restrictive
technical constraints for RT operation. Due to this fact, they do not
require to implement, to a great extent, RT techniques which enable to
make quick decisions according to instantaneous system conditions.

Past Future

>

Set-point

1o) 9

—— Past control action

—— Future control action
Reference e Past output

oo Predicted future output

Output y(.) . Control horizon M

Future behaviour

Input u(.) Prediction horizon P

! L I
k 1k k 1k 2 k M 1 k P

Sampling instant

Figure 2.25 — General concept for MPC [223].
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In contrast, other researches are more focused on RT control strategies
for VPP. MPC is widely used as RT control in order to adapt the pre-
defined RES operation according to instantaneous system measurements
and conditions, and to perform corrective actions when uncertainties or

unexpected events appear in RT operation.

For analogy, one reference trajectory could be the optimal SOC profile
which maximizes the market revenues and finishes at middle SOC. The
past trajectory is the real SOC profile up to a given time, which differs
from the optimal SOC profile. One future control action could be a
modified ESS power output, while one predicted control inputs could be
RES generation forecasts. Therefore, the predicted future output can be
a new expected ESS SOC profile which reaches the set-point.

Therefore, MPC enables to optimize previous energy market bidding
schedule through CIM offers during the day in case of large RT deviations
from the optimal operational performance considered the day before (at
DM auction). MPC is applied as a closed-loop control, in which only the
first grid power set-points are requested in RT operation. The
implementation of MPC in the EMS can be observed in Figure 2.26.

A sample time step (Ak) is defined in this EMS which corresponds to a
real-time period (At) of 1/4h (that is, 15 minutes), because of the
resolution of RES generation profiles. This time period less than 1 hour
enables to model intra-hour behavior of the AGC signal and operate
suitably the ESS in a more realistic scenario.

In each loop, RES forecast, current ESS and system operating conditions
are updated, and the horizon window shifts k+Ak in order to optimize
market schedule along the optimization horizon (Ky) when current k
matches with any market gate closure (kpu, kcme or kegg), or otherwise,
RES-+ESS plants follow the grid-set points until next market re-schedule.

After that, ESS power output and next SOC, among other parameters,

are calculated in the lower level control in operation according to power
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requirements and previous state of the ESS. These values are updated in
the next iteration, where k=k+Ak.

MPC enables to optimize the market bidding and re-schedule CIM offers
during the day. Thus, MPC reduces negative impacts of RES generation
and AGC signal uncertainty, enhances ESS operation, reduces RES
energy imbalances and improves the level of compliance of DM, CIM and

FRR market requirements.

!

Scenario definition Model Predictive Control (MPC)
k=k+4k
<+—> .
Initial values, k-4k
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z’ﬂ“ | T T ] [kend - [k+p]
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SOC profile for the evaluation period

Figure 2.26 — Implementation of MPC in the proposed EMS.



Chapter 3 EMS oriented to individual
RES plants

This chapter addresses the individual (or decentralized) operation of RES plants.
The EMS methodology presented in Chapter 2 is simulated and validated by means
of two case studies: PV+ESS and WP+ESS with the objective of evaluating the
profitable participation of each renewable energy technology plus storage in
multiple markets from an economic and technical point of view.

The development of an advanced EMS enables mazimizing market revenues and
minimizing overall ESS costs associated to acquisition and degradation costs,
including ESS aging analysis. Firstly, the MILP optimization is applied to
calculate the optimal daily joint market bidding in energy markets and reserve
markets for one individual renewable plant with storage, while it avoids expected
energy imbalances and penalties. In that way, the RES+ESS plant contributes to
the system frequency stability.

At lower level control, RT operation with decentralized (individual) control is
applied to each RES technology. ESS energy fluctuations which come from
renewable forecast errors and real-time FRR market requirements are managed
by the stored energy of the ESS through MPC approach. Large ESS deviations are
counteracted afterward through the Continuous Intraday Market (CIM) re-
scheduling. Consequently, the RT control enables a high compliance of frequency
reserve requirements and a huge reduction of energy imbalances in real-time
operation, as will be demonstrated along the technical results of Chapter 3.

Additionally, several ESS capacities are selected in order to evaluate the cost-
effectiveness of the ESS operation for utility-scale PV or WP application in the
Spanish market. Future scenarios of market prices or investment costs are also
considered in order to assess the current and/or future profitability of ESS
integration in a renewable facility.
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3.1 Techno-economic analysis for PV+ESS

In this section, the techno-economic analysis for the market participation
and operation of a PV plant with ESS will be exposed, following the
proposed EMS from Figure 3.1. The PV+ESS is independently operated
and controlled as an individual plant, following decentralized control
described in Section 2.5.1.

3.1.1 Scenario definition for PV+ESS case study

The PV+ESS EMS is applied for an annual solar generation profile
extracted from TSO database from [224], composed by public historical
annual data of day-ahead, intraday forecasts and real generation on a 15-
minutes basis. PV forecast profiles (Pf?,:ed) are used in the optimization,
while real generation (P, ¢al) is applied in RT operation. These profiles are
scaled for a PV plant with an installed capacity of 30 MW. Moreover, as
the annual solar irradiance of central Europe is less than in south Europe
(in particular Spain in this study), spring and summer seasons are selected
and doubled which result in 1485 annual Equivalent Full-Load Hours
(FLH), similar to the Spanish solar irradiance. Additionally, this annual
profile has a sunny period with more irradiance and a cloudy period with
less irradiance which corresponds to typical winter and autumn periods.

»
»

Scenario definition LOWER LEVEL:

—» | Model Predictive Control (MPC) |<— i "
Real-time operation

Electricity market *
DM + CIM + (FRR) UPPER LEVEL: Individual PV+ESS
> | optimization process f\\ > i,
RES generation =)= aD
I g I 79§ A
N
_fO':_ é ESS aging analysis 4 =)
7/:|\& = (= é Cycling degradation «—> =
e Calendar degradation

— SOH degradation

ESS sensitivity analysis oo . .
ESS lifetime estimation

Figure 3.1- Proposed PV+ESS Energy Management Strategy.
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The solar generation distribution percentiles (PCTL) can be shown in
Figure 3.2 as shaded bands around the central median line. As can be
deduced, the daily peak power varies from 4 MW to 25 MW for extreme
irradiance days. The median peak is around 17 MW, resulting in an
absolute error of -13MW and 8MW for extreme days. In contrast, the
maximum error between the real generation and the most recent forecast
is 7.9 MW (26.4%) considering PCTL-100, and 4.1 MW (13.8%) with
PCTL-90. Thus, this EMS considers the day-ahead and most recent
forecasts from [224], as inputs for the upper level control (optimization
process). The Programable Logic Controller (PLC) can load these
generation data and applied them on the EMS accordingly.

Several ESS sizing are selected in order to evaluate the cost-effectiveness
of the ESS for this application. The ESS nominal capacity (C/°™) is
selected from 6.5 MWh to 16.25 MWh values (around 21-54% MWhgss
per MW of PV installed, or MWhgss/MWpy), based on a previous ESS
sizing of 13 MWh (around 43% MWhgss/ MWpy) resultant from another

PhD dissertation for 30MW-PV smoothing and arbitrage purposes [117].
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Figure 3.2 — Solar power generation.
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Table 3.1 summarizes other design variables, mainly defined in the
scenario definition. Moreover, one-year simulation period has been
selected to evaluate the proposed EMS. In particular, a static Techno-
Economic Assessment (TEA) is conducted and validated according to
Spanish market rules [221], real market prices and FRR energy needs of
2017, extracted from Spanish TSO data [189], without any interest rate.

On the one hand, annual market benefits (B) are calculated as in eq. (3.1).
They are composed by the revenues from DM and CIM markets, cost or
revenues from negative and positive imbalances, revenues from FRR band
availability and real upward energy provided (Ey") and costs from real
downward energy required at RT operation (EZ%). Finally, when the plant
does not provide the AGC signal (P4S¢), a FRR penalty cost is added
(last term in eq. (3.1)). It can be pointed out that the downward AGC
energy is used to charge to ESS and sold this energy later as a more
valuable energy, thus increasing the CIM market bid. On the other hand,
the upward AGC energy is sold by an hourly price (A}") generally higher
than the energy market price (DM and CIM), and consequently, the
following CIM market bids are reduced.

Table 3.1 — Scenario definition of individual RES+ESS plant.

Variable Unit Value
ESS nominal capacity crem 0 & 6.5 - 16.25 MWh
ESS maximum power BEony 13MW
ESS efficiency neh/dch 90%

Market participation

DM + CIM and DM + CIM + FRR
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(3.1)

On the other hand, current and future PV+ESS costs are defined. The
Base Case (BC) corresponds to current PV+ESS costs and Spanish
market prices from 2017 [189]. Another two Future Scenarios (FS1 and
FS2) are included, based on a reduction of investment PV+ESS costs,
and an increase on market prices. The detailed values for these three
scenarios (BC, FS1 and FS2) are summarized in Table 3.2. Investment
costs of the PV are considered in €/ MW from 1 million of euros (M€) per
1 MW installed capacity. A reduction of system costs in future scenarios
are settled from 20-25% to 40-50% and a change of market prices around
+ 5, 10 and 20% according to future market trends reported in [47],[225].

Table 3.2 — PV+ESS costs and market prices for the techno-economic analysis.

Base Case & Future Scenarios (1 -2)
Variable, unit
BC FS1 FS2
PV costs, ME/MW LRV 1 0.8 (-20%) i 0.6 (-40%)
ESS power costs, ME/MW | o | 05 | oa(am) 03 (40%)
'ESS energy costs, ME/MWh | ¢ [ oa i 03 (2% 1 02(50%)
O ESS repl. costs ML it (1~ (08 - e01190) 4 .13 - 0017 YIO)]
"""" DM price, €/MWh ¢ 2 [oo7 | sw L tiw0%
M oprice, MWh ¢ o om0 45w b 0%
Bncrgy imb. price, /MWh | 4 | 2017+ t10% L 2%
""" Band price, MW & aed [Taorr L isw 0 10w
 Upward price, € MWh | &% [ a7 | +10% 1 +20%
© Downward price, /MWh | A% | 2007 | 1% 1 2%
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Figure 3.3 — ESS costs tendency. Sources: [89], [105], [226]—[229].

Investment costs of the ESS [51], [226], [230] are composed by energy and
power terms according to EPRI convention, as well as replacement energy
terms according to the number of replacements needed (n) during the
lifetime of the renewable asset (RES lifetime (V) is considered 25 years).

Regarding ESS battery-pack costs, at the end of 2017, the cost of a
lithium-ion battery pack fell to $209/kWh, assuming a cycle life of 10-15
years. BNEF predicts that lithium-ion batteries will cost less than 100
$/kWh by 2025. Otherwise, including all installed ESS costs, the total
ESS costs reaches around 600-400$/kWh from other sources. In contrast,
EPRI suggests a total installed costs expressed in $/kW from 500%/kW
by 2017 and from 350$/kW by 2020 [226], [230]. A summary of all these
investment ESS costs are reported in Figure 3.3, divided by battery-pack
costs and total capital costs.

Therefore, ESS capital costs are divided following the EPRI convention,
considered in power and energy-related terms from: 0.3-0.5 M€/MW
(cM™) and 0.2-0.4 M€/MWh (cM"") (without including yet financing
costs). The energy-related term considers the investment from battery

pack capacity, their installation costs or other energy-associated costs,
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while power-related costs are investments associated to the converter
power, auxiliary equipment and devices, and civil works. Evaluating the
investment costs of the battery in terms of capacity and power enables to
evaluate and assess the impact of ESS sizing.

Moreover, ESS replacement costs (Ry3’) are calculated from a reduction
cost curve according to the expected ESS replacements (n), according to
Figure 3.4, which follows eq. (3.2). To estimate the operating and
replacements ESS costs, the expected ESS lifetime is calculated through
the ESS degradation analysis for the annual complete ESS operation.

REF = crom . cMWh. 37 1 [1— (0.8 e %11x 4 0.13 - e20179%)]  (3.2)

where y, corresponds to the year in which each ESS replacement (x) is
made, including the ESS costs reduction curve up to next 20 years.
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Figure 3.4 —ESS acquisition costs for ESS replacements.
Sources: [89], [105], [226]-[229].
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3.1.2 PV+ESS participation and real-time operation

The joint operation of a single day is shown in Figure 3.5. As can be
observed, the ESS can control the grid output power, manage the PV
forecast errors and follow the DM+CIM market schedule and the current
AGC signal in real-time operation. The AGC power signal was modelled
following Section 2.3.3 based on the FRR availability band calculated in
the upper level control at FRR auction-time. The AGC power signal was
calculated based on the hourly upward and downward FRR energy
requirements of 2017 available in the Spanish TSO website [182].

Analyzing the Figure 3.5, it can be observed that the DM schedule
calculated at DM auction time (12:00 of the day “D-17) follows the DM
forecast (green line). Afterward, the FRR availability band is calculated
at FRR auction time (17:30 of the day “D-17) thanks to the MILP
optimization to maximize both market schedule revenues but minimizing
the expected energy imbalances and FRR penalties and controlling the
SOC at the end of the day at 50%. As a result, the expected SOC profile

25 Real generatlon T T T T T T T T T T T T T T T T
20l DM forecast |
Updated forecast
o —— DM schedule
g 15/ —— DM+CIM schedule i
| ESS power
L 107 AGC signal i
g Grid output
8 s -
O —
-5 1 L L L L L L L L L L L L L L L L L L L L L L L L
80 Real-time SOC
—~ Expected SOC
< 60 P t
N
8 40- -
n
20

123456 7 8 9101112131415161718192021222324
Time (h)

Figure 3.5 — Example of one daily real-time PV operation.
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(in black line) at that time, before the optimization day “D”, has not huge
fluctuations and it is maintained around 50% SOC. That is because the
expected FRR revenues are higher than making arbitrage in energy
markets. Therefore, SOC should be maintained around 50% in order to
maximize the possible SOC increment or decrement to follow the AGC
signal according to hourly FRR availability bands.

After DM and FRR market auctions, CIM re-schedule is made due to:

- Difference of the starting SOC value at each day from 50%.

- Influence of FRR prices and CIM prices, estimated from DM prices.

- Updates on renewable forecast generation profile (most recent
information available, known as updated forecast for 4 hour-ahead).

- SOC deviations due to RES generation forecast errors.

- SOC deviations due to uncertain AGC signal from FRR requirements.

All these factors will be analyzed below. The first CIM market auction is
cleared at 23:00. In this CIM auction, CIM re-schedule bid can be
optimized according to approximated hourly daily CIM market prices
because they can be predicted from DM market prices (see Section 2.3.3),
as can be observed in Figure 3.6. The upper level control will modify the
CIM schedule in order to maximize the objective function, shifting some
amount of energy from off-peak price hours to on-peak price hours. As
can be observed the monthly traded energy in Spanish CIM is increasing,
reducing its illiquidity, but taking into account FRR band constraints.

70
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55

50

CIM traded
energy (GWh)

45

Avg. monthly price (€/MWh)

40 | ¥ | 1/ 1 1 O
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Figure 3.6 — Relationship between DM, CIM (continuous), and IM (by auction)
prices. (CIM data only available from June-December 2018).
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Another reason for sending a CIM market re-schedule is in case of final
SOC at “D-1” is expected to be far from 50% SOC. One hour later, the
same calculation is made known the expected final SOC at the end of the
day “D-17. For example, if the SOC is 30%, the PV+ESS plant will send
a CIM schedule for this optimization day “D”, knowing that less energy
to sell is required, sending a negative CIM offer, to charge the ESS. The
upper level control will reduce the CIM schedule in order to maximize the
objective function, that could be in the less expensive hour. Otherwise, if
the final SOC excesses 50%, the PV4+ESS plant will send a positive CIM
re-scheduling, which leads to an increase of delivery energy at DM+ CIM.

During the day, CIM market re-schedule bids are more influenced by the
most updated PV forecast generation profile, with the objective of
smoothing the PV generation and reducing sharp SOC changes. Moreover,
large AGC requirements also lead to opposite CIM re-schedule bids. For
instance, a large upward AGC signal provokes a decrease of energy
available in the ESS and therefore a negative CIM offer is sent for
following hours. In contrast, a large downward AGC signal provokes an
increase of energy available in the ESS and therefore a positive CIM offer
is sent for next hours in order to reduce the SOC around the middle value
(50%) and be able to provide future AGC needs in both directions.

This operation can be appreciated in Figure 3.5. The CIM at sunrise is
reduced in order to charge the ESS. After, the downward energy required
between 11:00 and 13:00 (h=12-13) is high, therefore the SOC increases
up to 70%. Consequently, the upper level control tries to reduce DM+CIM
schedule. Therefore, DM+CIM schedule between 13:00 and 14:00 increase
considerably from the most recent PV forecast (to counteract h=12) with
the purpose of reducing SOC. Without PV forecast errors, the SOC will
be reduce almost the same amount as the energy stored from downward
FRR requirements. However, SOC is maintained due to positive PV
forecast errors. After several hours following the same approach and
taking into account AGC signal and PV forecast errors, SOC is reduced
around 16:00, and these uncertain RT variables are counteracted.
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3.1.3 Annual PV+ESS economic results

Firstly, the profitability of different PV+ESS plants will be analyzed
under current Base Case scenario (BC). Annualized net profits (N) are
calculated based on annualized market benefits (B) and annualized system
costs (C). The Base Line (BL, 100%) is referred to the net profits (N)
obtained by a PV plant without ESS for the BC, defined in Table 3.2.

Figure 3.7. shows the annualized market profits and net profits for a
PV+ESS considering different ESS capacities, market operation and cost
scenarios. In Figure 3.7.a, annual market profits increase with a larger
ESS sizing as can be observed from dotted lines. The blue dotted line
represents the annual market profits considering the participation in DM
and CIM markets. In contrast, the green dotted line represents the annual
market profits considering the participation in DM, CIM and FRR
markets. As it can be deduced, the participation in reserve markets
increase the annual market revenues, and this difference is higher with
larger ESS. This fact is because a larger ESS can send higher FRR
availability bands (increasing FRR market revenues in comparison with
smaller ESS sizing), in addition to an improvement in smoothing PV
variability and intermittency and reducing PV energy imbalances.

In contrast, the blue dotted line is almost plain because the objective
function gives priority to reduce energy imbalances (mostly produced by
the PV forecast errors) instead of making arbitrage between higher and
lower CIM prices. If only energy arbitrage is considered, the SOC of the
ESS will be maintained in 90% or 10%, charging and discharging
continuously when local maximum and local minimum prices appear.
Therefore, with this main objective ESS is not able to control the PV
generation. This ESS operation can be observed in previous works shown
in Figure 1.18 and Figure A.5.

It can worth noting that the annual market revenues without ESS are
slightly fewer than market revenues with ESS. It was not surprising
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because energy imbalance prices is the same than DM prices in most hours
with two-price settlement system, according to Table 1.1. The Spanish

energy imbalances and DM prices difference can be seen in Figure A.8.

Thus, this market design does not encourage RES plants to provide their

own DM+CIM schedule, because energy imbalance prices do not really

penalize this operation. Consequently, it is expected that future energy

imbalance prices will reflect the real costs of energy imbalances when more

RES plants are installed. Extreme scenario of energy imbalance penalties

was simulated in Section A.5.
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Afterward, it is important to analyze the annualized net profits,
considering the ESS acquisition, operational and replacement costs.
Consequently, this ESS costs are so high that a PV plant without ESS is
the most profitable option in the BC scenario.

Considering a light reduction of PV+ESS costs (around 20%) and a light
increase of market prices (around 5%) according to Table 3.2 for future
scenario FS1, the market and net profits increase compared to the Base
Line as expected. In FS1, the annualized net profits for a PV with a ESS
of 54% MWh/MWp participating in DM+CIM+FRR (green line) is
almost the same than a PV without ESS (purple point), in Figure 3.7.b.

Under future scenario FS2 in Figure 3.7.c, the most profitable option
under this case study could be the PV+ESS participating in all markets
(DM+CIM+FRR). Net profits increase 8.5% compared to the operation
of a single PV without ESS.

Focused on all economic terms that compose net profits (N), market
benefits (B) and system costs (C) are analyzed in Figure 3.8, for the best
three options extracted from the BC of Figure 3.7. As it can be observed,
positive and negative energy imbalances without ESS (purple bars) reach
almost £10% of net revenues (however, both terms are themselves
counteracted), in addition to the favorable market design of energy
imbalances prices (called as future scenarios, FS). Nevertheless, it can be
concluded that with the ESS installation, energy imbalances are reduced
hugely (less than 1% with 0.28 MWh/MWp and less than 0.03% with 0.43
MWh/MWp). However, ESS acquisition costs increase regarding the ESS
size and power, which could result in a better performance and more
market revenues, but not always a more profitable asset.

In case of FRR participation (green bars) for the considered PV+ESS
plants, the net profits increase in 17% and 9% for FRR band availability
and upward energy, they decrease in 3.3% for downward energy and
0.016% for AGC penalty. In contrast, net profits decrease in 15.3% for
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1000 €
: DM + CIM (PV = 30MWp)
E = DM + CIM (PV + ESS 0.28 MWhgee/MWp)
100 ¢ = DM + CIM + FRR (PV + ESS 0.43 MWhss/MWp) [3

Band availability

Upward AGC (+)

-
o 0.1f 3
E\i 5 Downward AGC (-) Energy term
0.01F |
% AGC penalty Power term
S 0
= r j
c b ]
© E
9 -0.01F
= s
g E
o -0.1F
M [
1k

-100F

DM Net CIM Imbalances FRR PV costs (BC) ESS costs (BC)

B c
Figure 3.8 — Annual market benefits (B) and PV+ESS costs (C) at BC.

energy-related ESS costs and 20.4% for power-related ESS costs, resulting
in a less profitable PV+ESS installation than without ESS.

3.1.4 Annual PV+ESS technical results

Annual results can be evaluated from an energetic point of view, as in
Figure 3.9. It can be concluded that energy traded in CIM with FRR
participation increases in order to manage hourly imbalances and AGC
signal. For that reason, it is important to increase the liquidity of CIM,
which allows shifting energy for upcoming hours without incurring in
energy deviations from the involved BRPs. In addition, the most
significant improvement in energy markets is the reduction of energy

imbalances, as it has been exposed previously in economic terms

Moreover, the FRR availability band could be considered relatively
substantial compared to the ESS capacity size, knowing that the annual
AGC energy is less than 30% of the FRR bands. The PV+ESS participate
mostly with an hourly FRR band around 20% of the ESS capacity (the
maximum value for hourly FRR band) in sunshine hours.
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Figure 3.9 — Traded energy respect to the annual solar generation (%).

Other technical factors mostly related to the ESS operation are evaluated
here. As it can be observed in Figure 3.10.a, the ESS output power
(PE:Sout) gives information about the maximum ESS converter power
(PF°™) needed and their associated ESS power-related costs. The
maximum absolute values, settled between 11 and 13.9 MW, determine
the required P°™ for different ESS sizes. However, 5th and 95th
percentiles are settled between -2.33 and 2.60 MW. Therefore, the

conv
P

required will be reduced hugely (and thus the power-related costs)
in case of not considering +5% percentile data. In contrast, along this

time, ESS will be restricted by converter power limitation.

Furthermore, SOCE® profile and annual FECs are shown in Figure 3.10.b
and Figure 3.11.a, respectively. FRR participation increases the
utilization of the ESS capacity, in terms of SOC dispersion and number
of FECs. On the contrary, larger ESS capacity (C/°™) results in less
extreme SOC values and fewer FECs, which increase the cycling lifetime
around 41% compared to smaller C°™, according to ESS aging analysis.

Finally, the FRR compliance level and annual participation hours are
compared in Figure 3.11.b Both factors increase with more C2°™
considered. With 0.54MWh/MWp, the level of FRR compliance is more
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than 99.95% and the PV+ESS plant participates 60.2% hours of the year,
mostly during the sunshine hours, in which more control of ESS can be
made thanks to re-schedule solar generation through CIM offers. Although
the technical performance and market revenues are improved with more
ESS capacity, it can be kept in mind that the PV+4+ESS profitability
depends finally on system costs, as exposed in Section 3.1.3.
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3.2 Techno-economic analysis for a WP+4+ESS

In this section, the techno-economic analysis for the market participation
and operation of a WP plant with ESS is exposed, following the proposed
EMS from Figure 3.12. The WP+ESS is independently operated and
controlled as an individual plant, following decentralized control described
in Section 2.5.1. The results achieved in this techno-economic analysis for
a WP+ESS plant can be compared with the results shown in Section 3.1
for the market participation and operation of a PV+ESS.

3.2.1 Scenario definition for WP+ESS case study

In Figure 3.13, the wind generation distribution percentiles (PCTL) can
be shown as shaded bands around the central median line. As can be
deduced, the maximum and minimum power for PCTL100 varies from 0
MW to 25.9 MW for periods of time with extreme or low wind velocity.
The median generation is around 5.85 MW, resulting in an absolute error
up to 20 MW for periods with high wind forecast errors. However, the
maximum error between the real generation and the most recent forecast
is 10.42 MW (34.72%) considering pctl-100, and 2.7 MW (9%) with pctl-
90. Thus, the consideration of most recent forecast profiles as input data
for CIM optimization reduces energy errors, instead of the implementation
of a stochastic optimization with RES forecast scenario tree.

»
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Scenario definition — » | Model Predictive Control (MPC) |<— LOWER LEVEL:

Real-time operation

Electricity market
DM + CIM + (FRR)

UPPER LEVEL: Individual WP+ESS
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A é ESS aging analysis 4 =)
= = 4 Cycling degradation < > =
> Calendar degradation

— SOH degradation
= ESS lifetime estimation
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Figure 3.12— Proposed WP+ESS Energy Management Strategy.
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Figure 3.13 — Wind power generation.

In line with the case study for PV+ESS, several ESS sizing are also
selected in order to evaluate the cost-effectiveness of the ESS for this
particular application. An ESS sizing between 0.21 and 0.54 MWhgss per
MW installed (expressed as MWhgss/MWwp), from 6.5 MW to 16.25 MW
is considered for the ESS sizing sensitivity analysis. ESS aging model and
market participation are the same ones considered in Table 3.1.

The proposed EMS of WP+ESS plant is analyzed and validated for a one-
year simulation period. For that evaluation, a static TEA is conducted
according to Spanish market rules [221], real market prices and FRR
energy needs of 2017, extracted from Spanish TSO website [189]. On the
one hand, annual market profits are calculated as in eq. (3.1). This
equation includes revenues from DM, CIM, FRR band availability,
upward energy provided and positive energy imbalances; and costs from
negative imbalances, downward energy provided and FRR penalties in

case of non-compliance.
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On the other hand, different WP+ESS cost scenarios are defined,
summarized in Table 3.3. Current investment costs of WP are considered
1.25 M€/MW reported in [225] (where M=million), and future Cost
Reductions (CR) of 20% and 40%. Investment costs of the ESS [51], [226],
[230] are considered based on energy and power terms: investment energy-
related term (in M€/MWh), investment power-related term (M€/MW)
and replacement energy term according to the number of replacements
needed (n) during the lifetime of the WP (Y=25), whose replacement
costs are reduced, according to the ESS reduction cost curve from Figure
3.4. In WP case study, market prices are maintained constant (from 2017)
for other CR scenarios, in order to assess more directly the influence that
the investment and replacements costs have on WP+ESS profitability.

The EMS is applied for an annual wind generation profile based on [224].
These generation profile data from the Belgian TSO (Elia) are composed
by day-ahead forecast, (intra-day) updated forecast and real wind
generation on a 15-minutes basis. In this case, the annual profile was
scaled for a WP of 30 MW resulting in 2230 Equivalent Full-Load Hours
which match properly with a great windy location in Spain.

Table 3.3 — WP+ESS costs and market prices for the techno-economic analysis

Base Case & Cost Reduction scenarios

Variable, unit

BC CR1 CR2
WP costs, M€/ MW P | 195 1 (-20%) 0.75 (-40%)
" ESS power costs, ME/MW ¢ ™ | o5 1 04(20%) b 03 (40%)
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3.2.2 WP+HESS participation and real-time operation

The joint operation of a single day is shown in Figure 3.14. As it can be
observed, DM schedule is calculated based on the DM forecast at midday.
Later, a joint optimization for FRR and DM+CIM re-schedule is
calculated. This CIM bid can be saved or updated later before the first
CIM gate closure at 23:00. The resultant SOC profile is shown in Figure
3.14 as “reference SOC”. This expected SOC profile (in black line) at that
time, before the optimization day “D”, has not huge fluctuations and it is
maintaining around 50% SOC in order to maximize the possible SOC
increments or decrements to follow the AGC signal according to hourly
FRR availability bands.

Before starting the optimization day “D”, an evaluation and update is
made regarding the current SOC, most recent forecast profile and
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Figure 3.14 — Example of one daily real-time WP operation.
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expected CIM prices. Based on this real-time information, the MILP
optimization re-calculates the optimal DM+CIM scheduling for current
conditions according to the objective function of eq. (2.4) for one
individual plant with ESS. During the day, CIM market re-schedule bids
are more influenced by the most updated WP forecast generation profile,
previous WP forecast errors and large AGC needs. CIM bids are sent in
successive market auction to modify the DM schedule, resulting in a final
DM+CIM scheduling, with the objective of controlling the available
energy of ESS and providing the grid-set points without penalties.

For this particular day, the ESS is not fully charged and discharged and
it is able to control the grid output at all times. This is the main objective
of the upper level control. Consequently, ESS deep discharges or charges
happens only a few sample times. In most cases, the grid power set-point
(Pr“?,:id*) corresponds to the final DM+CIM schedule plus the required
AGC signal for FRR markets without energy imbalances. And this grid
power set-point is equal to the final grid output (P;f’kr id), according to the
instantaneous RES production (Py ¢aly and the final ESS power output

(PFRSO%), as in eq. (3.3), following eq. (2.44) - (2.48).

[ p4" = pPM+CiM | pAGC | == [ pI/'¢ = preal — pESsout 1 (3.3)

3.2.3 Annual WP+ESS economic results

In order to evaluate the profitability of the WP+ESS, different ESS
capacities were selected from 6.5 MW to 16.25 MW (defined in the
scenario definition, Section 3.2.1) to compare the annual WP+ESS
market benefits and annualized net profits (market benefits minus the
annualized WP+ESS costs according to Table 3.3).

Figure 3.15 summarizes all these economic results, in which the Base
Point (BP, 100%) corresponds to annualized net profits of a WP without
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Figure 3.15 — Annualized market profits and net profits (%) for a WP of 30
MW, considering different ESS capacities (without ESS and 0.21-0.54
MWh/MW), considering 2 market participations (DM+CIM and
DM+CIM+FRR) and 2 cost reduction scenarios (CR).

ESS participating in DM+CIM market. Therefore, all net profits of a
WP+ESS plant are compared to the BP.

On the one hand, the profitability of the WP+ESS under Base Case
(black lines, with current system costs) is analyzed. Compared to the Base
Point (100%), in case of DM+CIM participation (black dotted curve),
additional costs of ESS are higher than the increment due to market
benefits obtained thanks to the reduction of annual energy imbalances
costs. For this DM+CIM participation and considering the optimal ESS
sizing in which net profits are maximized (0.32 MWh/MW, 9.75 MWh),
it can be observed that annualized net profits have been reduced 8% with
respect to the BP without ESS. Therefore, it can be concluded that the
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installation of ESS together with a WP is not profitable only with the
purpose of smoothing wind generation, participating in energy
(DM+CIM) markets, following the grid set-point and reducing the energy
imbalances committed. Additional high-value services should be included
in ESS operation in order to increase the achieved annual market profits.

Consequently, in case of DM+CIM~+FRR participation, the optimal ESS
capacity increases up to 0.54 MWh/MW (16.25 MWh). Net profits with
this ESS sizing (99.6%) reach nearly the BC without ESS (100%), because
annual market profits increase by 12% from the smaller ESS size thanks

to the proportional increment of maximum FRR capacity reservation at
25% - CESS (BP™MaX) defined in the upper level control following eq. (2.23).

However, the Spanish WPs nowadays participate mainly in IM auctions
every 4/6 hours, and therefore, their energy imbalances costs are quite
higher than the ones considered in this analysis for the BL. Thus, these
annualized net profits for common WP operation could be less than net
profits achieved with DM+CIM+FRR participation.

On the other hand, if several reductions of WP and ESS costs are
considered (green curves, CR1 and CR2), the economic results show that
the joint operation of a WP+ESS will be more profitable than a WP
without ESS when FRR is contemplated.

In order to assure a more valuable option of a WP+ESS than without
ESS in CR1 and CR2 scenarios, the minimum ESS sizing that should be
installed is 9.75 MWh in case of CR1 scenario and 7.5 MWh in case of
CR2 scenario. The future trends reveal that the best ESS capacity would
be 16.25 MWh or even higher.

Focusing on all terms that composed net profits, they could be divided
into benefits and/or costs related to: DM, CIM, imbalances, FRR band
availability, upward AGC signal, downward AGC signal, AGC penalty,
WP investment, ESS energy-related term (battery-pack investment and
replacements) and ESS power-related term.
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The optimal choices drawn from Figure 3.15 for Base Case for each market
participation are compared in Figure 3.16 in detail:

- WP without ESS under DM+ CIM participation.
- WP with optimal ESS (9.75 MWh) under DM+CIM.
- WP with optimal ESS (16.25 MWh) under DM+CIM+FRR.

As can be concluded from Figure 3.16, the usage of CIM increases when
ESS is installed, because wind forecast errors are absorbed by the ESS,
and then, this energy is shifted in the coming hours through higher CIM
bids. Even more, FRR participation increases net CIM offers in negative
sign to counteract net FRR energy required in RT (more positive than
negative). Additionally, positive and negative imbalances terms are
hugely reduced. Specially, energy imbalances are practically zero for
DM+CIM+FRR participation with a high ESS capacity (16.25 MWh).
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Figure 3.16 — Annual benefits and costs of the three optimal plants under the
Base Case: 1) DM+CIM without ESS, 2) DM+CIM with 0.32 MWh/MW (9.75
MWh), 3) DM+CIM+FRR with 0.54 MWh/MW (16.25 MWh).
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Moreover, the FRR participation increases benefits by 10.65% for band
availability, 5.22% for upward AGC signal, -2.66% for downward AGC
signal and -0.006% for AGC penalty. On the contrary, ESS investment
and replacement costs increase the annualized costs by 7.57% for energy
terms plus 4.88% for power terms, according to the third WP+ESS plant
(darker bar) in Figure 3.16.

3.2.4 Annual WP+H+ESS technical results

Annual energy traded with respect to the annual wind generation is
analyzed in Figure 3.17, with similar conclusions drawn from Figure 3.16.
As can be observed, the energy traded in DM corresponds mostly to the
DM generation forecast. Furthermore, the CIM participation increases or
decreases in order to manage hourly energy imbalances from forecast
errors and real-time AGC power signal. Regarding energy imbalances,
they are reduced significantly as the ESS sizing increases. Concerning
FRR service, the hourly available FRR band and the energy delivered
through the AGC signal increase proportionally to the ESS capacity,
because the maximum hourly band is limited up to 20% of the CESS. As
can be observed, AGC penalties are also reduced in energy terms when
more ESS capacity is installed. The total energy which comes from energy
imbalances or AGC penalties are really trivial compared to the annual
generation and the energy traded in DM, CIM and FRR markets.

Finally, ESS losses are calculated based on the ESS power profile applying
the overall ESS efficiency considering all the conversion stages related to
the energy storage system (95%). It can be observed that these values are
relatively low compared to the annual market delivery, while the ESS
helps to smooth wind generation and control their operation.

Other technical aspects that should be discussed are related to the ESS
operation and the level of compliance of FRR service. Figure 3.18.a
analyzes technical results regarding annual Full Equivalent Cycles. It can
be observed that FECs are reduced when ESS size is larger. In case of
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Figure 3.17 — Traded energy with respect to the annual wind generation (%).

FRR participation, annual FECs increase due to a more demanding
operation in order to follow AGC signal in real-time operation. Thus,
annual FECs result from 501 FECs (0.21 MWh/MW) to 281 FECs (0.54
MWh/MW). According to these annual FECs, the lifetime of the ESS
could be estimated between 8.6 years -181 FECs- and 13.3 years -501
FECs-, by applying Wohler curve method and limiting the calendar
lifetime up to 15 years. This means that one or two ESS replacements will
be made during the WP lifetime depending of the ESS sizing.

Finally, the technical reliability of FRR participation is worth analyzing.
Other studies are not focused on this parameter, while other ones address
it [146]-[148] but not to the point that the power quality standards need.
The developed EMS enables a huge reduction of energy imbalances and
achieves a high technical reliability of upward and downward FRR needs
(from 97.9 % up to 99.9%), as can be observed in Figure 3.18.b.

Moreover, the daily number of hours of FRR participation increases with
the ESS size, taking into account that an hourly minimum band must be
1 MW and a maximum band is limited up to 20% of the ESS capacity.
Moreover, the WP4+ESS plant participates daily a maximum of 23 hours,
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because the last hour is destined by design to manage the final daily SOC
at the middle value. Thus, the mean daily hours increase from 17.2 h
(with 6.5 MWh) to 22.6 h (with 13.25 MWh).

The research presented in Section 3.2 was published in [231] by Amaia
Gonzalez-Garrido, Igor Villarreal, Haizea Gaztanaga, Andoni Saez de
Ibarra, and Pablo Eguia “Optimized Energy Management Strategy for
Wind Plants with Storage in Energy and Reserve Markets” Journal of
Physics: Conference Series, vol. 1222 (2019). Presented at WindFEurope
Conference and Ezxhibition, Bilbao, April 2019.

3.3 Discussion and conclusion

As it can be concluded from above results, the joint operation of
RES+ESS in multiple markets improves their economic revenues as well
as the annual real-time operation. In this chapter, decentralized EMS are
applied to addresses the RES integration challenge to a great extent in
the grid and in the electricity market.
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Through the application of the proposed EMS, the daily DM+CIM
schedule and hourly bands for FRR service are calculated in order to
maximize the overall market benefits, considering also the overall ESS
costs which are calculated by means of the expected ESS lifetime
(including cycling and calendar ageing models) regarding the ESS
operation. These obtained economic results were obtained based on
Spanish market framework and market prices of 2017, with the aim of
evaluating the cost-effectiveness of the ESS for PV and WP applications.

Regarding PV+ESS operation, the proposed EMS enables controlling the
SOC profile, avoiding energy imbalances and achieving a high level of
compliance of AGC signal (up to 99.95%) for this case study with the
installation of an ESS of 0.54 MWh/MWp. However, the installation of
ESS does not increase the profitability of the PV facility, due to the low
penalization of current energy imbalances. Under a considerable reduction
of cost and an increase on market prices, the installation of an ESS of 0.54
MWh/MWp would be more profitable than no ESS integration.

In case of WP+ESS, the implementation of the EMS enables the
avoidance of annual energy imbalances and achieves a high technical
reliability of FRR needs (up to 99.91%) with an ESS sizing of 0.54MWh
per MW of wind power capacity installed for the study case, and an
expected ESS lifetime of years. Under a light reduction of these ESS costs
(around -25%), the joint operation of a WP+ESS plant could be more
profitable than a WP without ESS.

Focusing on technical results, it can be observed than there is a hugely
reduction of energy imbalances, and light FRR non-compliance. The
introduction of a larger ESS improves more RT operation performance
and it is expected to require one replacement, while two replacements are
required with smaller ESS. Thanks to the economic analysis, the most
profitable ESS sizing is assessed according to market benefits and overall
systems costs which include acquisition, operation and replacement costs.
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Further development on the coordination of a RES+ESS portfolio can be
considered to improve the techno-economic results. As a result, a global EMS for
the asset management is applied to improve the profitability. Chapter 4 evaluates
the application of the proposed EMS for a portfolio composed entirely by RES
with ESS in multiple markets to increase the value of RES energy.

The main objective is to maximize the portfolio profitability, finding a trade-off
between market revenues, overall storage costs and a reliable operation. This
proposed EMS strategy is based on two-level architecture. In the upper level, the
optimization process described in Section 2.3 is applied for both RES+ESS. MILP
optimization is applied to calculate the optimal daily joint market bidding in energy
markets and reserve markets, while it avoids expected energy imbalances and
penalties. These optimal market schedules are calculated and updated during the
day considering renewable forecast, market design and requirements and
constraints related to the limited storage capacity.

While in the lower level, a decision-making process, explained in Section 2.5.2, is
applied in RT operation according to three different portfolio controls:
decentralized (or individual), cooperative and centralized. While an individual
RES+ESS plant must be operated decentralized, RES+ESS portfolio with
distributed ESS can be also operated in a cooperative or centralized way to provide
the both grid power set-points according to the total available RES generation and
ESSs’ stored energy, with the objective of minimizing SOC changes, reducing ESS
usage, and extending their lifetimes, taking into account RES complementarity,
SOC equalization techniques and sharing AGC signal in case of non-compliance.

Firstly, a preliminary TEA is carried out to evaluate and compare these portfolio
supervisory controls with fized ESS capacities (from optimal ESS sizing for
Chapter 3). Finally, a Levelized Cost of Energy (LCOE) analysis is carried out
in which several ESS capacities and market participation strategies are selected
in order to evaluate the cost-effectiveness of the ESS operation with RES portfolio.
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4.1 Scenario definition for a RES+ESS portfolio

Chapter 4 presents the main techno-economic results of the developed
EMS for a renewable portfolio for the optimal joint participation in energy
and reserve markets. The main objective is to maximize the portfolio
profitability, finding a trade-off between market revenues, overall storage
costs and a reliable operation.

This proposed EMS is based on two-level architecture, described in
Chapter 2. Particularly, in the lower level control, a decision-making
process is applied in real-time operation, where three different portfolio
supervisory controls are described and compared (decentralized,
cooperative and centralized), which include RES complementarity and
SOC equalization techniques in a novel approach. The methodology
developed in RT operation is described in Section 2.5.2.

The case study is focused on a RES portfolio composed by a PV plant, a
WP plant and their associated ESSs. The installed renewable capacity is
30 MW per technology according to the average size of Spanish RES
facilities. Moreover, initial 13MWh and 17TMWh ESS capacities are
defined for PV and WP respectively in accordance with conclusive results

Scenario definition

v

LOWER LEVEL:
Real-time operation

Electricity market — | Model Predictive Control (MPC) |<¢—
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Figure 4.1 — Proposed RES+ESS portfolio Energy Management Strategy.
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exposed in previous Chapter 3, applying decentralized or individual RT
control. Annual RES generation is extracted from [224], and adjusted to
Spanish Full-Load Hours (FLH) per MW installed of 1560.8 FLH for PV
(with a Capacity Factor of 17.8%) and 2230.6 FLH for WP (with a
Capacity Factor of 25.4%). The RES generation data are the same profiles
in previous Chapter 3 for decentralized EMS for individual RES+ESS.
Table 4.1 summarizes the selection of ESS capacity for each RES plant.
Table 3.1 summarizes other design ESS variables defined previously.

A techno-economic assessment is conducted according to Spanish market
rules and real prices of 2017, as reported [189],[192]. One-year simulation
period has been selected to compare the RT technical performance of each
portfolio control, in terms of the annual traded energy in each market,
hourly FRR capacity band, annual FECs, the ESS degradation, State of
Health and lifetime. The LCOE is calculated by levelized portfolio

investment and replacement costs and the levelized energy generated.

Moreover, a static cost benefit assessment is presented according to
annualized portfolio market profits and overall RES+ESS costs. Finally,
the portfolio market revenues per MWh are compared to several Levelized
Costs of Energy (LCOE). LCOE is calculated by levelized portfolio
investment and replacement costs and the levelized energy generated.
LCOE [232] evaluates the minimum market price at which RES
production can be sold in order to achieve a profitable asset exploitation,
according to eq (4.1) and (4.2).

Table 4.1 — Scenario definition of RES+ESS portfolio.

Scenario Unit Fixed value ESS sizing
CM =13 MWh 0 MWHh, ¢,

ESS nominal capacity for PV crom .
(optimal ratio: 0.43) - 50% - CF™,

CM =17 MWh - 25% - ™
ESS nominal capacity for WP crem .
(optimal ratio: 0.54) +25% - M

Market participation DM, DM + CIM and DM + CIM + FRR
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v |lo- CRF + (0V, + OF,) - (1 + CPI)” + R}™)
y=1 T+d)

LCOE = (4.1)
G
Huslari]
ERECE N

RES investment costs (lo) [225],[233] of 1.25 M€/MW for WP and 0.75
ME€/MW for PV are considered (without including yet financing costs),
as Chapter 3. Moreover, ESS acquisition costs are divided in energy and
power-related terms according to EPRI convention [51], [226], [230]: 0.3
M€/MWh and 0.4-0.2 M€/MW.

Moreover, total ESS replacement costs of both plants (R;®®) are
calculated according to the number of replacements needed (n) during the
lifetime of the renewable asset (RES lifetime (Y) is considered 25 years).
These ESS replacement costs are calculated from a reduction cost curve
according to the expected ESS replacements from Figure 3.4.

Regarding operations and maintenance (O&M) costs, annual fixed and
variable O&M (OF,, OV,) costs are also considered according to [233],[232],
adding a Consumer Price Index (CPI) of 1.2%: 20.000€/MW for PV OF,,
25.000€/MW for WP OF, and 2 €/MWh for WP OV, where the CPI is
1.2%. Finally, a reduction of 0.025% per year is included for PV
generation (G, ). Annual WP generation is assumed to remain constant.

The Capital Recovery Factor (CRF) expressed as in eq. (4.2) allows
annualizing the investment costs (/o) considering a discount rate (d) and
taking into account the lifetime of the whole project, which includes above
RES+ESS investment costs. A discount rate is used to calculate the
present value of future payments in the LCOE formula. In this case the
discount rate (d) can be assumed equal to the interest rate (i), varying
for example from 0% up to 5.5%. Table 4.2. summarizes all costs.
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All considered RES+ESS costs are summarized in Table 4.2 below, in
which investment and O&M costs are included (where M=million).

LCOE enables to compare the levelized costs of the renewable energy

generated compared to the achieved revenues for the total energy

delivered through the market. Figure 4.2 shows the final market price of
2017, in which 88.2% of the final price (60.55 €/MWh) corresponds to the
DM and IM market price (weighted annual value of 53.41 €/MWh).

Table 4.2 — RES+ESS costs for the techno-economic analysis

Investment
Fixed Variable
RES-+ESS costs (without
Oo&M Oo&M
financing)
PV costs, ME/MW 1 ¢V 0.75 1 20.000€/MW -
WP costs, ME/MW 1 c"P 1.25 + 25.000€/MW 2 €/ MWh
ESS power costs, : MW 0.4 (Section 4.2) : :
1 C 1 - ! -
M€/ MW i 0.2 (Section 4.3) i
ESS energy costs, i Mwh 0.3 i ) i )
M€/ MWh : : \
ESS repl. costs i cMwh cMWhLE [1 - (0.8 - e7011yr( 4 013 . e°'017'yr(r))]

Final market price (2017): 60,55€/MWh

Day-ahead and intraday market 88,2
M Ancillary services 39
B Pagos por capacidad 45

B Interruptibility services (demand management) 34

‘0/ 0 ‘

Figure 4.2 — Final price composition (in 2017) according to energy markets,

ancillary services, capacity payments and interruptibility services. Source: REE
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4.2 Techno-economic results with fixed ESS sizing

This section presents the results of the developed EMS for a renewable

portfolio with fixed ESS for their joint participation in multiple markets.

Without FRR participation, Energy Markets (EM = DM+CIM)
scheduling tries to follow latest forecast and manage RES intermittency
in order to maximize market revenues and minimize energy imbalances,
taking into account also expected market prices and ESS degradation
costs. Each RES+ESS plant operates according to its optimal schedule
with a Dctr control. As can be observed in Figure 4.3, when RES+ESS
plants participate in FRR service, they should provide the AGC signal in
RT operation (another uncertain RT parameter in addition to RES
forecast), and thus, more unexpected energy deviations appear in SOC.

To avoid a complete ESS discharge or charge, successive CIM bids are
sent to counteract these large energy deviations. For example, when
upward AGC signal is required, SOC may as well be below the optimal
value (low SOC). Thus, EM schedule in following hours tends to reduce
in order to charge the ESS. However, in some circumstances under
extreme RT requirements (like 6th hour), the ESS associated with WP is
fully discharged. As can be observed the DM wind generation forecast
(grey profile) was really high, and CIM forecast (the most recent forecast)
is also high compared to real wind generation for previous hours. After
consecutive hours with low wind generation in addition to the high
upward AGC required, the ESS associated to the wind farm is fully
discharged. Consequently, the PV+ESS provide all portfolio’s AGC signal
and FRR compliance is achieved (in Coop and Centr controls).

In contrast, FRR penalties are produced at this time with Dctr control.
In Dctr control, the PV+ESS does not provide the AGC associated to the
WP+ESS, and vice versa, and therefore, FRR penalties are committed
when one ESS is fully charged or discharged.
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Figure 4.3 — Daily market operation for Centr control and comparison of ESS

SOC profile (%) for all RT portfolio supervisory controls.

All RES generation is delivered through several markets. The details for
energy traded can be seen in Figure 4.4. Energy is sold in DM according
to the expected forecast (104.58% of the real RES generation), CIM
(expressed in net daily values), and AGC signal according to FRR bands

assigned in auction.

In addition to the energy delivered through EM and FRR markets, some
energy imbalances and FRR penalties might be committed, and ESS losses
should be taken into consideration. It can be highlighted that FRR
penalties are avoided in Coop and Centr, while Dctr penalizes 4.75h (PV)
and 3h (WP) out of 12129 h/year (both RES plants participate in FRR
around 70% hours per year). These values are extremely low because the
selection of ESS capacities (13 MWh and 17 MWh) were optimized to
maximize PV4+ESS and WP-+ESS profitability in which FRR penalties
are almost minimized, and also when each plant operates in Dentr control.
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Contribution (%) per technology Ratio of annual traded energy
PV + ESS WP + ESS

compared to RES generation

100% RES annual generation
104.577 DM schedule

2.910 CIM schedule

-9.552 CIM schedule

0.004 Energy imbalances
-0.020 Energy imbalances
34.15 | 65.85| 19.635 Upward FRR band
34.37 | 65.63| -15.230 Downward FRR band
4.326 Upward AGC signal
-3.567 Downward AGC signal
-0.306 ESS losses

—50%—

Figure 4.4 — Ratio of annual traded energy compared to annual RES
generation (%) and the contribution per technology (%).

Other conclusions that can be drawn from Centr control compared to
other controls is that CIM schedule, energy imbalances and ESS losses
are also reduced. In particular, ESS losses for Centr control is 0.3%
compared to 0.35% for Coop and Dctr. In energy terms, 161 GWh and
191 GWh are lost from each ESS for Coop and Dctr control, compared to
118 GWh and 221 GWh, compared to the annual solar (46.8 TWh) and
wind (66.9 TWh) energy generated, respectively. These improvements are
the result of an annual RES complementarity of 29% and the centralized
control which minimizes the ESS usage in RT operation.

Regarding FRR participation, mean daily hours for PV and WP are 13.6h
(56.8%) and 19.6h (81.63%) respectively. The mean, median and hourly
percentiles for both RES plants can be observed in Figure 4.5. Some
constraints in the optimization model of Section 2.3 limit the hours of
participation: in case of PV plant, excessive or consecutive hours during
nighttime are limited based on energy capacity limits following eq. (2.24)
and (2.25) in the optimization model. In case of WP generation, there is
a lower bound for hourly FRR participation which corresponds to 5% of
the installed wind capacity. Moreover, the final daily SOC should be
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Figure 4.5 — Upward and downward FRR band (MW) for Centr control.

settled at 50% of the last hour of the day as eq. (2.15).Apart from all
these energy constraints, ESS power and energy limitation, maximum and
minimum hourly FRR band capacity and other constraints from the
optimization formulation in Section 2.3 are applied.

Another important issue to analyze in the techno-economic assessment is
ESS degradation costs that can be estimated according to cycling and
calendar aging models. One of the main indicators to evaluate the ESS
aging is the Full Equivalent Cycles (FECs) per year. According to Figure
4.6.a, FECs increase with FRR participation, because the usage of the
ESS is higher to fulfill EM and FRR requirements. As can be concluded
and demonstrated through an annual portfolio simulation, Centr control
reduces FECs compared to the other controls.

This Centr control provides the total grid power set-points (sum of both
RES plants) according to the total available RES generation and the
initial required ESS power, with the objective of reducing ESS usage, by
minimizing SOC changes. For example, if the grid power set-point of the
PV plant is less than what PV is generating, its associated ESS will be
charged. In contrast, if the grid power set-point of the WP plant is much
more than what WP is generating, its associated ESS will be discharged
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with more energy than the energy that the ESS associated with the PV
is charging. In both situations, ESS losses are produced due to the charge

and discharge processes.

Therefore, the Centr control decides that instead of charging the ESS
associated to the PV and discharge the ESS associated to the WP, the
PV+ESS will be on charge of some energy on behalf of the WP+ESS. In
this way, the WP apparently will generate more and its ESS will be
discharged less. In conclusion, the energy losses associated with the ESS
are reduced, and their annual ESS cycles will be reduced, extending their
lifetime. This methodology can be found in the definition of RT portfolio
supervisory controls in Section 2.5.2. Table 4.3 provides a simple example
for a better understanding of Centr control.

Apart from ESS cycles, ESS sizing has also a direct impact on the
resultant annual FECs (more ESS sizing, less FECs). Thus, it can be
concluded that the ESS associated to the WP is larger, so WP operation
is more energy demanding (to manage WP fluctuations and FRR
participation). From Figure 4.6.b, it can be noted that the State of Health
(SOH) decreases in accordance with the number of FECs. Therefore, the
annual ESS expected lifetime is reduced when participating in FRR.

Nevertheless, market revenues in these scenarios are much higher than
the incremental ESS aging costs as will be seen later. It is worth noting
that, when Centr control is applied, SOH and ESS lifetimes increase
compared to other controls. Thus, ESS replacement costs will be reduced.

Table 4.3 — Example of RES equalization for Centralized control.

Grid set-point Dctr / Coop Centr

gridx real ESSout o ESSin realx ESSout - ESSin
P Pk P loss | Py AB. | Ppyic | Prik loss | Prj
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Concerning portfolio profitability, a preliminary static cost benefit
assessment is carried out in Figure 4.7, without considering interest rate
or inflation rate. The highest annual market revenues are achieved with
Centr control. However, as the market design does not encourage RES
plant to follow their EM schedule (dual pricing system for imbalances
[33], [234]) and it does not highly penalize the FRR non-compliance, the
increase on market profits for better RES performance is highly limited.
When all RES investment and O&M costs are considered, annual net
portfolio profits increase by 21% applying the Centr control participating
in EM+FRR compared to the Dctr control without FRR market.
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Figure 4.6 — a) Full Equivalent Cycles (FECs) and b) State of Health (SOH).
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Figure 4.7 — Static cost-benefit assessment for all controls.
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As it can be observed in Table 4.4, market revenues per MWh generated
(52.02 €/MWh) are similar to the annual DM price (average of
52.24€/MWh and weighted of 53.41€/MWh [189]) when participating
only in Dctr/EM case. If EM+FRR participation is carried out, the
revenues increase up to 57.38 €/ MWh with Centr. Thus, the participation
in multiple markets gives more value to the RES portfolio and increases
the value of RES generated energy by 5.37 €/MWh (increase of ~10%).

Finally, the LCOE for different controls and interest rates can be
discussed. As the interest rate (i) increases, LCOE increases (up to 56.99
€/MWh with i=4% in case of Centr/EM+FRR). RES exploitation may
result non-profitable with higher interest rate than 2.95% when it
participates only in energy markets (Dctr/EM), whereas participating in
EM+FRR, the Internal Rate of Return (IRR) is near to 4%. The IRR is
a metric used in capital budgeting to estimate the profitability of potential
investments. The IRR is a discount rate that makes the net present value

of all cash flows from a particular project equal to zero.

Consequently, the LCOE does not surpasses market revenues per MWh
generated when Centr control is applied under an interest rate below 4%.
Thus, it could be concluded that the portfolio market operation under the
case study is profitable when optimal EMS is applied to participate

Table 4.4 — Revenues per MWh generated (R/MWh), and levelized cost of
energy (LCOE) for all portfolio supervisory controls.

RT control and Revenues Levelized cost of energy (LCOE)
market (R/MWHh) . . ' .
participation i=0% 1i=107T% |i=25% i=4%
Dctr/EM 52.02 40.56 : 44.46 ' 50.16 ' 56.70
 Detr/EM+FRR | sror | 1091 | 4487 | 5065 | 57.28 |
 Coop/EM4FRR | srar | 1092 | 4487 | 50.65 | 57.8 |
Centr/EMAFRR | 5738 | 40.74 | 44.66 | 5041 | 56.99 |
 Centr/Pv | 502 | 3976 | 4355 | 49.08 | 55.42 |
- Centr/wP | 5764 | 140 | 4542 5130 | 5806 |
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in energy and reserve markets and the most rewarding techno-economic

results are reached when Centr control is applied.

On the basis of the above techno-economic assessment, it could be
concluded that Centr portfolio supervisory control, which manages all
RES resources more efficiently, will enhance the RT operation of the
renewable asset, as well as improving the portfolio profitability. On the
one hand, Centr control enables to avoid FRR penalties (fully compliance
of AGC signal) and reduce energy imbalances and ESS losses. On the
other hand, the participation of RES portfolio in high-value services like
FRR market increases the revenues per MWh generated up to 57.38
€/MWh. The expected LCOE under most unfavorable scenario (with high
interest rates) is expected not to be higher than the expected market
revenues per MWh. Thus, these economic results present a profitable
RES+ESS exploitation.

This analysis has been carried out with fixed ESS capacities according to
Dctr control of PV4+ESS and WP+ESS. Therefore, one step forward is to
analyze the optimal size of ESS for the portfolio management when Centr
control is applied. The cooperation of several RES+ESS would enable to
reduce the ESS capacity required while the same reliable standards are
maintained in RT operation, such as, energy imbalances or FRR penalties.
Furthermore, this analysis will also enable to assess the improvement of
Centr control on market performance as function of the ESS capacity. As
a result, the portfolio profitability would be increased if the optimal ESS
sizing is selected, and combined short-term and long-term EMS are
applied, including optimal market bidding and centralized RT controls.

The research presented in Section 4.2. was published in [235] by Amaia
Gonzéalez-Garrido, Andoni Saez de Ibarra, Haizea Gaztanaga, Aitor Milo,
and Pablo Eguia “Techno-Economic Assessment of Energy Management
Strategies for a Renewable Portfolio with Storage Systems in Energy and
Frequency Reserve Markets” 2019 16th International Conference on the
European Energy Market (EEM), Ljubljana, Sept. 2019. Best paper award
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4.3 ESS sizing analysis for a RES+ESS portfolio

In this section, the final techno-economic results are discussed. The
developed EMS is evaluated for a renewable portfolio with variable ESS
for the optimal joint participation in energy and reserve markets. A
sensitivity analysis of the ESS sizing is carried out to show the technical
improvements of Centr control on the market performance and reliable
provision of FRR requirements in RT operation. Moreover, the optimal
ESS capacity can be identified regarding VPP profitability.

The main techno-economic results are presented along this Section 4.3.
On the one hand, some technical aspects are analyzed and compared from
both considered portfolio supervisory controls in line with previous
Section 4.2, such as annual RES forecast errors, FRR capacity band,

energy imbalances, FRR penalties, and ESS aging.

On the other hand, Levelized Cost of Energy (LCOE) analysis is carried
out in which several ESS capacities and market participation strategies
are selected in order to evaluate the cost-effectiveness of the ESS
operation with RES portfolio.

As previous researches, the techno-economic assessment is conducted for
one-year simulation period according to Spanish market rules and real
prices of 2017 in order to compare the performance of each portfolio.

Firstly, renewable VPP without ESSs is simulated under DM and
DM+CIM participation to evaluate the influence of forecast information.
Secondly, a VPP with total 0.5h of ESSs (initial 100% CESS which
corresponds to 13 MWh for 30MW PV and 17 MWh for 30MW WP) -in
DM+CIM and under Dctr control- is analyzed in order to show the
technical advantages of ESS to support RES market participation and
operation. This EMS is the same followed in Chapter 3.
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Thirdly, the potential of FRR participation is evaluated under two RT
controls: Centralized (Centr) and Decentralized (Dctr). Cooperative
control (Coop) is omitted from this final techno-economic analysis, since
its RT operation is quite similar to Dctr control, despite the AGC signal
is shared at a few times to reduce the FRR non-compliance. Coop control
operates equal to Dctr control under normal conditions, and each
RES+ESS plant only shares the provision of the AGC signal in case of
one ESS is fully (dis)charged, which happens a limited times per year.

As explained in Section 2.5.2, Centr control takes advantage of RES
complementarity (when one RES plant produces more than expected, and
the other one less than expected). RES generation profiles from [224] have
a complementarity of 29% over one year simulation. Due to this fact, as
can be observed in Figure 4.8, the joint portfolio forecast errors per total
installed RES capacity (60MW) is less than the sum of each RES forecast
error independently considered. It can be noticed that portfolio forecast
power error does not exceed 6.5% from 60 MW RES installed, with a pctl-
80% for one-time step. This maximum forecast power that occurs in a
period of time of 15-min may result in a SOC change of 3.25% for one-
time step from the ESS capacity of 30 MWh, or 13% if the forecast error
is maintained for an hour.

[JPct100 | Pct80 [MPct60 MPct40 [Pct20 ~~— Median
15 _| Pct100 (PV error / PRES) -.-Pct100 (WP error / PRES)

0
(%)

)-10

real _ ppred
k Pr,k
RES
L.p,

Er(Pr

Hours of the day on a 15-min basis (4t)
Figure 4.8 — Joint forecast errors (% RES installed)
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4.3.1 Comparison of portfolio technical results

Technical results are exposed and discussed firstly, in order to carry out
a comparison of different RT controls and assess the improvement of some
of them. Analyzing more in detail the annual energy imbalances, it can
be noticed from Figure 4.9 that absolute energy imbalances (positive plus
negative ones) are around 6.65% with DM participation without ESS, and
reduced up to 4.81% with DM+CIM participation (which considers more
recent intra-day generation forecasts extracted from [224]). Moreover, it
can be concluded that the joint operation in a VPP+ESS reduce annual

energy imbalances below 0.2%, due to the forced strategy in eq. (2.4).

Besides RES forecast unpredictability, the provision of AGC signal
increases the real-time SOC deviation from the expected SOC profiles. In
order to manage both sources of uncertainties and maintain safe SOC
limits, a constraint in the hourly maximum FRR capacity reservation
(PPmax) s defined as 25% - CESS according to eq. (2.22), as can be seen in
Figure 4.10. In order to conduct a fair analysis, this limit is maintained
proportional for each ESS capacity. As can be observed, PV does not
participate in FRR market in the night-time hours and WP in hours with
hourly generation less than 5% of wind installed capacity.

S 10 ‘ ‘ ; ‘

o * ~6.65% Dctr DM (no ESS)

D \4.81% # Dctr DM+CIM (no ESS)
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Figure 4.9 — Annual absolute energy imbalances.
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Regarding FRR penalties, it can be observed in Figure 4.11 that the
smaller ESS capacity is, the more FRR penalties per year are incurred.
FRR penalties approach 2.5-1.3% with 50% of initial C**™. Afterward,
these annual FRR penalties are hugely reduced with Centr control
compared to Dctr control. Thus, it can be concluded that a Centr control
improve the FRR penalties for any RES technology and any ESS sizing.

Another important factor which influences the VPP profitability is ESS

4000 \ \
PV: 3791h (43%) o » | A Upward band (WP)

. A Upward band (PV)
F WP: 1609h (18%
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Figure 4.10 — Total band assigned for 100% initial CESS.
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degradation costs. One of the main indicators to evaluate the ESS aging
is the Full Equivalent Cycles (FECs) per year. According to Figure 4.12,
FECs increase with FRR participation, because the usage of the ESS is
higher to fulfill market schedule and AGC signal. However, thanks to a
Centr control the annual FECs are reduced around 15%, reducing the
demanding operating conditions. Moreover, it can be observed that the
FECs increase with smaller C*°™, due to the same value of charge or

discharge power (PE3*°"*) produces a larger change of SOC
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Figure 4.12 — FECs (n® of cycles per year).
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in smaller ESS capacities, while FECs are reduced with higher ESS
capacities. Likewise, the State of Health (SOH) after one year is depicted
in Figure 4.13. Annual SOH decreases in accordance with the number of
FECs, where the smaller ESS undergo a stronger capacity fade. Moreover,
the expected ESS lifetimes are reduced when participating in FRR.
Nevertheless, it is worth noting that, Centr control enhances SOH and

ESS lifetimes compared to Dctr control.
4.3.2 Comparison of portfolio economic results

Finally, a complete techno-economic assessment for different portfolio
market participation, ESS sizing, RT supervisory controls and interest
rates is carried out. Table 4.5 summarizes the annual market revenues,
the market revenues per MWh generated, the LCOE for different interest
rates and the net profits.

Annual market revenues are calculated according to Spanish market rules
and real prices of 2017. It can be observed that DM+CIM participation
is the main source of revenues. It can be concluded that the energy
imbalances costs committed are considerable without ESS (relative value
from positive and negative energy imbalances economic results), while
their costs are reduced to a great extent when CIM participation is
considered, and almost avoided with ESS integration.

After the CIM participation, the annual market revenues increase slightly
due to the reduction of imbalances costs. Moreover, it may be clarified
that the market revenues after the integration of ESS in DM+CIM are
slightly reduced (52.02 compared to 52.14€/MWh) due to lower CIM
prices and the ESS losses, although imbalances costs are hugely decreased
(from 128.8 to 1.8 k€/yr). When DM+CIM+FRR participation is
considered, annual market revenues increase more than 5 €/ MWh from
the initial ESS sizing. And furthermore, annual market revenues increase
more in case of centralized control is applied, and even more with larger

ESS capacity. Therefore, the market revenues per MWh generated
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increases in case of considering higher ESS capacities: from 55.08 €/ MWh
with small ESS to 59.05 €/MWh to largest ESS.

In light of the above results, the LCOE obviously increases in case of
considering ESS integration, due to the energy generated is almost
maintained in all cases, but the ESS acquisition, operation and
degradation costs increase. On the one hand, the LCOE without ESS
reaches 38.62 €/MWh. On the other hand, the LCOE with ESS capacities
is comprised between 41.50 and 44.33 €/MWh without interest rate 7.

However, when the interest rate 7 increases, the LCOE could reach up to
66.62 €/ MWh (with 125% C*°™ and i =5.5%). It can be noted that the
interest rate, applied to the investment costs, increases the CRF value,
and consequently, the LCOE is increased.

Net annualized profits (in €/MWh) can be used to compared LCOE and
market revenues to identify the most profitable VPP configuration. With
i less than 2.5%, the integration of ESS could be a profitable decision for
the renewable portfolio under current investment costs, considered O&M
costs and real market prices. Moreover, ESS contributes to all these
technical improvements in the operation, such as, the avoidance of energy
imbalances and the participation of FRR to maintain system frequency.
In case of higher ¢, the renewable portfolio without ESS results more
profitable in case of DM+CIM participation.

With ¢ more than 4%, renewable portfolio should need any kind of
financial or government support, such as reasonable feed-in-tariff (FIT)
schemes, some tax exemptions or deductions, incentives for RES
investment, additional retribution associated to RES operation or annual
generation, definition of suitable market price signals, encouragement of
new flexible resources or design of effective electricity markets. Therefore,
the cost-effectiveness of the portfolio depends to a large extent on the

investment and operating costs and other economic terms considered in
the LCOE analysis.



179

Chapter 4 EMS oriented to a RES+ESS portfolio

MQES%\EQN\QHVTA

L&l 1 6890 1 L9°9- 1 8T'9- L&l 1 60LT v 9997 1 TF9- 8¢Cl- 1 98¢ | 67T % &G =1"HODT ~ 4oy
€Lo- | 0£0- | €20~ ! 8T'0- GL0- | 090- ! €280~ | 1E0- €09- | 8T | 960 % ¥ = 1 ‘sygoad pozipenuue N
9g°¢ LLG 19°G €r'g 2gG 96° 8g'g 62°G 00°0 6€9 | 186 % ¢'g =1 ‘sygoxd pozienue joN
9601 ! 6€°0T ' GO0T ! 0L6 0€°0T ' STOL ' 00T ' 996 667 1 €T°0T | 096 % 6z’ = 1 ‘sygoxd pozienuue joN
oLVl 6571 07T 8G'€T 9971 6£7T 07T apeT 8L'8 ge'eT | 00°€T (T \womﬂuwuwwwm_mmwﬁmﬁﬂ
2999 1 L8T9 1 TIEY 1 99 6799 | LSO ! 8679 ! 9€'T9 0979 1 009 | 00°9¢ % ¢'¢ =1 (UMIN/3) HOD'T
84765 128G L1798 926G L9768 128G 69'9¢ 9z°6¢ G0'8¢ 990¢ | 9908 % ¥ =1 (UMIN/3) HODT
6V'€G 1 TETS ¢ €60¢ ' 9967 68'€G 1 TETS ¢ PS0G 1 99°6F 20ee ¢ GLGh | eLer % % =1 (UMIN/3) HODT
0L'8F 1 69U 1 6VOF 166G 198y 1 6GLY 1 IPOF L GEGY €Ly 1 o10er | 10Tk % Se'T =1 "(TMIN/3) HODT
€Ty | 6€€Y | VPTY 1 09TF | 9TFP | 6€€y | LETY 1 09'TF | VTEY | T9'8E | 29'8E % 0 =1‘(UMIN/3) HODT
S0'6S | 86'29 : ¥9'99 . 80'GS T6'8G 1 LL'LS . TV'OS . G6'FS 20'zs 1 vI'es | 19'19 (UMIN/3) sonusaaa jo3 eI
6'91L0 ' ST6C9 ! €IEF9 ' ©'G9T9 | GTOL9 ! 9TLG9 ! SLIFO ' 00929 | SIL6E ! 90L6S | L'OL]S (1£/33]) sonuoaox Josrew [ENUNY
00 1 00 1 9% 1 0061 GLIG 1 TL9T b EEPITT 1 0ELES 00 1 00 00 (1£/3) s1s00 Areuad Yy g
OTPS ¢ O€IL ¢ TLES ! G09€ P6Es 1 6'60L @ T9EE 1 F6GE 00 ' 00 00 (14/330) sonuoadr YU A
ce0- | 160- 1 08T 1 08 o0 1 980" 1 08T | TTL €81~ | 'Sl | 1808 (1£/37) 3800 /401 seoURIRQUI]
G'GLRG 1 LTSRS 1 G'O6GRE 1 TTIGE | TTIRG 1 PEYRE 1 8FBYG 1 9T06S | G6I6E ¢ P6L09 | 8°'8LIY (14/331) sonuoadr WID+INA
%Cel 1« %00L 1 %SL 1 %09 %Gl 1+ %00L 1 %SL . %09 % 00T % 0 % 0 (wouD TOIIIUT 04) Suizis SSH
_~o.5=00 vm_wa:gSﬁoU_ —_O.SEOU _umN_:N.Ssoumﬁ_— [013u0d Aiosiazadns Ty
1o WID+HINA | INA

uorjednaed YHIHINIO+HINA

uoryedpired YYA+INID +HINA

pue uorjedoryred joxIeIA

"SOIRI 180I09UL PUR S[OIJU0d Ty ‘Suizis §QH ‘uorredronred 103IRUL JUSIDJIIP I0] JUOTISSOSS® DTWOU0I-0UYIR], — G'F S[(e]T,




180 Chapter 4 EMS oriented to a RESH+ESS portfolio

4.4 Main conclusion of RES+ESS portfolio

As can be concluded from the above results and discussion, the centralized
control for the operation of a RES portfolio with ESS in multiple markets
improves their economic revenues compared to a decentralized control of
individual RES plants. The proposed EMS addresses the RES+ESS
portfolio asset management in the long-term and short-term planning for
RES+ESS sizing design, market bidding and real-time operation.

Considering the scope of RES market participation, the main objectives
of the proposed EMS ought to maximize the economic opportunities of
each electricity market, minimize overall costs and provide a controllable
and reliable real-time operation, by smoothing RES variability and
volatility, mitigating large forecast errors, and avoiding as much as
possible energy imbalances and other market penalties.

Furthermore, how the ESS is managed and controlled during their lifetime
operation is essential for the ESS cost-effectiveness. During its lifetime,
ESS degradation increases with a high demanding operation (and smaller
ESS sizing) or it decreases in case of less demanding operation (and larger
ESS sizing). This ESS capacity fade due to calendar and cycling effects
influences on the operating and replacement ESS costs. Consequently, the
EMS reaches a trade-off between the asset market revenues and their
overall costs according to the expected ESS lifetime and operation.

The results exposed that the joint operation of a RES portfolio with ESS
in multiple markets improves their economic revenues to be a profitable
asset. The techno-economic advantages of the centralized control are
proved: i) RES energy imbalances (and their costs) are almost
avoided, from 6.65% absolute energy imbalances with DM participation
without ESS up to less than 0.2% with ESS integration and CIM
participation, ii) FRR penalties are hugely reduced or even eliminated
with a ESS sizing selection more than 0.43 and 0.54 MWh per MW
installed of PV and WP respectively, iii) FECs increase with FRR
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participation due to more demanding operating conditions, because the
usage of the ESS is higher in order to fulfill EM and FRR requirements.
In contrast, thanks to a Centr control the annual FECs are reduced
around 15% compared to Dctr control due to RES equalization technique,
and iv) expected ESS lifetimes are reduced when participating in FRR
(in line with FECs results). Nevertheless, it is worth highlighting that
Centr control enhances SOH and ESS lifetimes compared to Dctr control.
Moreover, this fact results in a reduction of ESS replacement costs.

Moreover, the integration of ESS and their participation in FRR markets
gives more value to the RES portfolio and increases the annual market
revenues up to 7 €/ MWh (increase of ~13%) with large ESS. According
to LCOE analysis, final economic results present a profitable RES+ESS
exploitation under different ESS sizing and several financial conditions.

Thus, Centr portfolio supervisory control, which manages all RES
resources more efficiently, enhances the RT operation performance of the
renewable asset, as well as improving their overall profitability.

Apart from above specific case studies, the proposed EMS methodology is
a useful tool to design, sizing and invest on a RES+ESS portfolio which
maximizes expected returns. In the design stage, the selection of ESS
capacity plays an important role in assuring a more reliable and profitable
operation which leads to increase the market revenues. The simulation of
different RES+ESS configuration could be useful to make decision about
a new RES+ESS asset or to consider ESS in existing RES plant(s).

After all, it should be highlighted that this EMS enables a high
replicability to evaluate the ESS cost-effectiveness under different
scenarios, generation profiles, ESS degradation models according to other
technologies, considered market framework, desired objective or
functionality, market prices and system costs. That is, according to the
input data or design scenario given to the EMS, the methodology enables
to evaluate the proper ESS capacity for any given application.






Chapter 5 General conclusion and

future research lines

In this final chapter, the main conclusions of the present work are collected.

The main contribution of the PhD thesis in the field of the development of optimal
sizing and energy management strategies for storage system to support renewable
market participation are pointed out.

Lastly, some future research lines are suggested.
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5.1 Main contribution and overall conclusion

Throughout the present document some major conclusions were presented
related to the state-of-art review, the implementation of the proposed
EMS for RES4ESS, its validation for several case studies, and finally its

techno-economic results.

In this PhD thesis, the topic of the optimal sizing and energy management
of ESS for grid-connected applications was studied. Specifically, the scope
of this PhD thesis was focused on the market participation and real-time
operation for solar, wind and storage systems considering electrical,

technical, market, regulatory, economic and financial issues.

However, the main problem found out in the current literature is the
relevant lack of a global EMS for the proper sizing and operation of a
renewable plant or a RES asset with ESS, which should take into account:
1) the consideration of a short-term and long-term EMS in which a
reliable and profitable market participation and operation is achieved for
each day, but also this EMS comprises long-term variables and
parameters, which influence this short-term performance, in view of
increasing the RES+ESS asset profitability for considered scenarios; 2)
the implementation of an upper level control in which market schedule
optimization is carried out, and a lower control level in which these grid
power set-points are applied in real-time operation. This two-level
structure enables applying the market schedule and assess realistically the
technical results of each scenario according to the final RT operation; 3)
for that purpose, an electricity market framework should be modelled in
the most realistic and precise way possible, in which real-time parameters
with large degree of uncertainty from reserve markets are considered and
applied accurately. Reserve market is characterized of being high-value
services and highly rewarded, and a new market opportunity for
renewable and storage plants. The technical response to real-time
uncertain parameters should be managed immediately in the short-term
horizon at RT operation, but the proper RES+ESS sizing and
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configuration is evaluated after a long-term simulation; and 4) the
importance of a customized and detailed ESS aging method to estimate
successfully the ESS lifetime, and therefore, its operating costs. When
expected ESS lifetime is estimated more properly, long-term economic
impact of ESS aging analysis on the selected scenarios is more accurate,
so the possible deviation from the expected operating costs are reduced.

With the objective of considering suitably all aspect exposed above, there
is a need of developing a global EMS which contemplates both time-frame
horizons, in order to maximize the profitability of the considered
scenarios, and evaluate and validate also the technical performance and
market compliance of the RT operation, when some variables with large

degree of uncertainty (market, forecast, etc.) are included.

Consequently, the combined short-term and long-term EMS, for the
proper sizing and operation of a renewable asset with ESS, assesses the
long-term planning and short-term operation in multiple markets (energy
and reserve markets), giving a broader, more detailed, thorough and
suitable framework to evaluate the cost-effectiveness of ESS integration
for RES grid-connected applications. As exposed above, this global EMS
considers, implements and evaluates accurately several main issues which
have impact on the overall RES4+ESS asset profitability, among others:
the expected ESS lifetime and the ESS sizing selection in the ESS
acquisition and degradation costs, the level of compliance of reserve
market in economic market penalties, and the generation forecast error in
the amount of energy imbalances. Thus, this global EMS should consider
all these technical and economic variables which have influence in the

asset profitability in the long and/or short term.

For this purpose, the adoption of short-term and long-term EMS is
developed to achieve a controllable and reliable operation of RES+ESS
which leads to a profitable exploitation through the joint participation in
electricity markets. Among all the literature analyzed in this field, the
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influence of ESS sizing, operation and degradation issues in multiple
markets supporting RES has not been yet assessed.

In that way, the Development of Optimal Energy Management and Sizing
Strategies for Large-Scale FElectrical Storage Systems supporting
Renewable Enerqgy Sources are proposed as the main contribution of this
PhD thesis. Thus, two main scenarios have been addressed: an individual
RES+ESS plant (solar or wind) and the RES+ESS portfolio.

Focusing on the main results achieved for individual RES+ESS plants,
the implementation of a global short-term and long-term EMS, which
consider real-time operation, a closed-loop MPC approach, FRR
participation and a CIM re-schedule optimization, has demonstrated
managing RES generation and controlling the SOC profile inside their
safe limits in order to provide market set-points, avoid hugely energy
imbalances and achieve a high level of compliance of reserve markets.

Moreover, several interesting correlations related to the ESS sizing
selection have been shown. It has been observed that FECs are reduced
when ESS sizing is larger (reducing its annual cycles). Therefore, under a
lower demanding operation, a larger ESS will increase its expected ESS
lifetime, and reducing their operation and replacement costs, although the
initial investment is higher. In case of FRR participation, annual FECs
increase due to a more demanding operation in order to follow reserve
requirements in RT operation, although more revenues are obtained.
Consequently, the ESS sizing, annual RES generation, RT operation, and
financial conditions, among other issues, influence the final profitability.

Regarding economic results, the FRR participation increase considerably
the annual market revenues, however the integration of an ESS in the
renewable plant is compulsory to operate successfully and reliably in this
reserve market. However, the RES+ESS profitability cannot be ensured
under the considered scenarios (some annual generation profiles, market
prices, ESS costs, etc.). It should be pointed out that a reduction of
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RES+ESS and/or an increase of market prices is needed to find a more
profitable scenario than the consideration of a single RES plant. In
particular, WP+ESS plants are expected to require less financial support
or less favorable cost reduction scenario than PV+ESS plants.

Finally, analyzing the RES+ESS portfolio scenario, the technical
advantages of the centralized control are proved compared to other RT
controls: RES energy imbalances (and their costs) are almost or full
avoided, FRR penalties are hugely reduced or already eliminated, the real-
time operation minimize the ESS cycles, and thus the ESS lifetime is
extended (reducing their operating and replacement costs). Moreover,
economic results are also improved with Centr control application.

In economic terms, the short-term and long-term EMS is evaluated under
an ESS sizing and a LCOE analysis. The comparison between annual
market revenues and LCOE enables to identify the most profitable
RES+ESS configuration, for any given technical input data or economic
parameter. Centr control enhances the RT operation performance of the
renewable asset, as well as improving their overall profitability.

5.2 Research future lines

From the work developed in this PhD thesis, the following future research
lines have been identified, based on the review of the methodology, as well
as future trends on ESS deployment and other case studies or applications.

A step closer to the real performance is the implementation and validation
of the proposed EMS in a hardware-in-the-loop (HILP) in a research test-
bench which commercial elements are controlled to follow the power set-
points from the upper and lower controls from the EMS. Therefore,
experimental results and the technical performance different controllable
energy resources and their response from to the targets given from the
EMS can be validated and compared with the results of this thesis.
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With regard to validate further the replicability and adaptability of the
proposed EMS, other case studies oriented to utility RES plants can be
modelled and simulated. According to the given input data or design
scenario, the EMS enables to operate the controllable energy resources
efficiently and optimize them according to the desired objectives and to
evaluate the proper ESS capacity for any particular application. In some
cases, a change in the predetermined design variables (RES generation
profiles, ESS degradation models, ESS capacity, participation under the
considered electricity markets, market prices or system costs) can be
directly simulated and validated with the proposed EMS. In that way,
other techno-economic results and conclusions can be obtained. In other
cases, an introduction of new market participation not considered in this
EMS, or the decision to change the desired objectives or functionalities
will have more influence on several blocks of the EMS. For example,
additional technical and market restrictions should be included. However,
it could be highlighted that this EMS gives a clear framework to include

other improvements and variations easily.

In view of European ambition to transform the system into a more
consumer-centered, residential solar photovoltaic systems, energy storage
batteries (including private electric vehicles) will greatly increase in the
next years, also due to the net-zero energy building European targets.
Energy storage is also an important way to increase the self-consumption
ratio in the residential and commercial sectors, and new approaches
should be developed to control the distributed energy resources. These
changes will bring considerable benefits from a consumer perspective, from
an environmental perspective, and from an economic perspective.
Therefore, with the increasing distributed energy resources integrated in
the low voltage distribution grids, another interesting application would
be to develop EMS to control and operate efficiently all these energy
resources integrated in local energy communities. This application will
require the implementation of local markets, considering new energy

trading schemes, energy contracts and peer-to-peer models.









Appendix A Preliminary rule-based EMS

Appendiz A has the objective of describing the rule-based EMS developed during
the research activities of this PhD dissertation, as preliminary developments which
have been also published in several scientific journal or conference articles. This
appendiz proposes a rule-based ESS energy management with an advanced and
optimized market participation methodology for Day-Ahead Market (DM),
Intraday Market (IM) by auctions and reserve markets (FRR), with the aim of
defining the trade-off between the profits and the fulfilment of FRR requirements.

The main objective is to demonstrate their potential to participate not only in
energy markets, but also in frequency ancillary services in order to contribute to
the grid stability, as well as being an additional source of revenues. The suitable
market participation and operation strateqy ensures an optimized and reliable
operation despite the uncertainty of solar generation, the uncertain real-time AGC
stgnal and the limited capacity of the energy storage system. Furthermore, a
sensitivity analysis of ESS sizing is proposed, in order to evaluate the influence
of the ESS capacity in technical market requirements, market benefits and total
profitability of the plant. With this objective, several market scenarios have been
defined modifying main design features, such as: ESS capacity, ESS costs, reserve
band availability and energy imbalances prices.

Finally, the main weaknesses of the rule-based EMS are explained, and several
improvements are included in the proposed EMS of Chapter 2.



A-2 Appendix A Preliminary rule-based EMS

A.1 Introduction

This section proposes an advanced market participation and operation of
RES plants with ESS in day-ahead, intraday and secondary reserve
markets, through a Model Predictive Control (MPC) approach.
Particularly, this strategy is applied to a photovoltaic power plant (PV)
with electrical energy storage (ESS) in Iberian Market, which analyzes
only the participation in DM and auction-based IM, but it only applies a
fixed or rule-based participation in Secondary Reserve Market (SRM).

This work takes into consideration the ESS acquisition, operational and
degradation costs inside the optimization; renewable generation
uncertainty; expected prices for IM and FRR; a more realistic reserve
power signal modelling, as well as FRR fulfillments. Finally, a techno-

economic analysis and a sensitivity analysis is carried out.

Through a linear programming optimization, an annual optimal trade-off
between market profits, battery operating costs and market technical
fulfillments is defined, with the objective of achieving an optimal
profitable and reliable market participation as well as reducing overall
battery costs.

A.2 Rule-based optimization

This section focuses on the market participation of a PV+ESS plant in
the energy and reserve markets. In the case of Spain, FRR is also known
as Spanish Secondary Reserve Market (SRM). The annual PV generation
was extracted from a real PV installation in the south of Spain. An annual
techno-economic analysis is carried out with market prices of 2016.

This EMS methodology could be divided into four blocks, as can be
observed in Figure A.1, following a similar structure that the EMS
methodology presented in Chapter 2:
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Figure A.1 — Rule-based EMS methodology.

- Initialization

- Market optimization

- Real-time operation

- Annual techno-economic analysis

In the first step, design variables are defined: PV maximum power; ESS
capacity; ESS charge and discharge power; minimum and maximum state
of charge (SOC); the minimum state of health (SOH), at which the
battery must be replaced; the PV plant and ESS investment costs, and
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the Iberian electricity market schedule from Figure A.2 and historical
hourly market prices of the year 2016 (day-ahead, intraday, imbalances
and secondary reserve prices).

In order to quantify forecast errors, the mean absolute percentage error
(MAPE) is commonly used for solar forecast. MAPE represents the
percentage of the variation of predicted values around the measured data.
Using artificial neural network and other advanced techniques, the 24h
ahead solar forecast MAPE can be reduced below 20%.

Therefore, the PV generation forecast profile (P} red) is estimated from

P’:eal)7 adding an hourly random variable (O'(h))

the real PV generation (
for a maximum percentage error (€y,4,) of 20% for DM and 10% for IMs,
as expressed in (A.1). The annual PV generation was extracted from a

real PV installation in the south of Spain.
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Figure A.2 — Iberian Electricity Market schedule.
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The Iberian Electricity market is divided into energy and ancillary
services markets cleared sequentially. Regarding energy markets, the Day-
ahead market (IM) and six Intraday Markets (IM) are cleared each day.
In addition to energy markets, the participation in Secondary Reserve
Market (SRM) through daily auctions is also considered. Figure A.2 shows
the auction time and operation time of each market.

Thus, the aim is to find the design variables that minimize the cost
equation, which is equivalent to maximize the overall profits. Most
literature includes the maximization of market benefits, but they do not
take into account ESS costs in the optimization. In this work, as explained
above, LP optimization is applied to obtain the optimal market bidding

PMKT

power profile (P/""), the assumed positive and negative energy

imbalances profiles (Pkimb+/ ~ ), the optimal battery power profile (Ppqe(k)),
and its lifetime (WESS in years. Firstly, PYXT corresponds to the DM power

profile and later, to the power profile including IMs’ bids.

Energy imbalances imply that the PV+ESS plant delivers to the grid
more or less energy than the bidding market power (PYXT), because this
market operation is more profitable than making firming control with the

energy storage system, according to the current energy imbalance prices.

CMW . Prconv CMWh . C}”Lom

+
min Z wceonv , 4y '}’TESS -dy (AQ)
v keky |—At - (AII\(/IKT . PIQ/IKT + A;'(mb+ . Iimb+ + A;'{mb— . ’imb—

The equalities and inequalities included in this model are described in
Chapter 2, such as market power balance (2.5), energy flow of the battery
without including efficiencies (2.6), energy and power ESS constraint
without including FRR reservations (2.7)-(2.10), no-charging during
night-time (2.13), final stored energy (2.14)-(2.15), market firming service
(2.16) and ESS linear model aging (2.17)-(2.19).
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In this model, there is only one variable for ESS power output (PF3’),

negative when the ESS is discharging and positive when it is charging.

Based on MPC approach, when a market auction is not cleared, the LP
optimization recalculates the battery operation profile, taking into
account current operating conditions and uncertain parameters, while the

MKT

current market profile Py is maintained fixed until the next market

auction optimization.

Pret) AGCFY power signal

In real-time operation, the real PV generation (
and the ESS efficiency are included as input data. These parameters
modify the ESS power in RT operation, following Dcntr control from the

pseudo-code for RT operation.

After 10 minutes operation (At=1/6), a new optimization is carried out
with these real-time output values. After having simulated a whole year,
an annual techno-economic analysis is carried out analyzing each daily
benefits and costs, in accordance with the Spanish market rules and
following eq. (3.1).

The daily market profits are the sum of hourly day-ahead market profits,
intraday markets profits, positive energy imbalances profits, negative
energy imbalances costs (observe that variables with negative superscripts
have negative values), secondary reserve band profits, upward reserve
energy profits, downward reserve energy costs and secondary reserve

market penalty costs.

On the other hand, the daily ESS acquisition cost is calculated. Finally,
the annual total profits are calculated as the sum of daily market profits
minus the sum of the daily ESS acquisition costs.
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A.2.1 FRR market strategy definition

In this section, several rule-based market participation strategies are
analyzed, focusing on the most advanced strategy (FRR6), in which a
rule-based strategy is applied to FRR participation.

As can be observed in Table A.1, six representative market scenarios are
selected, in order to evaluate the knowledge of different optimization
inputs (such as the solar generation, market prices and secondary reserve
strategy) and compare their techno-economic results. In the first three
market scenarios, the PV+ESS plant participates only in day-ahead
market and intraday markets. To the contrary, the last three market

scenarios include also secondary reserve participation.

The first strategy (EM1) considers a perfect knowledge of solar
generation, although mean hourly prices for DM and IMs are applied.
Whereas, the second strategy (EM2) considers PV forecast errors (see eq.
6) in order to calculate the market bids. As a result, the battery energy
profile in real-time operation will be different than the optimal one.

The third market strategy (EM3) is more realistic in which PV forecast
errors are included as well as an expected hourly IM prices. After DM
publication, the day-ahead market prices of this specific day are known.
Therefore, IM market bids may estimate the IMs’ prices and will take

advantage of this fact, instead of using hourly mean values as in [22-25,
28-31].

Table A.1 — Optimization inputs for different scenarios.

Scenario | PV power Hourly market prices FRR
EM1 PV real Historical DM and IM -
EM?2 PV pred Historical DM and IM -
EM3 PV pred Historical DM and expected IM -
FRR4 PV pred Hist DM, Expected IM and FRR | Fixed (8h)
FRR5 PV pred Hist DM, Expected IM and FRR | Fixed (10h)
FRR6 PV pred Hist DM, Expected IM and FRR | Rule-based
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On the other hand, three market participation strategies are defined for
DM, IM and FRR. In all these cases (FRR4, FRR5 and FRR6), PV
forecast errors, historical DM prices and, later, expected IM and FRR
prices are included.

According to historical FRR prices in Iberian Market, two fixed secondary
market strategies are defined according to the most profitable hours:

- FRR4: PP > 1MW Vh € {1,2,4,5,7,8,23,24}
- FRR5: PP > 1MW Vh € {1,2,4,5,7,8,16,17,23,24}

The last scenario (FRR6) applies a rule-based FRR strategy. After DM
publication, assumed energy imbalances, the level of solar generation
intermittency and the expected FRR prices are analyzed in order to decide
the most profitable and reliable hours to participate (from 10 to 14 hours).

In the optimization day, successive IMs recalculate optimal market
bidding power profiles counteracting the deviation of SOC profile from
the expected SOC profile, due to PV forecast errors, ESS efficiency and
AGC signal. And in each step, the optimal battery operation profile is
recalculated in order to maintain the SOC within the operating window.

Finally, the real-time strategy takes into account two considerations: i)
give priority to follow the AGC signal from incurring in energy imbalances
in that particular hour, and ii) increase SOC operating windows (5-95%)
in case AGC signal is required, in order to reduce the FRR non-

compliance level.

The general market participation for FRR6 is depicted in detail in Figure
A.3, defining the data inputs and the main objectives of the strategy
during the daily optimization.
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Figure A.3 — Market bidding and operation strategy for FRR6 scenario.

A.3 Market participation results

The market participation of the PV+ESS plant have been simulated and
validated for one year (Spanish market prices of 2016) in these 6 different

scenarios explained above.

A comparison of annual total market profits is observed in Figure A.4 and
Table A.2. The total market profits include: energy markets (DM and IM
benefits), energy imbalances (positive imbalances benefits plus negative
imbalances costs) and FRR market (including band, upward and
downward energy profits and FRR penalty costs).

As can be observed, the total market profits decrease with PV forecast
errors (EM2) from the first scenario without PV forecast errors (EM1).
The difference is small because the MPC approach and the stored energy
in the ESS is able to manage PV errors during the day, and then LP
optimization re-schedules the market bidding by changing the market
offers in successive intraday markets.

Whereas, when expected IM prices (instead of mean prices as in EM1-
EM2) are introduced maintaining PV forecast errors (EM3), the total
market profits increase by 0.61% from EM2. This increase in the obtained
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profits is caused by the changes in IM offers from hours with higher mean
historical prices (defined by the DM offer) to expected hours with higher
prices (in IM offers).

Regarding FRR participation, all three strategies increase the total profits
4.64% (FRR4), 4.83% (FRR5) and 6.42% (FRR6) from the first scenario
EMI1. It can be observed that energy market profits (DM and IM) plus
energy imbalances are reduced because a portion of annual solar energy
is traded in FRR. Moreover, as the AGC signal produces an additional
change in the expected optimal SOC profile, some additional energy
imbalances are produced. Successive IM offers deal with energy
imbalances, reducing them as much as possible.

These large energy deviations from the optimal SOC could change to a
great extent the power profile and energy profile of the battery. For this
reason, energy imbalances at real-time operation increase from 0.49%
(EM3) to 1.09% (FRR4), 1.02% (FRR5) and 1.56% (FRR6). When
additional energy imbalances are committed, the battery is not able to
manage the PV plant optimally. Although the scenario without ESS is
outside the scope of this research, it should be highlighted that energy
imbalances without ESS increase up to 17% with perfect forecast.

Regarding FRR penalties, the scenario FRR4 do not participate in
daytime hours and therefore, the FRR penalties’ percentage is 0%. In all
cases, the battery is capable of following the AGC signal. Whilst in the
second FRR scenario (FRR5), FRR non-compliance ascends to 11.75%,
although its penalty cost is 0.31%, due to afternoon hours’ participation.
Concerning the optimized market strategy in the scenario FRR6, the FRR
penalties are reduced up to 1.49% thanks to giving priority to follow the
AGC signal from incurring in energy imbalances and the increment of the
SOC operating window in case AGC signal is required. This real-time
strategy allows increasing total market profits, reducing the FRR non-
compliance level and its associated penalty costs.
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Figure A.4 — Annual total market profits in each scenario (market data 2016).
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Table A.2 — Annual market profit in each scenario (%), FRR penalty cost (%),

non-fulfilment level (%) and participation (hour per day)

EM1 | EM2 | EM3 | FRR4 | FRR5 | FRR6

Total profit (%) 100 99.93 | 100.54 | 104.64 | 104.83 | 106.42

EM market (%) 99.43 | 99.28 | 100.05 | 98.72 98.41 98.49
Energy imbalance (%) 0.57 0.65 0.49 1.09 1.02 1.26
FRR market (%) - - - 4.83 5.40 6.67
FRR penalty cost (%) - - - 0 -0.31 -0.05
FRR non-compliance (%) - - - 0 11.75 1.49

FRR participation (h) - - - 8h 10 h 11.7 h

Finally, the SOH at the end of the analyzed year (2016) is 99.02%
regarding the cycling aging model. However, ESS battery will be replaced
in all scenarios around 15 years, according to the calendar aging, but not
for cycling degradation. Consequently, for the same acquisition and
replacement costs of PV+4+ESS plant, the profitability in FRR6 is
improved 6.42% from EM1.

A.4 Real-time operation results

This section is focused on analyzing real-time operation. As an example,
the real-time operation for one day (January 13, 2016) with FRR6
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scenario can be observed in Figure A.5. The DM offer takes into account
a PV forecast error of 20% and mean historical DM prices. Then, IM offer
adjusts the market profile, updating PV forecast, expecting IM prices and
AGC signal. These characteristics are shown in Figure A.3

FRR6 strategy decides to participate for around 12 daily-hours as shown
in Table A.2. The AGC signal has been modeled according to the real
hourly upward and downward energy reserve use of January 13, 2016 (not

mean historical value).

At night hours, ESS follows the AGC signal accurately. IM3 and IM4
counteract this small change in the SOC profile from the optimal SOC
value (50%) expected at DM auction time.

107 Power profiles
3 T T T T T T
Real PV power
---------- ESS power
o 2r DM power T
E DM and IM power
. Grid output power
q;’ 1 CRR signal power 7
e}
o
O e A A e N L -
_1 1 1 1 v 1 1 1 1
00 04 08 12 16 20 00
Time (h)
State of charge of the ESS
100 I I T T T T
SOC expected in DM
_ 80y Real SOC .
60| |
o
3 40 H .
20 K i
0 1 1 1 1 1 1
00 04 08 12 16 20 00

Time (h)
Figure A.5 — Real-time operation for one day (13/01/2016) with FRR6

scenario.
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During midday hours, the grid power profile is equal to the bidding
market profile (including AGC) plus the assumed energy imbalances. As
can be observed in Figure A.5, positive energy imbalance is produced at
11:50 and negative energy imbalances at 12:30 and between 13:30-13:50).

On this particular day, positive energy imbalance has been produced
because is profitable from an economic point of view, because positive
energy imbalances price is only slightly lower than the day-ahead market
price. Whereas, negative energy imbalances have been produced because
the battery is not able to be discharged (SOC operating range10%-90%).

In the afternoon hours, the PV+ESS plant participates in FRR from hour
15 to hour 17. In the first hour, the battery is charged with the excess PV
solar, while the grid power profile (Pkgrid) is equal to the bidding market
profile (PYXT) plus the AGC signal. In this case, no FRR penalty is
assumed. FRR penalties of all days of the year are illustrated in Figure
A.6a. Moreover, the battery reduced its normal operating window at 14:20
(4.5%) in order to fulfill with the AGC signal in real time and avoid
energy imbalances and FRR penalties. This issue reduces FRR penalties
from 2.21% to 1.49%. Figure A.6b illustrates the SOC limits during the
year.

According to energy ESS constraints, the SOC at the end of the day is
expected to be around 50%. The ESS efficiency and AGC signal after IM1’
modify this final value as can be seen in Figure A.6¢. The SOC is located
between 23.7% and 71.76%, with an annual average value of 53.6%.

The research presented in Section A.2 and A.3 was published in [236] Amaia
Gonzalez-Garrido, Andoni Saez de Ibarra, Haizea Gaztanaga, Aitor Milo, and
Pablo Eguia “Annual Optimized Bidding and Operation Strategy in Energy and
Secondary Reserve Markets for Solar Plants with Storage Systems” I[EEFE

Transactions on Power Systems, Sept 2018
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SRM non-fulfillment level (%)
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A.5 Sensitivity analysis

A sensitivity analysis of the ESS sizing is exposed in this section, in order
to evaluate the influence of ESS capacity in energy and reserve market
participation. An oversized ESS will allow RES plant to increase energy
arbitrage, to reduce energy imbalances, to fulfill real-time FRR
requirements and to reduce FRR penalties. However, its high acquisition
cost could not be compensated by the increase in market profits.

The sensitivity analysis has been evaluated following the market
participation of a PV plant with ESS in the Iberian market, formulated
in the previous research [237]. A linear programming is applied to schedule
the solar generation in DM and to reschedule in IMs during the day,
taking into consideration the ESS efficiency, PV forecast errors, expected
market prices, battery lifetime and ESS costs. Moreover, the FRR
participation follows a rule-based strategy.

With the objective of analyzing in depth the optimal ESS sizing, several
market scenarios have been defined in which FRR band availability,
energy imbalances prices and ESS acquisition costs are also modified, in
order to find the trade-off between a reliable operation and economic
benefits. Thus, this paper is focused on understanding the relative impact
of the most relevant market and design variables in the profitability of
the power plant under several scenarios. Figure A.7 illustrates a block
diagram for the selection of these scenarios.

| SCENARIO VARIABLES |

e N

Design variables Market framework
Reserve band (Pband) ESS costs (cbat)
ESS capacity (Cbat) Market prices (Aimb)

Initialization || Optimization || Operation —> Tem;::j;;zomic m* SIE”f\[rY“éI[;Y

Figure A.7 — Block diagram of scenario selections.
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In this section, several variables will be analyzed and modified in order to
define different scenarios, such as: the ESS capacity, the reserve band for
FRR, ESS acquisition costs and energy imbalances market prices.

C°™) is included in the initialization

Firstly, the ESS nominal capacity (
block and it varies £ 25 % from the value obtained in a previous research
carried out by this research group [117]. It should be pointed out that this

initial value of 13.85 MWh (CP™®?) from a previous research [237].

Secondly, the reserve band for FRR (P?%"?) is also modified in order to
analyze its impact on market benefits and technical fulfillments. The
minimum reserve band in the Iberian Market is 10 MW. Considering a
group of 10 PV power plants, this PV plant with ESS should contribute
with a minimum band of 1 MW (P?™"). Then, this minimum reserve
band will increase in +25 %, +50 % and +75 %. As the reserve band
increases, FRR profits are supposed to increase, while the FRR technical
fulfillment level could be worsened.

The hours to participate in FRR in this study are fixed regarding the
most suitable and profitable hours from [237]: PP > 1MW Vh €
{1,2,4,5,7,8,16,17,23,24}

Thirdly, different scenarios are considered according to the market
framework, modifying ESS costs and market prices. On one hand, ESS
acquisition costs are analyzed regarding their future perspective (from the
current battery cell costs of 250 €/kWh to SET plan’s targets up to 100
€/kWh in 2030) [51]. For this reason, this sensitivity analysis evaluates
the total profits (market profits minus ESS cost) for the current ESS cost
and with an ESS cost reduction of 25 % and 50 %.

Moreover, other market scenarios are evaluated regarding energy
imbalances prices. Currently, the PV plant is remunerated according to
(6) when it produces more energy than the one assigned in DM and IM,
and it is penalized as in (7). when it produces less energy than the one
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assigned in the market. Day-ahead and energy imbalances prices for the
year 2016 in the Iberian Market can be observed in Figure A.S8.

As a conclusion of Figure A.8a, it can be observed that in mean values,
positive imbalances are remunerated in a lower price than the DM price,
and negative imbalances are paid by a higher price than the DM price.

However, according to Figure A.8b, energy imbalances are evaluated as
the same DM prices the majority of the hours of the year. Thus, producing
high energy imbalances could not reduce the market profits to a greater
extent. That is, although the plant does not follow the market reference
(Pgriany), the penalties are not too representative. This fact does not

encourage the RES plant to reduce their energy imbalances.

= 50 T T T T 6000 T T T
= [ Aimb(+) - Amkt(DM)
= 5] ] 5000 | [ Aimb() - Amkt(DM) |
R ™
0 (0]
S a0l 'g 4000 |
s 5
© £
é 35+ L>; 3000 +
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> 30} 8 2000}
5 o
o 9]
= 55| | = Positive energy imbalances prices Aimb(+) | | C 1000
s —— Negative energy imbalances prices Aimb(-),
g Day-ahead market prices Amkt(DM)
20 T n T N 0
0 5 10 15 20 25 -60 -40 -20 0 20 40 60
Time (hours of the day) Difference between prices (€/MWh)

Figure A.8 — a) Mean hourly day-ahead market prices and energy imbalances

prices in 2016. b) Difference between imbalances prices and DM prices.

With the increasing penetration of RES, it could be assumed that each
RES plant should fulfill its market commitments. Consequently, energy
imbalances will be more penalized and thus, energy imbalances prices will
differ more from DM prices. For that, two energy imbalances scenarios
are applied to evaluate their sensitivity. In the first scenario, energy
imbalances are not paid; while in the second one, both energy imbalances
are penalized, as exposed in Table A.3.
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Table A.3 — Energy imbalances prices in scenario EI1 and EI2

Energy imbalances

Current price

Scenario EI1

Scenario EI2

Positive

imb+
A

0 2RM QJFT)

—1- M

Negative

L 2pM (KT

2 APM

imb—
/1k

A sensitivity analysis is carried out in this section. In all scenarios, annual
market profits are shown as well as annual total profits in which the ESS

cost is taken into account.

This sensitivity analysis is evaluated for three different ESS sizing (75 %
/ 100 % / 125 % of CP"¢”) and five different FRR participation (without
FRR participation (0) and with 100 % / 125 % / 150 % / 175 % of pP™m).
Pb™in ig settled at 1 MW.

Figure A.9 shows the FRR non-compliance level (NFL) in which the
PV+ESS plant is not able to follow the AGC signal, because the ESS is
totally empty or full, or because energy imbalances are produced during
this hour. As can be observed, the NFL (expressed in percentage, %)
increases when more FRR reserve band is assigned. This fact is more

noticeable if the ESS sizing tends to be smaller.

Regarding economic benefits, different scenarios have been analyzed. The
base case (BC) scenario is defined with current ESS cost of 250 €/kWh
and current imbalances prices. Moreover, it should be pointed out that all

8 T T T T
@ 75%:Cprev | PY
= 6 [ @ 100% Cprev| | o |
© @ 125%:-Cprev | e
S o
=~ 4t ° ]
IL e
Z | T L@
.- ....................... P R PO PS
1 1.25 1.5 1.75

SRM reserve band (Pband/Pmin_band)
Figure A.9 — FRR non-compliance level (NFL) (%).
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the economic values are shown in percentage, not in absolute values.
They are referred to the first bar of Figure A.10 (75 % of CP"¢”, no FRR
participation and current energy imbalances prices).

As can be seen in Figure A.10 (BC scenario), market profits increase from
5 % (with 100 % of PP™™ up to nearly 9 % (with 175 % of PP™™) in case
the plant participates in FRR. As supposed, the market benefits are
higher with larger ESS sizing, because the uncertainties in real-time
operation, such as the AGC signal and PV forecast errors, have less
influence on the energy available in the energy storage system. However,
the acquisition ESS cost is so high that greater total profits are obtained
with smaller ESS sizing. As a conclusion of the BC scenario, additional
market profits obtained with larger ESS do not compensate for the
increase in acquisition and replacement costs. This first assessment leads
to evaluate the impact of ESS costs in market and total profits through a

sensitivity analysis.

In Figure A.11 and Figure A.12, the ESS acquisition and replacement
costs are modified according to the future perspective defined in [51]. It
can be seen that market profits are equal to the BC scenario, due to ESS
costs are not included in market profits. In these scenarios at which the

< 110 —
< 105 - e A ] [==] 75%-Cprev
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@ _ - [==1125%-Cprev
2 100
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O 95 — // '____._-—— __-_____--0
9 L~ // "__.-—"'
E 90 - ..1/ //
2 e
Ll8J 85 —
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0 1 1.25 1.5 1.75

SRM reserve band (Pband/Pmin_band)

Figure A.10 — Comparative of market profits (bars) and total profits (lines) for
different FRR reserve bands (Pmin_band, PP™"= 1MW) and different ESS
sizing (CP"®Y = 13.85kW) (BC: current ESS cost and imbalances prices).
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ESS cost is reduced, total profits (market profits minus ESS costs) follow
the same tendency as in the BC scenario. In all cases, including less ESS
capacity is better from an economic point of view. However, it should not

leave out that the NFL increases to a greater extent for small ESS sizing.

In case a maximum value for NFL was required, the ESS sizing would be
chosen taking into account this constraint. For example, with a maximum
NFL of 3 %, an ESS sizing of initial (100%) CP"®" will be more profitable
in all these three scenarios. If NFL was 2 %, the most profitable and
reliable option would be to participate in FRR with 125 % of CP"¢.
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Figure A.11 — Comparative of market profits (bars) and total profits (lines)

(Scenario C1: 25 % reduction of ESS cost, current energy imbalances prices).
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Figure A.12 — Comparative of market profits (bars) and total profits (lines)
(Scenario C2: 50 % reduction of ESS cost, current energy imbalances prices).
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This sensitivity analysis has been carried out taking into account market
prices of the Iberian Market. However, a variation in market prices would
change the optimal ESS sizing for market participation. In this paper, the
influence of energy imbalances prices in total profits is also analyzed in
Figure A.13 and Figure A.14.

The sensitivity analysis under different energy imbalances prices is
described below. As can be observed, the real-time operation with larger
ESS capacity reduces energy imbalances. If these energy imbalances are
not remunerated or they are penalized, the economic results differ highly
from the BC scenario and the optimal ESS varies.

Firstly, the more profitable decision is to select a smaller ESS sizing in
the scenario with current energy imbalances prices (Figure A.10).
Whereas, in scenario EIl1 (Figure A.13) where imbalances are not paid,
the optimal ESS sizing will be between 75-100 % of CP™®” considering the
participation only in energy markets (no FRR), and an ESS sizing of CP"®¥
(13.85 MWh) for the participation in both markets.

In scenario EI2 (Figure A.14), all energy imbalances are more penalized
with a price equal to the DM price. It can be concluded clearly that the
optimal ESS sizing will be CP™®" considering the participation only in
energy markets. Another conclusion is that economic results selecting a
smaller ESS sizing are worse for DM, IMs and FRR participation,
compared to other ESS sizing, because this real-time operation has a great
number of energy imbalances and NFL penalties.

Therefore, the selected ESS sizing will be equal or greater than Cy.
(13.85 MWh) for the participation in both markets depending on the FRR
reserve band offered in the auction (P?%"?). With small FRR reserve
bands, the optimal ESS will be closer than the CP"Y and while the FRR
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Figure A.13 — Comparative of market profits (bars) and total profits (lines)

(Scenario EIl: current ESS cost, energy imbalances are not paid).

110 —

105 — [=—=]75%:-Cprev

N — | [(=—=1] 100%-Cprev
p

100 — — L [==1125%-Cprev

95 —
90 — B -

L~

\ \

85 —
80

Economic benefits (%)

I I I I I
0 1 1.25 1.5 1.75
SRM reserve band (Pband/Pmin_band)
Figure A.14 — Comparative of market profits (bars) and total profits (lines)

(Scenario EI2: current ESS cost, energy imbalances are penalized).

reserve band is more than 1.25 MW, an increase in the ESS sizing will

result in a more profitable market results and total results.

The research presented in Section A.4 was published in [211] by Amaia
Gonzéalez-Garrido, Andoni Saez de Ibarra, Haizea Gaztanaga, Aitor Milo,
and Pablo Eguia “Sensitivity Analysis of the Storage System Sizing for
Solar Plants in Energy and Reserve Markets” Int. Conf. on the European
Energy Market (EEM), Lodz, June 2018
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A.6 Conclusion and proposed improvements

With the objective of maximizing the profitability of RES plants with
ESS in electricity markets, the participation in Frequency Restoration
Reserve could be an additional source of revenues for them. However, this
market participation and operation requires advanced energy
management strategies in order to assure a reliable operation during the
whole year due to the high uncertainty of FRR requirements (AGC

signal).

The energy management strategy defines the optimal trade-off between
annual market profits, battery operational and degradation costs, and
market technical fulfillments of FRR, with the aim of finding a profitable
and reliable operation, as well as reducing the overall battery cost.

Regarding market participation results from Section A.3, market benefits
have been improved 6.42% from base case (EM1) and FRR non-
compliance level has been reduced as much as possible, up to 1.49%,
thanks to the rule-based strategy (FRR6), MPC control and RT strategy,
which gives priority to follow the AGC signal from incurring in energy
imbalances and which increases SOC operating windows in certain hours.

Afterward, Section A.5 shown the influence of ESS sizing and FRR
participation in the techno-economic results under different market and
costs’ scenarios. The selection of ESS capacity plays an important role in
assuring a reliable market operation which leads to increase the market
revenues. However, the high ESS acquisition cost could results in a
reduction of the profitability of the plant.

On the one hand, ESS cost reduction is not enough to increase the
profitability of the PV plant under current market conditions in the
Iberian Market. In these scenarios, an increase in the ESS sizing allows a
more reliable real-time operation and reducing the FRR non-compliance
level. On the other hand, assuming a scenario which penalizes more the
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energy imbalances committed by power plants, a minimum ESS sizing is
required for reducing enough these imbalances. After that minimum value,
the plant profitability increases with the addition of more ESS capacity.

In conclusion, the maximum plant profitability will be delimited by the
market framework, market prices, storage system costs, and technical
constraints. Nevertheless, the optimization of the design variables (ESS
sizing and reserve band) and an advanced EMS in real-time operation will

be crucial to achieve this maximum value.

Nevertheless, all the exposed results in this Appendix A are obtained when
rule-based optimization is applied for FRR participation. Several main

improvements are incorporated into the optimization in Section 4.2:

- The objective function only takes into account the market revenues
obtained from the energy market, so as it tries to maximize the
energy arbitrage. The expected revenues for FRR participation
should be included and optimized. Therefore, an economic and
technical trade-off will be achieved, by taking advantage of both
markets as well as ensuring a more reliable RT operation.

- The consideration of real energy imbalances prices in the objective
function results in a fully economic strategy, instead of techno-
economic strategy. On the one hand, the EMS strategy prioritizes
energy arbitrage in two hours rather than having enough stored
energy to smooth and mitigate solar variation and intermittency. A
great amount of energy imbalances is committed in case of partly
cloudy days, as shown [237]. On the other hand, high non-compliance
of FRR is achieved during daytime participation. In conclusion,
“forced strategy” should be implemented to minimize imbalances.

- ESS efficiency should be included to calculate more accurate
operation. Two variables should be defined to ESS power output.

- FRR market constrained should be included in the optimization to
limit the energy and power from energy market, according to the
FRR participation.
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